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The electron, gamma and neutron radiation degradation of IIl-V semicon

ductors and heterojunction bipolar transistors (HBTs) is investigated in this the

sis. Particular attention is paid to I nP and I nGaAs materials and I nP/TnGaAs 

abrupt singlE: HBTs (SHBTs). Complete process sequences for fabrication of 

InP/lnGaAi:! lIBTs are developed and subsequently employed to produce the 

devices, which are then electrically characterized and irradiated with the different 

types of radiation. A comprehensive analytical HBT model is developed and radi

ation damage calculations are performed to model the observed radiation-induced 

degradation of SHBTs. 

The most pronounced radiation effects found in SHBTs include reduction 

of the common-emitter DC current gain, shift of the collector-emitter (eE) offset 

voltage and increase of the emitter, base and collector parasitic resistances. Quan

titative analysis performed using the developed model demonstrates that increase 

of the neutral bulk and base-emitter (BE) space charge region (SCR) components 

of the base current are responsible for the observed current gain degradation. The 

rise of the neutral bulk recombination is attributed to decrease in a Shockley-Read
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Hall (SRH) carrier lifetime, while the SCR current increase is caused by rising SCR 

SRH recombination and activation of a tunneling-recombination mechanism. On 

the material level these effects are explained by displacement defects produced 

in a semiconductor by the incident radiation. The second primary change of the 

SHBT characteristics, CE offset voltage shift, is induced by degradation of the 

base-collector (BC) junction. The observed rise of the BC current is brought on 

by diffusion and recombination currents which increase as more defects are in

troduced in a semiconductor. Finally, the resistance degradation is attributed to 

deterioration of low-doped layers of a transistor, and to degradation of the device 

metal contacts. 
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RADIATION EFFECTS IN 111-V SEMICONDUCTORS AND 


HETEROJUNCTION BIPOLAR TRANSISTORS 


1. INTRODUCTION 

Since the first discovery of radiation-induced failures 1 in electronic devices 

in 1954 [1], tremendous efforts have been put into research of the radiation degra

dation of semiconductors. Due to its commercial success silicon has received most 

of the attention, while gallium arsenide, indium phosphide and other II1-V com

pound materials stayed in a background. Only in the late 1970s and early 1980s, 

major technological breakthroughs, mainly development of molecular beam epi

taxy (MBE) and metal-organic chemical vapor deposition (MOCVD) made a wide 

variety ofIII-V semiconductors available to engineer high-performance devices. Su

perior electron transport properties and opportunity to control material bandgap 

during device fabrication are examples of many advantages of III-V compounds 

over conventional silicon. Since then a large number of GaAs and I nP based 

technologies/ devices have been developed and industrially implemented. Among 

them, one of the most important devices is the heterojunction bipolar transistor 

(HBT), which is similar to a bipolar junction transistor (BJT), but uses a wide 

lelectronic failures during nuclear bomb tests 



2 

bandgap material for the emitter layer. Main applications of these devices are in 

high performance lightweight electronic communication systems used in military 

and commercial space satellites. The recent boost of wireless and other high-end 

communications continues to draw more and more attention to reliable long-term 

performance of these devices under irradiation. As a result, the radiation reliability 

of compound semiconductor heterostructure devices has received much attention 

in the recent years [2-7]. First experimental studies showed that III-V based HBTs 

show superior resistivity to electron, gamma and neutron radiations comparing to 

that of high-performance Si BJTs [8·-10]. Theoretical work so far has been mostly 

focused on the bulk semiconductor damage, not touching the problem of degra

dation of the device as a whole. Furthermore, even when considering material 

damage, only popular GaAs and InP have been studied to some extent, leaving 

I nGaAs territory virtually unexplored. 

Still "immature", HBTs lattice matched to I nP substrates (based on 

I nP/ I nGaAs and I nAlAs/ I nP heterojunctions) are finding increased use in a 

number of high-speed analog, digital and mixed signal applications [11]. Attrac

tive features of these devices include higher electron mobility in the I nGaAs base 

layer, higher velocity overshoot in the collector, lower surface recombination veloc

ity compared to the AlGaAs/GaAs HBTs and higher thermal conductivity of the 

I nP substrates. In addition, the higher radiation tolerance of InP is an important 

consideration for radiation environment applications. 

The primary purpose of this thesis is to experimentally study the radiation 

degradation of I nP/ I nGaAs HBTs and to form a theoretical basis needed for eval

uation/modeling of radiation-induced effects in these devices. Indisputably success 

of this work requires solid understanding of radiation degradation of semiconductor 

materials and details of HBT operation. Moreover, in order to model the radia
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tion effects quantitatively, comprehensive models for the both radiation damage 

and HBT operation are needed. To explain the steps involved in the process of 

analysis and modeling of the device radiation degradation, we consider the dia

gram shown in Fig. 1.1. First, experimentally observed individual changes in the 

device characteristics are categorized. These effects are then considered separately 

to identify changes in the material parameters which may be responsible for the 

detected damage. On this step device models have to be engaged to connect the 

two levels of the diagram. Depending on the situation device models of different 

complexity may be needed. Relatively simple compact empirical models are used 

to separate terminal currents of the device into indivi.dual components represent

ing different current transport mechanisms. Also more advanced Ebers-Moll and 

Gummel-Poon models are employed for the same task. Additionally, they can be 

used to relate the device output characteristics with the parameters of the HBT 

structure. On the next level of the diagram an analytical HBT model is employed 

to establish a link between the parameters of the device and properties of the de

vice layers. The analytical model should therefore account for all the important 

current components, for example, thermionic-fIeld-emission current, SRH recom

bination currents in depletion and neutral base regions, recombination-tunneling 

currents, Auger and radiative recombination currents, and so on. 

To summarize, we once again present a list of individual steps required to 

accomplish our goal: 

1. Calculations of radiation induced damage in the layers of an HBT. 

2. HBT models of different levels and complexity. 

3. Experimental studies of radiation-induced degradation of HBTs. 
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Effect #1 

[:::::::7:-::~~ii~~:~~~~i'S~:-::::: 
change in change in 
arameter #1 arameter #N 

C~~~~~~~~~~----~t----~~~~~-~~--~~~C~~~r~~~~~:~~~::~:J 
I degradation of semiconductor I 

FIGURE 1.1. Radiation-induced effects modeling tree. 

4. Detailed analysis of the observed degradation to identify and model changes 

m: 

(a) output characteristics of the device; 

(b) individual current components; 

(c) device layer parameters. 

Having performed all of these steps the device response to any given radiation 

environment can be estimated. 

The structure of this thesis (and its chapters) is built to accomplish the 

tasks set above. Chapter 2 introduces fundamental dosimetry and damage theory 

quantities and gives a brief overview of radiation effects observed in semiconductors 

and bipolar transistors. Chapter 3 presents the damage production calculations 

for beta, neutron (epi-thermal and fast neutrons) and gamma irradiation. Chapter 

4 investigates the theory of HBT operation and concentrates on the development 

of a comprehensive device model. Chapter 5 covers techniques and processes em
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ployed in the fabrication of I nP/ I nGaAs and AlGaAs/ GaAs HBTs. Chapter 6 

offers results and discussion of I nP/1nGaAs HBT electron, neutron and gamma 

irradiation experiments. Finally, Chapter 7 presents the conclusions of this work. 
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2. RADIATION DAMAGE FUNDAMENTALS 

Energetic particles such as neutrons, protons, electrons, gammas, and ions 

present in the natural space and other radiation environments can create signif

icant damage in semiconductor materials and devices by displacing atoms and 

generating charges as the particles traverse the material. Based on the nature of 

damage created by radiation effects they are usually divided into three primary 

groups (1) Displacement damage effects (DDE) result from the dislodgement of 

the atoms from their sites in a crystal lattice that affect the bulk properties of 

the materials mostly. (2) Total dose effects (TDE) are those which result from 

the charge and charge center generation by ionizing radiation. These effects are 

mainly responsible for degradation of devices sensitive to the surface condition (e.g. 

MOS technologies). (3) Finally, there are single event effects (SEE) resulting from 

the interactions with a single or a burst of high energy particles passing through 

the device. For example, an energetic heavy ion can produce displacement spikes 

and/or induce the so-called ionization channels up to a few microns in diameter. 

Produced charge can cause significant current and/or voltage transients which may 

change the state of a circuit or even result in a permanent damage. 

The objective of this chapter is to define the fundamental quantities, in

troduce the physical mechanisms responsible for the radiation damage induced by 

electron, gamma and neutron irradiation, and present brief literature review on 

the radiation degradation of II 1-V compound semiconductors and bipolar devices. 

2.1. Fundamental Quantities 

Before continuing with the discussion of the radiation effects and the dam

age production theory it is necessary to introduce a few fundamental quantities. 
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Most of the definitions provided herein follow the recommendations of the Inter

national Committee on Radiation Units and Measurements (ICRU). 

The particle fluence W is the total number of all particles entering a 

sphere of unit cross-sectional area 

(2.1) 


In terms of differential particle fluence, 'lj; = dwIdE, the particle fluence may be 

written as 
00 

w= Jd'lj;(E) dE (2.2)
dE 

o 

The total and differential particle fluxes are simply defined as <I> = dw I dt 

and ¢ = d'lj;ldt, respectively. 

The mean energy, ED, deposited in the mass element dm by ionizing radi

ation is given by 

(2.3) 


where E in is the energy of ionizing radiation entering dm, Eout is the energy leaving 

it, and I: Q is the total energy produced in dm. The quotient of the mean absorbed 

energy dED by dm is called the absorbed dose 

D= dED (2.4)
dm 

and is measured in units of gray -1 gray = 1 J Ikg. It is more customary, however, 

to use units of rad - 1 rad = 10-2 gray. 

For indirectly ionizing radiation, e.g. neutrons, the kerma factor is used 

instead of the absorbed dose. The kerma K is defined as 

K= dEK (2.5)
dm 
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where dEK is the initial kinetic energy received by all the charged particles in a 

volume element of mass dm. 

Attenuation is described as a reduction in the intensity of an incident 

beam as it traverses material. Denoting d¢/ ¢ as a fraction of particles that expe

rience reactions, cross section ()" can be defined as the reaction probability per 

incident particle divided by the number of targets per unit area: 

(2.6) 

where nv is the number of targets per unit volume and dx is thickness of the target 

material. Attenuation coefficient Jl is defined as 

(2.7) 

Then the number of particles as a function of thickness can be written as 

(2.8) 

For independent processes the attenuation coefficients (cross sections) can be added 

to obtain the total attenuation (cross section) 

(2.9) 

The mass energy transfer coefficient Jltr / P is defined as 

dEtr/NE 
(2.10)f-ltr / P = dP x 

where dEtr / N E represents the fraction of the incident particle kinetic energy trans

ferred to kinetic energy of liberated charged particles. The mass energy absorp

tion coefficient f-len/ P 

dEabsorbed/NE (2.11)f-len / P = d px 
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serves as a measure of the energy absorbed in the layer dx. For compounds or 

mixtures of materials (fJ,jP)mix is found as weighted sum of (/1/P)i for all the con

stituents 

(2.12) 


Finally, since needed for further calculations, recall that the number of 

atoms per unit volume can be calculated from 

(2.13) 


where P and A are the density and atomic weight of the material, respectively, and 

NA is Avogadro's number. 

2.2. Radiation Environments 

In our time semiconductor devices can be found in practically any piece of 

equipment, and are operated in a wide variety of conditions. While some appli

cations offer clean mild environments, others may subject semiconductor systems 

to a lot of stress including radiation. Military and commercial space satellites are 

constantly exposed to natural radiation present in the natural space environment. 

High energy electrons (few MeV) and protons (few hundred MeV) trapped in the 

magnetic field ofthe Earth, cosmic rays (nuclei with energies up to few ZeV), solar 

particles and cascades of gammas and neutrons are the typical radiation hazards 

present in space [12]. Relative and absolute magnitude of the fluxes and energies 

of different particles typically vary as a function of altitude and position. But even 

at the lower end, in the orbits of the manned spacecraft missions, potentially dan

gerous radiation levels are detected [12, 13J. Other radiation environments include 

military applications where significant exposures to neutron and gamma radiation 
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are expected; semiconductor manufacturing (ions, betas and x-rays) and medicine 

(gammas, x-rays, betas and neutrons). 

2.3. Radiation-Induced Damage 

Having introduced the fundamental quantities we proceed with the more 

detailed discussion of the radiation damage effects. At this point we will not 

concern ourselves with the particular interaction mechanisms, which depend on the 

type of radiation and material; only the effects resulting from these interactions 

will be considered. 

2.3.1. 	Displacement Damage Effects and Non-Ionizing Energy 
Loss 

A high energy particle, e.g. neutron, traversing the material can displace 

atoms from their normal sites in the lattice. A struck and displaced atom, often 

called primary knock-on atom (PKA), propagates through the solid and, provid

ing it has sufficient energy, can also dislodge other matrix atoms before coming 

to rest. Furthermore, in some cases the secondary knock-on atoms can obtain 

energy sufficient to displace more atoms, therefore forming the so-called collision 

subcascades. Three possible situations showing the single defects, cascades and 

subcascades formed by the PKAs of different energy are illustrated in Fig. 2.1. At 

low PKA energies, (few keY) pairs of interstitials and vacancies (Frenkel defects) 

are formed. In the intermediate range (typically few tens of ke V) PKAs have 

enough energy to move through the solid and create a damage cascade-cluster. At 

the high energies PKAs make subcascades and cause most of the damage. 
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One Cascade 
Frenkel pairs 

/1 

Subcascades 

few keY few tens keY 

PKA Initial Energy ----I•• 

FIGURE 2.1. Defect and subcluster formation as a function of initial PKA energy. 

Produced defects can be viewed as new energy levels introduced in the 

energy bandgap of the material. Depending on their energy position (see Fig. 2.2) 

the defect levels may act as [14]: 

1. 	 Generation centers. Associated with the mid-gap energy levels, these centers 

are responsible for generation of electron-hole pairs, whenever the local free 

carrier concentration is below its equilibrium value, for example, in junc

tion space charge regions of the device. Increasing saturation current of the 

base-emitter and base-collector junctions of a transistor is one of the macro

scopically observed effects of the increasing concentration of the generation 

centers. 

2. 	 Recombination centers. Recombination of electron-hole pairs can occur sim

ply by capturing both positive and negative carriers at a defect center. Since 

the excess carrier lifetime is determined by the recombination processes, the 
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recombination centers can play very important role in the operation of a 

bipolar transistor. 

3. 	 Trapping centers can significantly reduce the effective carrier concentration 

by temporarily capturing majority or minority carriers, with their subsequent 

re-emission or recombination. As a result an increase in electrical resistance 

and decrease in carrier mobility can be observed. 

4. 	 Compensation centers, as shown in Fig. 2.2, can reduce the majority carrier 

concentration by acting as dopants which introduce carriers of the opposite 

sign. In general, there can be several competing n- and p-compensation 

centers. 

5. 	 Finally, tunneling centers are thought to assist in the tunneling of carriers 

through a heavily doped junction. 

In addition to these effects, Frenkel defects produced very close to each 

other may form electrically active displacement clusters surrounded by a space 

charge region [15] which are capable of efficiently trapping the majority carriers. 

To summarize, the minority carrier lifetime, effective doping and carrier mo

bility can be changed significantly through one or a combination of the radiation

induced effects. As a result, electrical properties of the semiconductor and therefore 

operation parameters of the semiconductor device, may also degrade. 

Empirically, the radiation-induced degradation of any physical property is 

often described through the so-called degradation constant, K. For instance, the 

minority carrier lifetime, 7, as a function of incident fiuence, \}i, is given by 

(2.14) 




13 

recombination compensation 

E 
c 

E 
v 

generation: trapping: 

FIGURE 2.2. Electrical effects associated with defect energy levels introduced in 
semiconductor bandgap by irradiation. 

Similar expressions are used to describe the degradation of the carrier concen

tration N and mobility p with KN and K/1 used in place of K T • This approach 

however does not provide any insight into the deterioration mechanisms and is 

not strictly valid for large fluences. The more physically-based calculations would 

require exhaustive transport simulations, relying on the knowledge of the inter

atomic potentials. Furthermore, a link between a complex structure of the defect 

clusters and induced changes in macroscopic properties of the material would have 

to be determined. Up to this day, despite significant effort put into understanding 

of the physical manifestations of the structure of the damage clusters there is no 

well-established theory explaining the experimentally observed degradation. 

Summers et al. [16] have demonstrated that the semiconductor/device 

degradation due to the displacement damage can be correlated with the calcu

lated non-ionizing energy deposited in the material. In a subsequent study [17] 

they showed that the results of analytical Non-Ionizing Energy Loss (NIEL) 

calculations agree very well with the Monte Carlo transport simulations. It was 

..  ,
_V__ -(CEo

- t - - -1-
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also suggested that NIEL can be directly used to calculate the degradation of 

the bulk properties of materials. Due to its success the NIEL hypothesis is cur

rently widely used in solar cell community for theoretical predictions of damage 

produced by different particles of different energies [17-22]. Though, fairly com

plicated, theoretical calculations of the displacement damage can be performed for 

various materials and different types of radiation. This, in turn, allows one to 

theoretically predict radiation-induced material and device degradation. The es

timation of the equivalent doses for different types of irradiation experiments also 

becomes possible. For example, results of some experiment, where 60Co ry-source 

was used, can be expressed in terms of irradiation doses resulting from equivalent 

fluence of 1 MeV electrons. 

Even though effects of annealing, channeling and different cluster configu

ration are not included in the NIEL calculation, the theory produces amazingly 

accurate results when applied to silicon. However, in case of gallium arsenide slight 

deviations were noticed in the irradiation experiments with fast neutrons [23-26]. 

The observed discrepancies are attributed to variation in the defect production 

efficiency for damage clusters of different size. Due to the nature of the effects (see 

Chapter 3 for detailed discussion) they are also expected to be noticeable in other 

II1-V materials which have low displacement thresholds. At the moment, however, 

no experimental results are available to verify this hypothesis. 

2.3.2. Total Dose Effects 

Ionizing radiation is radiation that has sufficient energy to create electron

hole pairs by breaking atomic bonds in the material. In the case of bulk semi

conductors with no electric fields, the created charges can quickly recombine and 
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hence no permanent effects/damage may be observed. When an electric field field 

is present, as in the case of junctions, the generated charges of opposite polarity 

get separated resulting in undesired or even fatal current or voltage transients. 

Apart from the possible damage by current/voltage transients there should be no 

significant permanent damage induced as the charge finally recombines in the bulk 

of semiconductor or at the device contacts. 

The situation is somewhat different in the case of insulators. Most of the 

electrons produced, being very mobile, are swept out of the insulator, while only a 

small fraction may get trapped. The positively charged holes stay either trapped 

or slowly move by means of trap-hopping process [27]. In addition to that, interac

tions at the insulator/semiconductor interface can induce new levels in the energy 

bandgap resulting in formation of the interface traps. The net effect of these two 

degradation mechanisms is the change of the electric field in the semiconductor 

in the vicinity of the interface, which may lead to significant changes of device 

characteristics, through, for example, surface inversion. 

Due to the tremendous success of MOS technology the total dose effects in 

Si02 were studied quite intensively for the last few decades. A relatively exhaustive 

overview and a large number of references on the subject can be found in Ref. [27, 

28]. 

For a quantitative analysis, we need to introduce a few very important 

parameters. The stopping power of the medium, s, is defined as energy loss dT of 

an incident particle as it traverses material layer of thickness dx, i.e. s = dT/ dx. 

Linear Energy Transfer (LET) is another term llsed to refer to this quantity. These 

quantities determine the density of electron-hole pairs produced by the ionizing 

radiation. The most commonly used units of LET are MeV /cm. Very often it is 
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more convenient to use mass stopping power, S, which is defined as 

S= dT (2.15)
pdx 

where p is material density. 

To be able to predict the effects of ionizing radiation one has to analyze 

the carrier generation-recombination process. The total number of electron-hole 

pairs generated in a material can be found by dividing the total absorbed ionizing 
----'______...' -,,-. _ _'_<_._,,_~ _e,. .•~ 

energy by the averag~ ~neIgyrequired to,crea~e an electron-hole pair. The latter, 
__----~-~. " ,, __ ." ~V' _ ~ 

for instance, in silicon dioxide is about 17 ± 1 e V [27]. The net recombination 

of carriers depends strongly on the electric field in the insulator and the type of 

ionizing radiation used (see, for example Ref. [27]). 

Finally, in most cases the ionizing radiation dQ~es"not cause any permanellt 

~:ggtgejn semic.onductors..,Insulators, on the other hand, are very sensitive to this 

type of radiation, as they build up a significant amount of charge, which may result 

in the change of the threshold (fiat band) voltage or shift of the semiconductor Fermi 

level at the semiconductor/insulator interface. Indeed the MOSFET technology, 

where the device performance strongly depends on the gate oxide condition and the 

threshold voltage is one of the critical device parameters, suffers from the ionizing 

radiation to much higher degree than bipolar transistors which use insulators only 

as passivation. Although bipolar transistors are much less vulnerable to ionizing 

damage the shift of the semiconductor Fermi level at the junction boundaries due 

to charge trapped in the passivation layer may result in some parasitic leakage 

currents, degrading performance of the devices. 
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2.3.3. PKA Energy Partitioning. Lindhard's Theory 

As the incident particle traverses a solid, it interacts with material atoms 

and loses its kinetic energy to atomic electrons and/or atoms. The probability of 

these processes is determined by corresponding reaction cross sections and can be 

estimated. The situation, however, is much more complicated as one has to account 

for all the created secondary particles (electrons and atoms), which in some cases 

are responsible for most of the introduced damage. In contrast to the secondary 

electrons, which, as a rule, do not have enough energy to cause further ionization 

or atomic displacements, PKAs can sometime induce whole collision cascades and 

subcascades, resulting in considerable ionizing and displacement damage. Further

more, in cases with "nonionizing" radiation, for example, neutrons, practically all 

of the damage is created by PKAs and their secondaries. 

Lindhard et al. [29] were the first to develop a successful analytical theory 

addressing the problem of the division of the ~PKAdissipated energy between 

~~£!;r9nS(tnd reQQUingatoms~:- corresponding to ionizing and displacement damage 

effects, respectively. They formulated integral equations describing the process 

of PKA slowing down in an arbitrary medium. Knowing the details of PKA's 

interaction with electrons of the media and interatomic potentials these equations 

can be solved numerically. In obtaining an analytical solution one needs to make 

a few approximations, namely: 

• 	 Atomic binding energy (typically few eV) is neglected on the scale of PKA 

kinetic energy (usually keV range) 

• Secondary electrons do not produce recoil atoms 
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• Nuclear and electronic collisions are considered separate and independent of 

each other 

• Energy lost to electrons is small compared to the PKA's energy 

• Energy transferred to a recoil is small compared to the PKA's energy 

Most of these approximations are fairly safe and hold very well if the particle 

energy is not too low. 

The solution of the Lindhard's integral equation provides us with an expres

sion for the dimensionless kinetic energy, L(c), transferred to the atoms by a PKA 

of initial dimensionless energy E. L(c) is also called Lindhard partition function 

and is usually written in the form [30] 

(2.16) 

(2.17) 

where T is the kinetic energy of the PKA and A R, ZR, AL and ZL are the atomic 

mass and number for the lattice and recoil atoms respectively. Clearly, L(c)/c 

gives the fraction of PKA energy available for dislodging atoms. An example of 

the normalized L(c)/c for bulk gallium is shown in Fig. 2.3 . 

. collision cascade., There are several different approaches (see for example [31-33]) 

to the problem of calculating the number of the displacements, ranging from simple 

Kinchin-Pease analytical equations to very computer-time-consuming molecular 

dynamics simulations. Norgett et al. [33J proposed relatively successful model 
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based on the modified Kinchin-Pease formula and the Lindhard's energy partition 

theory. According to them the number of displacements produced by one PKA is 

(2.18) 


where K, = 0.8 is the displacement efficiency and Ed is displacement threshold 

energy for a given atom in the material. There is some uncertainty in the values 

of Ed, as different theoretical and experimental methods give different estimates. 

Sometimes Ed is even used as an empirical parameter to fit the theory to the 

measured results. The displacement energy values listed in Table 2.1 [19J are the 

ones most commonly used by the radiation-hardness community and therefore will 

be used in this work. 

Atom Material Ed (eV) 

Si Si 21 

Ga GaAs 10 

As GaAs 10 

In InP 6.7 

P InP 8.7 

TABLE 2.1. Displacement threshold energies for different semiconductor materials. 
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FIGURE 2.3. Fraction of PKA energy available for dislodging atoms as a function 
of PKA energy. 

2.3.4. Single Event Effects 

As already explained, the single event effects are due J()~c~~a.~ion of high 

~<!~.rl~si~ydefect ancI/or charge tracks by incident energetic particles. Consider, for 

example, a heavy ion incident on the gate of an MOS transistor (see Fig. 2.4). As 

the ion passes through the gate, gate oxide and finally the semiconductor substrate 

it produces a wide ionization track along its way. Under some bias conditions, as 

the generated charge is collected, the ionization track may serve as a path for a flow 

of current between, e.g. gate and drain, source and drain, drain and substrate, gate 

and substrate, etc. ~1?~~J(llJf,ent transie~t,smay c~~~e th~so:-calle~~'~s?ft' or ev~n 

"hard" errors in the circuit. An example of the soft error is a change of the state 
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of an SRAM memory cell. Although, they cause malfunctioning of the circuit, 

the soft errors are usually not associated with permanent damage. In contrast, 

the hard errors, caused by higher currents, represent the permanent failures of the 

device/circuit. By far the most "famous" errors are the gate rupture, burnout and 

latchup. 

Induced 
Currents 

Substrate 

FIGURE 2.4. Ionization channel induced by an incident heavy particle in MOS 
transistor. Examples of induced current transients flowing between terminals of 
MOS transistor. 

Estimation of the circuit response to SEE is extremely difficult task, since 

the outcome depends strongly on the position and direction of the particle track. 

Furthermore, the induced current and voltage transients, and extent of the pro

duced damage depend on the biasing conditions of the device penetrated by the 

track. To characterize the device vulnerability the so-called upset cross sections 

and device LET thresholds are used - the more sensitive devices tend to have the 

larger cross sections and lower LET thresholds. More detailed information on this 

subject can be found in Ref. [34]. / 
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Currently SEE are one of the major concerns in the development of the 

radiation-hard devices and circuits. To improve radiation tolerance, systems are 

designed with built-in capabilities for self recovery from the soft errors (through, for 

example, redundancy), additionally, individual device structures are optimized to 

reduce cross sections for the both, soft and hard, SEE. In the future, as device crit

ical dimensions continue to shrink the susceptibility of devices to SEE is expected 

to increase further forcing researchers to put even more effort into development of 

the SEE-resistant devices/circuits. 

2.4. Radiation Effects in III-V Compound Semiconductors 

Radiation effects in silicon and gallium arsenide have been studied exten

sively owing to a large number of commercial applications based on these materials 

[16-21, 35]. Indium phosphide has also received some attention due to its wide 

use in solar cells [17, 22]. With the exception of only a few reports [36-39] the 

degradation of I nGaAs is not well characterized. 

As already discussed the degradation coefficients can be expressed in terms 

of NIEL. Large number of the experiments demonstrates simply a linear correlation 

K ex NIEL (2.19) 

for Si, GaAs and InP, both n- and p-type, irradiated with protons (see, for 

example, Ref. [17]). In case of electron irradiation, however, the p-doped materials 

exhibit the quadratic correlation [21, 19] 

K ex NIEL2 (2.20) 
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while for n-type materials K still correlates linearly with N I EL. Finally, for the 

irradiation with heavy ions the linear relation between K and N I EL has been 

observed [19J. 

For I nGaAs, currently, there is no sufficient data available to draw any 

conclusions regarding the link between the damage degradation and NIEL. How

ever, it is most likely that the K - N I EL relationship is going to be analogous to 

the correlations observed in the other studied semiconductors. 

Positioning of the defect levels in the bandgap of semiconductor determines 

their influence on the electrical properties of the material. Hence, the energy 

spectrum of the created defects has to be known in order to estimate the degra

dation effects. Deep Level Transient Spectroscopy (DLTS) is undoubtedly one 

of the most popular experimental techniques used to estimate the concentration, 

capturing cross sections, and energy levels of traps. 

In InP, electron- and gamma-induced defects have been studied very exten

sively (see, e.g., [40-43)). Strictly speaking, the process of formation, and configu

ration of the defect states depend on the origin, i.e. growth method, and doping of 

the material. However, in most cases three major hole (H3, H4 and H5) and two 

electron (EA and EB) traps are observed after irradiation. Walters et al. [44] have 

also detected H5 and EA defects in their proton irradiation experiments. Table 2.2 

lists the trap energy and capturing cross section for the observed traps (after [41]). 

The introduction rates reported by different authors vary drastically, but in gen

eral, for irradiation with 1 MeV electrons fall into 10-3 - 10-4 cm-1 range. For 

the 60Co gamma irradiation Koyama et al. [42J reported the introduction rate of 

0.05 cm-1 for the EB trap. 

In InGaAs two levels, El(O.1 eV) and E2(0.29 eV), can be detected after 

irradiation with 1 MeV electrons [36J. E2 with the introduction rate of 0.07 cm-1 
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Trap Energy (eV) (J (x 10-15 cm2 ) 

H3 0.30 0.65 

H4 0.34 0.50 

H5 0.54 7.7 

EA 0.22 4.4 

EB 0.76 1400 

TABLE 2.2. Trap energy and capturing cross section for H3, H4, H5, EA and EB 
traps in I nP. 

was shown to be effective generation-recombination center. In fast neutron irra

diation experiments Ohyama et al. [38] detected 0.58, 0.37 and 0.45 eV electron 

traps and 0.25 eV hole traps induced in the material. 

In summary, having detailed information about the trap levels can be very 

useful when trying to quantify generation and recombination processes in the semi

conductor / device, for example, in calculation of a leakage current of a reverse-

biased junction. At the same time, knowledge of the correlation between the 

degradation coefficient K and NIEL can be used to predict the material/device 

response to any radiation environment simply by using results of, for example, a 

1 MeV electron irradiation experiment. 
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2.5. Radiation Effects in Bipolar Transistors 

A detailed discussion of the transistor degradation mechanisms is postponed 

till the later chapters, where the physics of device operation is introduced and the 

analytical device theory is presented. At this point we restrict ourselves to simply 

listing the possible macroscopic effects which may be responsible for the transistor 

deterioration: 

1. surface recombination and/or leakage currents 

2. recombination/generation currents of space charge regions 

3. neutral bulk recombination currents 

4. diffusion currents 

The surface-related currents are typically caused by the total dose effects 

while the rest are induced by the displacement damage. Depending on the device 

structure, materials and the fabrication procedure the relative contribution of the 

different components may vary considerably. Most often, however, the bulk mecha

nisms dominate the degradation. In that case the dc current gain (3 of a transistor 

is reduced simply as a result of reduction of the minority carrier lifetime. This 

allows us to express (3 using an expression similar to Eq. 2.14, i.e., 

1/(3= 1/(30 + Kf3 \J! (2.21) 

This equation, first suggested by Messenger and Spratt [45] has been widely used 

by the radiation testing community. 

Summers et al. [16] have studied the correlation between the gain degrada

tion coefficient and NIEL for silicon BJTs. They showed that the damage factor 
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is linearly proportional to NIEL for irradiations with protons, deuterons, alpha

particles and neutrons. They also demonstrated that independently of the collector 

current the gain degradation coefficient K(3 scales linearly with NIEL over the en

tire energy range. 
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3. RADIATION DAMAGE IN III-V MATERIALS 

Radiation degradation of semiconductor devices is caused by deterioration 

of individual semiconductor layers from which the device is built. Total dose and 

displacement effects introduced in Chapter 2 may induce some changes in the 

layer parameters, hence modifying behavior of the device as a whole. For this 

reason, when studying radiation degradation of semiconductor devices, it is vitally 

important to know and be able to predict the response of materials to different 

radiation environments. 

This chapter is to address the issue of radiation effects observed in individual 

layers of HBTs. Results of damage production calculations performed in this 

chapter, when combined with a device analytical model, can be used to estimate 

device response to any given radiation (consisting of beta, gamma and neutron 

fluxes). 

The first three sections of the chapter are concerned with radiation effects of 

electron, neutron and gamma radiation, respectively. In each section, the methods 

for evaluating absorbed dose, displacement damage and number of defects are 

presented. Also, some attention is paid to dosimetry and energy spectra of the 

sources used in our irradiation experiments. At the end of each section the results 

of the dosimetry and damage production calculations are presented in the form 

useful for the analysis of the device degradation performed later in Chapter 6. 

The chapter is concluded with a brief comparison and discussion of the results for 

the different types of radiation. 
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3.1. Electron Irradiation 


In this section the theory of electron irradiation effects in semiconductor 

materials is presented. Particular attention is paid to degradation of I nP and 

I nGaAs compounds. First, the interactions of electron irradiation with matter 

are introduced and the methods for calculation of the stopping powers, ranges and 

absorbed doses are described. Then production of atomic displacements is consid

ered, and non-ionizing energy loss and displacement doses are calculated. Finally, 

as it is necessary for the calculations and analysis of experimental results, an energy 

spectrum of 90 Sr / 90 y beta-source and related dosimetry issues are discussed. 

3.1.1. Interaction of Electron Irradiation with Matter 

Energetic electrons passing through a solid interact with atoms and elec

trons of the medium leading to a wide variety of physical processes, Possible 

.energy transfer mechanisl!lEl that may be responsible for electron slowing down, 

are shown in Fig. 3.1. At relatively high energies, on the order offew hundred ~l\!leV 

and higher, electrons are slowed down by emitting Cherenkov and bremsstrahlung 

radiation, and through nuclear reactions. At lower energies, however, the interac

tion cross sections for these reactions drop significantly and the so-called electronic 

and nuclear slowing down become most dominant. Bremsstrahlung radiation plays 

some role at very low energies, typically few hundred e V and lower. As we are 

interested in the low energy range (:::; 1.5 MeV) only the last three mechanisms 

will be considered in some detail. 

It is then customary to separate the total stopping power into three compo

nents, corresponding to electron collision, nuclear collision, and radiative stopping, 
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FIGURE 3.1. Interactions of electrons with matter -- mechanisms involved in en
ergy transfer. 

See, Sen and Sr, respectively: 

(3.1) 

In the subsequent sections these individual stopping mechanisms will be considered 

in detail in order to calculate the damage effects induced by beta-irradiation. 

3.1.1.1. Electron Collision Stopping 

Inelastic Coulomb collisions with bound atomic electrons is the most effec

tive slowing down mechanism for incident beta-rays in the low energy range (few 

MeV). Providing the incident beta-rays have sufficient kinetic energy they may 

cause excitation and ionization of atoms in a solid, therefore producing electron
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hole pairs. The mass collision stopping power can be written as [46] 

Emax 

(3.2)See = naPZ JE :~dE 
o 

where na is the atomic density measured in atoms/cm3 
, Z is the atomic number, 

Emax is the largest possible energy transfer, and deY/dE is the differential cross 

section for the transfer of energy E from the incident beta to an atomic electron. 

For mixtures of elements the effective atomic number, Zeff is used in place of Z: 

(3.3) 


where Ii is the weight fraction of ith element having atomic number Zi' 

The original theory for calculating Eq. 3.2 was developed by Bethe and 

Bloch [47] and is based on the classical approach and does not take into account 

quantum mechanical aspects of the problem. Further developed Moller's approach 

[48] includes relativistic, spin and exchange effects and is the one most commonly 

used nowadays. According to Moller the mass stopping power can be expressed in 

the following form: 

where 

k(Z) = 27rNA Zr5 (3.5)
AjJ2 ' 

2 
F(T) = 1 _ (T + moc )2 + 2ln { T } _ 

T(T + 2moc2) 2(moc2) 

T 2/8 + moc2(2T + moc2) In 2 
(3.6)

T(T + 2moc2) 

(3.7) 


where T and moc2 = 0.511 MeV are the kinetic and rest energy of an electron, 

respectively, and ro = e2/47rEomoc2 is the classical electron radius The first term 
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in the square brackets of Eq. 3.4 represents the so-called "soft" collision stopping 

power, representing the case when the incident beta passes an atom at a large 

distance, F(T) accounts for knock-on collisions, b is the correction term accounting 

for the polarization of the medium by the incident electron and, finally, A is the 

so-called shell correction, which accounts for the fact that, at low energies for 

light elements and at all energies for heavy elements, the probability of collision 

with the inner shell electrons is negligible. I is the mean excitation potential of 

the struck atoms, or in case of material mixture - compound's mean excitation 

potential. It is typically extracted from the experimentally measured proton and 

alpha particle stopping powers and ranges [49]. Theoretically calculated density 

correction parameter b [50] and the shell correction A are tabulated for numerous 

elements and compounds, see e.g. Estar database [51J. 

In case of thin objects secondary electrons produced in collisions of the 

incident beta-particles with atomic electrons may have enough kinetic energy to 

leave the sample volume and deposit their energy outside of the object. The 

method of calculating the absorbed dose should then be adjusted and one must 

use the restricted mass stopping power instead of the total mass stopping power. 

In this case cutoff energy is introduced as limiting electron kinetic energy needed 

for electron in order to escape the volume of the sample. Although restricted mass 

stopping power (See).6. is usually somewhat smaller than the total mass stopping 

power, to keep the analysis reasonably simple we will to use See only. 

Calculated electron mass collision stopping powers for electrons in Si, InP, 

InGaAs, Au and polyimide are shown in Fig. 3.2. Material parameters used for 

the calculations are listed in Table 3.1 
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FIGURE 3.2. Electron collision mass stopping powers for electrons in Si, InP, 
InGaAs, Au and polyimide. 

3.1.1.2. Radiative Stopping Power 

At low energies, on the order of few tens eV, incident electrons can not par

ticipate in inelastic scattering on atomic electrons, as their energy is not sufficient 

to excite/ionize atoms of the medium. In this case the bremsstrahlung emission, 

also called radiative stopping, becomes dominant slowing-down mechanism. The 

radiative stopping power calculated from electromagnetic and relativistic theory is 
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Material Z A p (g/cm3) na (cm-3) I (eV) 

Al 13 26.98 2.69 6.00 x 1022 166 

Si 14 28.09 2.32 4.97 x 1022 173 

P 15 30.97 2.20 4.28 x 1022 173 

Ga 31 69.72 5.90 5.08 x 1022 334 

As 33 74.95 5.73 4.60 x 1022 347 

GaAs 32 72.33 5.32 4.84 x 1022 385 

In 49 114.8 7.30 3.83 x 1022 488 

Au 79 197.0 19.32 5.90 x 1022 790 

Ino.53Gao.47As 84.28 5.48 3.91 x 1022 439 

InP 72.88 4.81 3.97 x 1022 432 

polyimide 1.45 80 

TABLE 3.1. Material parameters used for calculation of stopping powers for Al, 
Si, P, Ga, As, In, Au, InGaAs, InP and polyimide (C22 N2H5(OHh composition 
is assumed for polyimide). 

given by [52] 

Sr = naTZ(Z + l)e
4 [4 In {~} - ~l (3.8)

137pm5c4 moc2 3 

where c is the speed of light. Calculated radiative mass stopping powers for elec

trons in Si, InP, InGaAs, Au and polyimide are shown in Fig. 3.3. Below 10 

MeV, the radiative stopping powers are considerably less than the electron col

lision stopping powers and can be safely neglected, except, of course, very low 

energy end, where the collision stopping powers drop to zero. At energies above 
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10 MeV the bremsstrahlung emission becomes one of the dominant mechanisms 

for the beta energy loss. 

-- Ir1o.53Gaa.4~ 
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- . -. -. Polyimide 


-.

10~~~~~~~~~~~'~~~~~~~~~~--~~~~ 
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FIGURE 3.3. Radiative mass stopping powers for electrons in Si, InP, InGaAs, 
Au and polyimide. 

3.1.1.3. CSDA Range and Ionizing Energy Deposition 

As electron traverses material it continuously interacts with atomic elec

trons, nuclei and atoms as a whole. As a result of these inelastic and elastic 

scattering events the incident beta slows down by losing its energy to electrons 

and nuclei. This process is a statistical process and there is a distribution of possi
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ble energy losses for each collision. It is, however, a relatively good approximation 

to neglect the energy loss fluctuations and assume that the electron loses its en

ergy according to the mean energy loss per unit pathlength given by the stopping 

power. In this so-called Continuous Slowing Down Approximation (CSDA) the 

average path length traveled by a beta of initial energy To before it comes down 

to rest is given by 

TO (dT )-1 
(3.9)RCSDA = pdx dTJ


o 

Calculated CSDA ranges for electrons in Si, InP, InGaAs, Au and poly

imide are shown in Fig. 3.4. 
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FIGURE 3.4. CSDA ranges for electrons in Si, InP, InGaAs, Au and polyimide. 
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Using the CSDA ranges, mass stopping powers and the thickness of the 

active layers of the device given in Table 5.1, the slowing down of electrons in 

the active volume of the device is found to be very small. Hence, the total dose 

deposited in the device volume by a monoenergetic beam of characteristic energy 

E and fiuence W(E) is easily calculated from the electron-collision mass stopping 

power See (E) shown in Fig. 3.2 by using the relation 

D(E) = W(E)See(E) MeVjg (3.10) 

Note that the radiative and nuclear collision stopping powers are neglected and 

only electron collision stopping power is used. This approximation does not in

troduce any significant error for the energy range of the interest (about 1 MeV). 

Converting units to conventional rads one obtains 

D(E) = 1.6 x 10-8 W(E) . See(E) rad (3.11) 

In case of a continuous electron energy distribution the energy spectrum of the 

electrons should be combined with the energy dependence of the stopping power 

Emax 

D = 1.6 X 10-8 J d~~) See (E)dE rad (3.12) 

o 

It is clear, of course, that this equation is the exact expression for the Total Ionizing 

Dose (TID), which is very close to the total absorbed dose for the beta radiation 

of the given energy range. Fig 3.5 shows depth profile of TID rate for electrons 

of initial energy 1 MeV (mean energy of j3-rays emitted by 90Srroy source) in 

a thick layer of silicon. Keeping in mind that the typical total thickness of the 

studied devices is about 1 - 2 pm it must be concluded that the absorbed energy 

is almost the same in all regions ofthe device. Therefore all subsequent calculations 

will be performed for monoenergetic electrons of 1 MeV. 
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FIGURE 3.5. Total ionizing dose rate for electrons of energy 1 MeV in layer of 
silicon. 

3.1·1.4· Nuclear Stopping Power 

Elastic scattering of an electron by a nucleus can result in transfer of signif

icant amount of energy from highly energetic electron to initially" resting" atom. 

Kinetic energy of recoiling primary knock-on atom (PKA), Ta , is calculated from 

momentum and energy conservation 

(3.13) 


or 

(3.14) 

(3.15) 
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Material See Sr D dD/dt 

(MeVcm2 /g) (MeVcm2 /g) (Rad/e-) (Rad/ s) 

Si 1.51 0.024 2.4 X 10-8 226 

Au 1.13 0.125 1.8 X 10-8 170 

InGaAs 1.20 0.059 1.9 X 10-8 179 

InP 1.20 0.065 1.9 X 10-8 179 

Polyimide 1.68 0.011 2.7 X 10-8 254 

TABLE 3.2. Electron-collision and radiative stopping powers, ionizing dose in
troduced by one electron and total ionizing dose rate of electron flux at incident 
electron energy of 1 MeV for Si, Au, InGaAs, InP and polyimide. 

where Tm is the maximum possible energy transferred to the nucleus by an electron 

of energy Te scattered at angle (), Moc2 is nucleus rest mass. For high energy 

electrons Darwin-Rutherford formula can not be applied and relativistic Coulomb 

scattering cross sections presented by Mott [53J in the form of a conditionally 

convergent infinite series must be used instead: 

(3.16) 

where 
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F = Fo + Fl (3.17) 

D _ i r(l - iq) iqln[sin2 f]
EO - - e 2 (3.18)

2 r(l + iq) 

Fl = ~ 
. 

I:
00 

[kDk + (k + l)Dk+1] (-l)kpk(cosB) (3.19) 
k=O 

G = Go + G1 (3.20) 

G .F. 2Bo = -zq 0 cot 2" (3.21) 

. 00 

Z'"'[ 2 2] )G1 = 2" ~ k Dk - (k + 1) Dk+1 (-1) k Pk( cosB (3.22) 
k=O 

r(k - iq) ink r(Jk2 - Q2 - iq) inVk2-a2
Dk = e - e (3.23)

r(k + 1+ iq) r(Jk2 - Q2 + 1+ iq) 

where Q = Z1137, q = QI/3, /3 = vic, v is the electron velocity and r is the complex 

gamma function. 

3.1.1.5. Displacement Damage. NIEL Calculations 

The total average number of atoms displaced by an incident electron with 

kinetic energy Te as it traverses a layer of thickness w is found from 

(3.24) 

where the total number of displacements per PKA, v[Ta(Te, B)), is given by the 

modified Kinchin-Pease equation (see Eq. 2.18 and Section 2.3.3), Ta (Te , B) is the 

PKA initial kinetic energy, Bis the scattered electron angle and dCYM (B) Idn is Mott 

differential cross section for the elastic Coulomb scattering of electrons. Assuming 

that w is so small that the incident electron kinetic energy does not change signif

icantly (this is the case for all our device structures) then all functions inside the 

second integral can be thought of as independent of x and the expression can be 
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rewritten as 

(3.25) 

where L[Ta (Te, B)] is the Lindhard's partition function, that is the part of primary 

knock-on atom energy available to cause atomic displacements. Relatively accurate 

theoretical approximations for the Lindhard partition function (see Section 2.3.3) 

as well as Mott differential cross sections (see Section 3.1.1.4) allow numerical 

evaluation of these expressions for different materials and types of radiation. 

Then the density of displacements introduced by a fluence of electrons is 

given by 

(3.26) 

Another useful quantity is the damage production rate aT relating the num

ber of displacements Nd to the electron fluence 'lie through the relation 

(3.27) 

Calculated values of aT introduced by 1 MeV electrons in different materials (Si, 

GaAs, InGaAs and InP) are listed in Table. 3.3. 

It is very useful to introduce a new quantity - defect introduction rate per 

unit ionizing dose deposited in the material. This introduction rate denoted as 

AT has units of rad- 1(Si) . cm-3 and can be used to calculate defect concentra

tion through simple multiplication by absorbed dose D measured by a dosimeter. 

Calculated values of AT for Si, GaAs, InGaAs and InP are listed in Table. 3.3. 
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Calculation of NIEL, Sd, for electrons consists of evaluation of the following 

integral [17] 
1800 

Sd = NA JL[T(8)]T(8) dCJ(8) do' (3.28)
A do' 

o 

Fig. 3.6 shows calculated NIEL for electrons in Si, GaAs, InGaAs and InP with 

the threshold displacement energies of Eth(Si) = 21 eV(12.9 eV), Eth(Ga) = 

10 eV, Eth(As) = 10 eV, Eth(In) = 6.7 eV and Eth(P) = 8.7 eV (Si, GaAs and 

I nP after [17]). 
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.. 
0> 


C\I-'" 

E 
u 
>
<D 10-5 

:2! --InGaAs 
---l --_·InP
W- ......_.- GaAsZ 

____ w" Si 

10-6 ~--~~~~~~~--~~~~~~----~~~~~~ 

10-1 

Electron Energy (MeV) 

FIGURE 3.6. Calculated non-ionizing energy loss for electrons in Si, GaAs, 
InGaAs and InP. 
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The displacement damage dose Dd for electrons of energy E in n-type ma

terials can be calculated as 

(3.29) 


In the simplest case when the electron fiuence, W(E), consists of monoenergetic 

electrons this equation reduces to 

(3.30) 


For p-type materials this expression needs to be modified slightly to include the so-

called quality factor Q(E) = Sd(E)/Sd(Ere!) defined with respect to some reference 

energy Ere! typically 1 MeV [19]. The equivalent displacement dose is then given 

by 
Emax 

D~q(1 MeV) = 1.6 x 10--8 JQ(E)Sd(E) d~~) dE (3.31) 

o 

Again in the case of monoenergetic electron fiuence this simplifies to 

(3.32) 

In the case of compounds, special care should be taken while calculating the 

displacement damage. Denote electron scattering cross section for a matrix atom 

of element" i" as (Ji. ith PKA produced by an elastic scattering event can induce 

damage cascades as it slows down through the solid. In the first approximation we 

calculate corrected Lindhard's partition function, £i [T~(Te,B)]a.s a weighted sum 

of the partition functions for all possible combinations of materials of lattice and 

recoils, i.e. 

£i[T~(Te, B)] = L WjLij[T~(Te, B), Ak, Ai, Zk, zi, E~] (3.33) 
j 
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NIEL is simply calculated from 

(3.34) 

Material aT Sd Ai3T 

(em-I) (eVCm2) (Rad-I(Si) . em-3)
9 


Si 1.4 31.4 0.6 x 108 


GaAs 5.6 26.5 2.3 x 108 


Ino.53GaO.47As 6.2 28.5 2.6 x 108 


InP 7.4 33.5 3.1 x 108 


TABLE 3.3. Displacement introduction rate, non-ionizing energy loss for 1 MeV 

electrons and number of displacements produced by flux of 1 MeV electrons that 
introduce 1 rad(Si) of ionizing dose. 

3.1.2. Beta Irradiation Source 

100 mCi active 90Sr SIF.1177 beta source (supplied by Amersham Corp., 

currently AEA Technologies) was used in all beta irradiation experiments. The 

schematic diagram of the source cross section is shown in Fig. 3.7. A thin ra

dioactive layer of ~gSr-containing compound is deposited on a ceramic substrate 

encapsulated in a stainless steel capsule (X.117) efficiently absorbing emitted be

tas. The radiation escapes only in one direction (straight down on the diagram) 
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through a thin 50 f..Lm silver window physically protecting the active layer of the 

source. 

ceramic substrate 
active layer 

li====;v (5 nun diameter) 

C:t-_'3%:~::::.::--_-----,1 
'" sample 

FIGURE 3.7. Schematic of }3-source and sample positioning for irradiation. 

~gSr is a radioactive element with a halflife of 29.12 years [54]. It decays 

to ~gy by emitting }3- with the cutoff energy of 0.546 MeV. ~gy is also highly 

unstable with halflife of 3.19 hours and first cools down by emitting one or two 

relatively low energy gammas. The cooled less active ~gy with the lifetime of 64.0 

hours decays to stable ~gzr by emitting a beta spectrum with a maximum energy 

of 2.25 MeV. Due to the short 64 hour halflife of the daughter nuclide ~gy secular 

equilibrium of the source is reached quickly and hence the combined spectrum of 

strontium and yttrium has to be used in the analysis. The combined spectrum of 

the Sr - Y source in secular equilibrium is shown in Fig. 3.9. 

Unfortunately the protective silver window in the source adds more com

plexity as one has to account for possible electron slowing down on its way from 

the source to a target. Among a number of different techniques electron transport 

simulations can be used to calculate the slowed down spectrum [55]. Solid line 

in Fig. 3.9 shows the calculated spectrum of electrons after passing through the 
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40 
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FIGURE 3.8. Series of beta-emitting transitions taking place in the 90Sr/90y beta 
source. The initial cooling down of 90y by gamma emission (halflife of 3.19 hours) 
is not shown. 

source silver protective window [55). The slowed-down spectrum closely resembles 

90y emission spectrum as most of 90 Sr electrons are absorbed by the protection 

layer. The average beta energy of the slowed down spectrum is just below 0.9 

MeV. Having neglected slowing down in 2 mm of air, this spectrum is assumed for 

the flux of betas incident on the surface of the sample. 

To proceed with the calculation of the electron flux we assume that due to 

the isotropic nature of the emitted radiation only one half of the produced betas 

leave the source in the direction of the sample. Then the flux of electrons incident 

on the center part of a sample for the experimental configuration shown in Fig. 3.7 

is simply 

dN 
F~--

2dA 

where dN is the total number of electrons produced by the source, dA is area of 

the thin 90 Sr source and factor of 2 accounts for the fact that the sample "covers" 

solid angle of 21f = 41f/2 only. Recall that unit of radioactivity Curie is defined as 

3.7 x 1010 disintegrations per second, then total fluence of electrons reaching the 
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FIGURE 3.9. Beta energy spectrum of 90 Sr/90 y beta-source in secular equilibrium 
(dashed line) and the calculated slowed down spectrum (solid line). 

surface of the sample is readily obtained as 

(3.35) 

where tf3 is the irradiation time and d is the diameter of the source. 

It should be noted that in further calculations, based on the geometry of 

the experimental setup, very few electrons are expected to enter the sample at 

low angles. Hence all the electrons are assumed to be impinging perpendicular to 

the sample surface. As a result, electrons traveling through the very thin device 

structure do not lose enough energy to cause a significant change in the stopping 

powers. This assumption may lead to some inaccuracy in case of low energy 
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electrons only. Dose calculations are performed by integrating the monoenergetic 

expression over the entire electron energy spectrum. 

3.1.3. Experimental Details 

All of our electron irradiation experiments were performed at the OSU 

Radiation Center using already described 90 Srroy 100 mCi beta-radiation source. 

The wafer was placed directly under the source in close proximity of about 2 mm 

(see Fig. 3.7). 

Exposure durations used in the studies and the corresponding calculated 

cumulative electron fiuences, ionizing doses, displacement doses, and number of 

radiation-induced displacements are listed in Table 3.4. 

DlnGaAs D Si DlnGaAsDays W Wtot d Nd 

(e- /cm2 
) (e- /cm2 

) (MRad) (MRad) (kRad) (cm-3 ) 

1 8.14 x 1014 8.14 X 1014 19 24 0.3 6 x 1015 

2 1.63 X 1015 2.44 X 1015 57 72 0.8 1.8 x 1016 

4 3.26 X 1015 5.70 X 1015 132 166 2.0 4.2 x 1016 

4 3.26 X 1015 8.96 X 1015 208 262 3.1 6.6 x 1016 

8 6.51 X 1015 1.55 X 1016 360 454 5.4 1.1 x 1017 

14 1.14 x 1016 2.68 X 1016 622 784 9.4 2.0 x 1017 

TABLE 3.4. Exposure durations used in the study and corresponding cumulative 
electron fiuences, ionizing doses, displacement doses, and number of radiation
induced displacements calculated for the base region of an RBT. 
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3.2. Neutron Irradiation 


The purpose of this section is to present and quantify the physical mech

anisms responsible for the semiconductor degradation due to bombardment by 

epi-thermal and fast neutrons. First, the theory for the individual neutron reac

tions is presented and the displacement cross sections (kerma factors) are evaluated 

for 10-11 
- lOMeV neutron energy range. Then the concept of the displacement 

damage function is introduced and its correlation with kerma damage factor is 

discussed. Finally, the results of calculations for equivalent fluxes, NIEL, displace

ment doses and defect concentrations are presented. 

3.2.1. Interaction of Neutron Irradiation with Matter 

IThe production of atomic displacements by neutron irradiation occurs 

mainly through two different mechanisms - (1) nuclear reactions, the products 

of which can cause atomic displacements, or (2) by direct energy transfer through 

elastic or inelastic scattering. In both cases, the displacement is produced if the 

recoiling nucleus has an energy in excess of the displacement threshold, Ed. The 

recoil can have enough energy to produce further displacements before coming to 

rest in the lattice. The PKA energy deposition is described by the Lindhard's 

partition theory:: 

The purpose of this section is to calculate the partial displacement kerma 

(also called damage energy production cross section) for all the important nu

clear reactions and the scattering mechanisms for In, P, Ga, Si and As. Finally, 

using the results of the calculations for the separate elements, the total displace

ment kerma for InP and InGaAs compounds can be evaluated. For In, P, Ga 

and Si the ENDF/B-VI library available from T-2 Nuclear Information Service of 
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Los Alamos National Laboratories was used [56]. Unfortunately the ENDF/B-VI 

library data does not provide adequate data for As, in which case the ENDL82 

library available from the Radiation Safety Information Computational Center was 

employed. 

3.2.1.1. Absorption (n,,) reactions 

For thermal neutrons, i.e. neutrons with energy less than 0.5 eV, the radia

tive capture is the dominating mechanism for the displacement damage produc

tion. In this reaction an incident neutron is absorbed by a nucleus, which then 

cools down to its ground state by emitting an energetic photon or a whole photon 

cascade. The kinetic energy of the recoil is estimated from the incident neutron 

"kick" and all the photons "kicks" 

(3.36) 


where En is the neutron kinetic energy, AR is the atomic number of the recoil, 

E, is the emitted photon energy and E~ is the average photon energy calculated 

from the photon yield, Y(En' E,), and energy distributions, p(En, E,), given in 

files MF=12,13 of the corresponding databases 
E:;,ax 

J Y(En, g,J .E~ . p(En' g,JdE,,( 
E~(En)=--o----~--------------- (3.37)

E'!?ax 

J p(En, E"()dE"( 
o 

The calculated values are 8.5, 6.2, 17.2, 12.6 and 10.2 M eV2 for Si, In, Ga, P and 

As, respectively. 

The damage energy production cross section is obtained from 

(l~" (En) = (In,, (En) L J1 

dJi,/(En, p)L(T[En, E" p]) (3.38) 
, -1 

http:E~(En)=--o----~---------------(3.37
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where (In,? is the cross section for the radiative capture reaction (file MF=3) (see 

for example Fig. 3.10 for Si), fL is the laboratory cosine, f(En, fL) is angular distri

bution function - assumed isotropic, i.e. f(En, fL) = 1/2, for all the materials (file 

MF=4). 

Purely for illustrative purposes the cross sections for some of the reactions 

used in the calculations for Si are shown in Fig. 3.10. 

102 

101 
---- (n, y) 

--elastic 
-.----- (n,n'j) 

10° 
....................... (n,n'2) 

--(n,n'c)-CJ) 
c 
~ 

10.1ro 
.0--
b 

10.2 

10-3 

Neutron Energy (MeV) 

FIGURE 3.10. Cross sections for radiative capture and elastic, continuum inelastic 
and discrete inelastic scattering as function of incident neutron energy for Si. 
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3.2.1.2. Elastic Scattering 

In the case of elastic scattering reaction the kinetic energy of a recoil, Tel, 

is calculated from the simple binary elastic-collision dynamics, which yields 

(3.39) 

The damage energy production cross section is obtained from 

(J,//(En) = (Jel(En) J1 

dpf(En, p) L(Tel [En , p]) (3.40) 

-1 

where (fel is the elastic scattering cross section given in file MF=3 (see for example 

Fig. 3.10 for Si), and the angular distribution f(En, p) is either tabulated directly 

or is presented in the following form 

(3.41) 


In this sum, Pz (p) are the Legendre polynomials, al - the [th Legendre polynomial 

coefficients (file MF=4) and Nl is the polynomial order at which the sum can be 

truncated (file MF=4). Recurrent formula for the calculations of Pz(p) and the 

first few polynomials are listed below: 

R () _ 
1+1 p -

(2l - l)PPl(P) - (l - 1)Pz-2(p)
[ (3.42) 

Po (p) = 1, PI (p) = p (3.43) 

)P2 (p = 
1 2
2(3p - 1) 

The angular integration is performed using the Gauss-Legendre quadrature method 

(see for example Ref [57]). 
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3.2.1.3. Discrete Inelastic Scattering 

For discrete inelastic scattering, when the nucleus can be excited to one of 

the resolved nuclear energy levels, the analysis should be based on conservation of 

the total energy of the system. Assuming that struck nucleus is excited into the 

ith state with energy Qi (file MF=3), kinetic energy of the recoil is given by 

(3.44) 

Then the displacement kerma is given by 

1 

(J";,ni(En) = (J"n,ni(En) L f djJJ(En, J-l)L(Tn,nJEn, Qi, J-l]) (3.45) 
z -1 

where (J"n,ni is the cross section for the ith reaction given in file MF=3 (see for 

example Fig. 3.10 for Si), and the angular distribution is the same as for the 

elastic scattering mechanism. 

3.2.1.4. Continuous Inelastic Scattering (n,n') and (n,2n) Reactions 

In the case of continuum (n,n') reaction the displacement kerma is obtained 

from 

(J";,n' (En) = (J"n,n' (En) f00 

dE~f1 

dJ-lf(En, J-l)g(En)E~)L(Tn,nl[En, E~) J-l]) (3.46) 
o -1 

where (J"n,n' is the reaction cross section (file MF=3), and the recoil spectrum is 

given by 

Tn,n,(En,E~,J-l) = ~R [En - 2JEnE~J-l+E~] (3.47) 

The secondary neutron energy distribution, g(E, E'), is either directly tabulated 

in file MF=15 or calculated from the evaporation model [56, 30] 
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E' E' 
(3.48)g(E, E') = J(E) exp - 8(E) 

J(E) = 8 2 (E) [1 - e-x(1- x)] (3.49) 

E-U 
x= 

8 

with 8(E) tabulated in file MF=15. The angular distribution is assumed to be 

isotropic (file MF=4). 

Similar procedure is used for (n,2n) reactions with the corresponding re

naction cross sections a ,2n from file MF=3 and secondary energy distributions 

an,n' and a n ,2n for Si are shown in Fig. 3.10. 

3.2.1.5. (n, particle) Reactions 

In the case of the (n, particle) reactions the recoil energy spectrum is given 

by 

T = AR1+ 1 [E* - 2.)aE*Eaf.1 + aEa] (3.50) 

E* = AR + 1- aE
AR+ 1 n 

where a is the mass ratio of the emitted particle to the neutron and the particle 

energy Ea is equal to the smaller of the available energy 

or the Coulomb barrier energy 

1.029 X 106zZ 

A~3 + a1/3 

where z and Z are the charges of the emitted particle and the target atom, re

spectively. The displacement cross section is found from the expression similar to 

Eq. 3.40. The angular distribution is defaulted to isotropic (file MF=4). 
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3.2.2. Implementation and Results 

Having calculated the displacement kerma for all the reactions the total 

damage energy production cross section is simply found as a sum of the cross 

sections for the individual processes: 

l

ad = a;>'Y + adl + L a;,ni + a;,n + a;,2n + L a;'x (3.51) 
x 

A set of programs was written to implement the outlined calculations for 

the materials of the interest. Very briefly, the calculation of damage energy pro

duction cross section proceeds in the following manner. In the first step all the 

reaction cross sections, angular distribution data, secondary particle distributions, 

and photon yields are loaded into memory. Then the weights and abscissas for 

the Gauss-Legendre integration routine are initialized and energy distributions of 

the average photon energies and other secondary particles are calculated. Finally, 

looping through all the possible reactions the total kerma displacement is calcu

lated as a function of energy in the range of 10-11 - 1 0 MeV. The scattering 

mechanisms and nuclear reactions included in the displacement kerma evaluation 

are listed in Table 3.5. Fig. 3.11 shows calculated the energy production cross 

sections for gallium, arsenic and indium, and Fig. 3.12 shows the cross section for 

phosphorus. 

In case of I nGaAs and I nP compounds, the displacement kermas were 

evaluated for each of the elements separately. To account for the fact that in a 

compound material a recoiling atom can collide with atoms of different elements, 

the corrected Lindhard's partition function, .c (see Eq. 3.33), is used instead ofthe 

standard Lindhard partition function _(Eq,_2,1§t Then the displacement kRDJl(t 

Jorthe compounds are calculated as a sum of the kermas for each element using 



55 

Reaction Si P Ga As In 

elastic scattering ./ ./ ./ ./ ./ 

(n,n'c) ./ ./ ./ ./ ./ 

(n,nD '/1-21 '/1-13 '/1-28 

(n,2n) ./ ./ ./ ./ 

(n,,) ./ ./ ./ ./ ./ 

(n,p) ./ ./ ./ 

TABLE 3.5. Reactions used in calculations of displacement kerma for Si, P, Ga, 
As and In. Indices in (n, nD row refer to discrete level reactions. 

fraction weights, Xi, i.e. 

1 
KD InGaAs = """"' XiKD i = -(O.53KD In + 0.475KD Ga + KD As] (3.52) , L '2' " 

i=In,Ga,As 

The results for InGaAs and InP are shown in Figs. 3.13 and 3.12 respectively. 

3.2.3. Displacement Damage Function 

In cases when the bulk degradation effects present the dominant radiation 

damage mechanism (which is the case for bipolar transistors) KD is considered to 

be an excellent measure of device performance degradation. For GaAs it has been 

reported, however, that experimentally observed bulk damage is not always linearly 

proportional to the displacement kerma [23, 26] - there is a considerable decrease 

in the damage production efficiency at the high neutron energies. Fig. 3.14 shows 

the theoretically calculated displacement kerma (KD) and experimentally observed 
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FIGURE 3.11. Calculated displacement kermas for indium, gallium and arsenic. 

damage (FD ) - the so-called displacement damage function or simply damage 

function, defined as an energy dependent parameter proportional to the quotient 

of the observable displacement damage per target atom per neutron fiuence. To 

compensate for the difference between KD and FD the PKA-dependent empirical 

model was proposed by Griffin et al. [23J. The observed effect is attributed to 

the so-called thermal spike effect resulting from the saturation in the size (not 

number!) of the produced clusters. Thermal spikes, first observed in some metals, 

occur if the local energy density - energy of the defect clusters - is high enough 

to cause local melting followed by recrystallization of the material. The effect is 
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FIGURE 3.12. Calculated displacement kermas for In, P and InP. 

not observed for silicon, for which the threshold displacement energy is somewhat 

higher (see Table 2.1), but can be expected to be very important for InGaAs and 

InP, where Ed'S are low as in the case of GaAs. Unfortunately there is no well 

developed theory to account for the possible annealing/recrystallization effects, 

therefore the only viable approach is to extract empirical efficiency factor from the 

extensive experimental studies using different neutron sources. For GaAs Griffin et 

al. suggested the following functional dependence for the damage efficiency, ((T), 

(3,53) 
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FIGURE 3.13. Calculated displacement kermas for InGaAs. 

where T is the PKA recoil energy measured in keV, and ai are the numerical 

coefficients determined by fitting the experimental data. The damage efficiency 

function and the corresponding values of ai's are shown in Fig. 3.15. As a result, 

when ((T) is used in the theoretical displacement kerma evaluation, calculated KD 

matches the damage function. 

Despite the obvious deficiencies the displacement kerma is still very useful 

as a measure of exposure to the damaging radiation. Moreover, unless used for 

comparison of the results for very high energy neutron sources, e.g. accelerators, 

the displacement kerma still gives very reasonably good estimate (within 10%) for 
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Neutron Energy (MeV) 

FIGURE 3.14. Gallium arsenide damage function, FgaAs, normalized by factor 
of 2.2, and displacement kerma, KgaAs, and silicon displacement kerma function, 
K Si 

V· 

the introduced damage. Thus, as there are no results available for the damage 

efficiency functions for InP and InGaAs, the displacement kermas will be used in 

all further calculations for these materials. 

3.2.4. Neutron Damage Equivalence and NIEL 

All neutron irradiation experiments were conducted at OSU TRIGA "Marc 

II" 1 MW reactor operated at 100 kW. The samples were enclosed in cadmium 

boxes to block the thermal neutrons (Eth < 0.5 eV) and reduce ionization damage. 

For the irradiation the samples were positioned in the Rotating Specimen Rack 
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(RSR) , also called "Lazy Suzan". Differential neutron energy spectrum at the 

RSR - result of the Monte Carlo Neutron Photon (MCNP) transport simulation 

- is shown in Fig. 3.16 [58]. Furthermore, the total epi-thermal and fast neutron 

fluxes were measured using foil activation dosimetry technique, with results of 

1010 2cm- and 5 x 1010 cm-2 for epi-thermal (0.5 eV < E < 10 keV) and fast 

neutron (E > 10 keV) fluxes, respectively, for the reactor operated at 100 kW. 

The integrated flux for the fast neutron part of the MCNP calculated spectrum 

was normalized to one and then multiplied by the fast neutron flux value obtained 

from the direct measurement. In other words, the MCNP results were used only 

to obtain the shape of the spectrum, while the absolute values of the flux were 
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FIGURE 3.15. Neutron damage efficiency function Jor gallium arsenide. 
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determined from the dosimetry measurements. Similar procedure was used for the 

analysis of the epi-thermal neutron flux. 
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FIGURE 3.16. Differential neutron energy spectrum at position of sample during 
neutron irradiation. 

Energy spectra of a neutron flux produced by an accelerator or nuclear 

reactor may vary drastically from one facility to another. To be able to interpret 

and compare the results of irradiations by sources of different energy spectra the 

so-called equivalent monoenergetic neutron fiuence is often used. The method relies 

on the knowledge of the energy spectrum of the neutron source and the degradation 

effects as a function of energy. Using 1 MeV as a reference energy - standard value 

used by the radiation-hardness community - the equivalent monoenergetic neutron 
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flux can be calculated as 

(3.54) 


It should be noted that the damage function is different for different semiconduc

tors and therefore <I>eq,l MeV should be calculated separately for each material of 

the interest. Using the calculated displacement kerma for InP and InGaAs (see 

Figs. 3.12 and 3.13) and Lazy Suzan energy spectrum the integral is evaluated in 

the range of 0.5 eV - 10 MeV with the results listed in Table 3.6. 

<I>epi <I>fast <I> totalMaterial K D (l MeV) eq,l MeV eq,l MeV eq,l MeV 

(MeV· mb) (cm-2s-1) (cm-2s-1) (cm- 2s-·1 ) 

Si 95 1.0 x 108 4.3 X 1010 4.3 X 1010 

GaAs 70 5.3 x 108 4.5 X 1010 4.5 X 1010 

InGaAs 82 1.4 x 109 5.4 X 1010 5,6 X 1010 

InP 78 4.8 x 109 7.6 X 1010 8.1 X 1010 

TABLE 3.6. Damage functions (displacement kerma in case of InGaAs and InP) 
at 1 MeV, 1 MeV equivalent fluxes for epi-thermal and fast neutrons and total 
1 MeV equivalent flux at RSR facility for Si, GaAs, InGaAs and InP. Equivalent 
flux values are for reactor operated at 100 kW. 

Although the damage function (or displacement kerma) can be used as a 

direct measure of the damage energy deposited in the material, it is more conve

nient to perform some unit conversion and present the results in terms of the non
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ionizing energy loss. Recalling that conventional units for NIEL are MeV· em2 j 9 

or Tad· em2 the conversion equation can be written as 

1O-27KDSd = x na [MeV. cm2 jgJ (3.55) 
p 

35 K D X na 2 
= 1.602 x 10- [Tad· em ] 

p 

The calculated values of NIEL at 1 MeV neutron energy for Si, GaAs, InGaAs 

and InP are listed in Table 3.7. 

Displacement introduction rate can be simply calculated from the NIEL 

results using the modified Kinchin-Pease model (see Section 2.3.3) 

(3.56) 


Results for the 1 MeV neutrons are listed in Table 3.7. 

Material K D (1 MeV) Sd(l MeV) aT(l MeV) 

(MeV· mb) (MeV· em2 jg) (em- l ) 

Si 95 2.04 x 10-3 90 

GaAs 70 0.64 x 10-3 136 

InGaAs 82 0.58 x 10-3 127 

InP 78 0.64 x 10-3 141 

TABLE 3.7. Damage function (displacement kerma in case of InGaAs and InP), 
neutron NIEL and displacement introduction rate at 1 MeV for Si, GaAs, I nGaAs 
and InP. 
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3.2.5. Experimental Details 

All the neutron irradiation experiments were carried out using the Rotating 

Specimen Rack facility of the OSU TRIGA "Marc II" 1 MW reactor operated at 

100 kW. The samples were irradiated separately for radiation exposure time of 7, 

20, 60 and 180 minutes. The calculated total neutron fluence (excluding thermal 

neutrons) and corresponding 1 MeV equivalent fluence for all individual irradiation 

times are listed in Table 3.8. 

\[ftotal \[ftotal \[ftotal \[ftotalSample t eq,Si eq,InGaAs eq,InP 

# (min) (n/cm2
) (n/cm2

) (n/cm2
) (n/cm2

) 

1 7.0 2.5 X 1013 1.8 X 1013 2.3 X 1013 3.4 X 1013 

2 20.0 7.2 X 1013 5.2 X 1013 6.7x 1013 9.7 x 1013 

3 60.0 2.2 X 1014 1.6 X 1014 2.0 X 1014 2.9 X 1014 

4 180.0 6.5 x 1014 4.7 X 1014 6.0 X 1014 8.7 X 1014 

TABLE 3.8. Exposure duration, corresponding total neutron fluence and 1 MeV 
equivalent fluences for Si, InGaAs and In? for neutron irradiation experiment. 

3.3. Gamma Irradiation 

Unlike electrons, that are able to introduce displacements directly, gamma-

rays may produce damage only through generating secondary betas, which then 
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may cause some atomic dislodgement. As a result both ionizing and non-ionizing 

energy can be deposited in the material. The purpose of this section is to introduce 

physical mechanisms responsible for the damage produced by the gamma radiation. 

The theoretical basis for calculations of displacement damage is developed, the 

most vital interactions are described and corresponding cross sections for delta

ray production are evaluated. Estimated slowed down electron spectra are applied 

to calculate some of the fundamental quantities, including NIEL and radiation

induced defect density. 

3.3.1. Gamma Interactions in Matter 

There are several types of physical interactions that can lead to production 

of secondary electrons, namely Compton (or incoherent) scattering, Rayleigh (or 

coherent) scattering, photoelectric and photonuclear effects and, finally, electron

positron pair production in electron and nuclear fields. To illustrate relative im

portance of the reactions the corresponding cross sections for I nP for the energy 

range of 10-3 - 104 MeV are shown in Fig. 3.17 [59]. Since most of the radiation 

testing work is done using gamma-rays with energies of only few MeV or lower, the 

pair production and photonuclear effects can be safely ignored. Furthermore, the 

coherent scattering does not result in virtually any energy deposition and therefore 

one is left to account for Compton and photoelectric reactions only. 

In this section the basics of the Compton scattering and photoelectric effect 

are described and the physics necessary to evaluate the contribution of the reactions 

to the damage production is presented. 
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FIGURE 3.17. Cross sections for Compton and Rayleigh scattering, photoelectric 
and photonuclear effects and electron-positron pair production in electron and 
nuclear fields in I nP. 

3.3.1.1. Compton Effect 

The simple diagram illustrating a single Compton scattering event is shown 

in Fig. 3.18. In this process the incident I'-photon of energy E"( = hv loses part of 

its energy Te to the electron which departs at an angle e. The photon is scattered 

at an angle ¢ and now possesses the energy of hv' = hv - Te. It should be noted 

that depending on e the energy of the kicked electron can have any value between 
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zero and Temax found from the momentum and energy conservation 

T max = 2hvo: (3.57) 
e 1 + 20: 

where 0: = hv/ mer?, and the electron is assumed to have zero binding and zero 

initial kinetic energy. 

e 

hv 

FIGURE 3.18. Single Compton scattering event. 

For further analysis the differential cross section for the photon scattering 

needs to be evaluated. Simple kinematic approach as well as pure wave theory, 

however, do not produce appropriate predictions [47, 48]. Applying Dirac's rela

tivistic theory Klein and Nishina removed the gap between the two theories and 

were able to accurately describe the scattering process. According to them the 

differential cross section for production of an electron with an energy Te (or T: in 

moc2 units) is 
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FIGURE 3.19. Compton electron differential energy flux, i.e. Klein-Nishina energy 
differential cross section, and the slowed down energy spectrum calculated for 
InGaAs. 

where E~ is the incident gamma energy expressed in moc2 units. The differen

tial cross section simply presents the energy spectrum of the emitted Compton 

electrons. Calculated cross section for a 1.25 j\1eV photon in shown in Fig. 3.19. 

Integrating Eq. 3.58 from 0 to T:-ax one can evaluate the total Klein-Nishina cross 

section 

2 [2(1 + a) (2(1 + a) In (1 + 2a))
CJKN (E'Y ) -

_ 
11TO 	 - + 

a 1 + 2a a 

In (1 + 2a) _ 2(1 + 3a)] (3.59) 
a (1 + 2a)2 

1.2 
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The total KN cross section presents the attenuating properties of the material 

due to Compton scattering and provides the information necessary to estimate 

the produced Compton electron flux. As already mentioned the KN theory was 

derived for free electrons, in the low photon energy range, however, the correction 

has to be made to account for the interactions with strongly bound inner shell 

electrons. Sufficiently good results are achieved simply by multiplying the KN 

cross section by the so-called incoherent scattering function, which is defined as 

the probability that the atom will be excited or ionized after a Compton scattering 

event. The Hartree-Fock incoherent scattering functions have been calculated [60] 

for a wide variety of materials and are employed in XCOM database available 

through the NIST [59]. Calculated cross sections for Compton scattering including 

the correction for electron binding are shown in Fig. 3.20 for InGaAs, GaAs, Si, 

Au and polyimide [59]. The values of cross sections extracted at E"( = 1.25MeV 

are listed in the Table 3.9 and show virtually no dependence on the atomic number 

of the material. Corresponding differential and total fluxes of Compton electrons 

(per unit thickness) are calculated as 

(3.60) 

(3.61) 

where eYe is expressed in cm2 
/ g, and <l>"( is the flux of the incident monoenergetic 

gamma rays. Calculated <l>e are listed in the table below. 

3.3.1.2. Photoelectric Effect 

In addition to Compton scattering, gamma-electron collision may also result 

in the ejection of a bound electron from an atomic shell as a consequence of the 
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FIGURE 3.20. Cross sections for Compton scattering and photoelectric effect for 
I nGaAs, GaAs, Si, Au and polyimide. 

absorption of the incident photon. The kinetic energy of the liberated electron is 

given by 

where Eb is the binding energy of the electron in the atom (typically few keV) and 

Tatom is the kinetic energy of the recoiling atom. If the gamma energy is on the 

order of MeV, Tatom and Eb can be safely neglected producing 

(3.62) 


The photoelectric effect depends very strongly on the atomic shell structure and 

thus varies widely from element to element. Additionally, due to the threshold 
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Material o-c(1.25 MeV) o-pe(1.25 MeV) <Pc <Pslowed 

(cm2 jg) (cm2 jg) (cm- 2 ) (cm- 2 ) 

Si 0.058 2.33 X 10-5 0.119 0.016 

Au 0.056 1.04 X 10-2 0.021 0.023 

GaAs 0.051 4.63 X 10-4 0.064 0.017 

InP 0.052 1.62 X 10-3 0.072 0.018 

InGaAs 0.051 8.94 X 10-4 0.064 0.018 

polyimide 0.058 1.24 X 10-6 0.168 0.014 

TABLE 3.9. Cross sections for Compton scattering and photoelectric effect at 
Ey = 1.25 MeV, corresponding total primary Compton electron flux and total 
slowed down Compton electron flux produced by one incident gamma for Si, Au, 
GaAs, InGaAs, InP and polyimide. 

nature of the absorption process some discontinuities corresponding to the shell 

absorption edges are introduced. As a result there is no simple universal expres

sion for the cross sections. Using quantum mechanical approach some satisfactory 

approximations have been made for different photon energy ranges. Berger et at. 

have combined low energy Scofield's phase-shift calculations with asymptotic cal

culations of Pratt for high energy gammas [59]. The calculated cross sections for 

InGaAs, GaAs, Si, Au and polyimide are shown in Fig. 3.20 with o-pe(1.25 MeV) 

listed in Table 3.9 [59]. In contrast to Compton scattering the photoelectric effect 

demonstrates very strong dependence on the atomic number having much larger 

cross sections for higher-Z atoms - compare, for instance, the results for polyimide 

and Au. It should be noted that with the exception of gold the relative magnitude 

http:o-pe(1.25
http:o-pe(1.25
http:o-c(1.25
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of the electron production due to the photoelectric effect is negligible when compar

ing to the Compton scattered electrons. Therefore, if the material surrounding the 

device contains no or little high Z elements it is sufficient to perform the analysis 

using the Compton electrons only. 

3.3.1.3. Spectrum Resulting from Electron Slowing Down 

The electron spectrum incident on some layer in the device may not nec

essarily coincide with the initial photon-generated spectrum since electrons get 

slowed down along their path to the region of interest. As discussed in Chapter 3, 

high energy electrons dissipate their energy through a series of collisions. In the 

vast majority of collisions an electron loses only a very small fraction of its energy, 

and the probability of the large energy losses due to radiative or knock-on events 

is usually low. Under these conditions the spectrum resulting from the slowing 

down process is simply inversely proportional to the total electron stopping power 

in the media (see for example [19, 61]). Applying this rule to the Compton elec

trons introduced by the gamma radiation, the energy spectrum of the slowed down 

electrons can be evaluated as 

(3.63) 


where N(TD gives the number of electrons generated by one photon in a unit 

volume per unit time. Calculated slowed down spectra for Si, GaAs, InGaAs and 

I nP are shown in Fig. 3.2l. 

Finally, the total electron flux is calculated by integrating the slowed differ

ential electron flux and results are listed in Table 3.9. It is very important to note 

that with the only exception of high Z Au the rest of the materials have almost 
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identical values of the electron flux, thus the final) i. e. slowed) electron spectrum 

incident on a region of interest is the same throughout the device, assuming, of 

course, that there is no high Z materials present in the neighborhood. 

--InGaAs 
- - - 'InP__ 30 
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>
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oU-~~~~~~~~~~~~~~~~~~~~~~~~ 
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FIGURE 3.21. Differential flux of slowed down Compton electrons for InGaAs, 
InP, GaAs, Si, Au and polyimide. 

3.3.2. C060 Gamma-Source 

Gammacell 200 C060 gamma irradiator (Radiation Center, Oregon State 

University) was used in all gamma-irradiation experiments. The detailed infor
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mation on the source geometry and calculation of the current dose rates can be 

found in Ref. [62]. The so-called shielded-cavity configuration of the source results 

in a relatively hard gamma spectrum with small fraction of low energy Compton

scattered photons [63]. Only the source self-absorption and scattering distort the 

primary C060 spectrum. 

Unstable C060 ,B-decays to Ni and then excited Ni cools down by the 

emission of two photons one at Byl :::::;; 1.173 MeV (100% intensity) and the other 

at By2 :::::;; 1.332 MeV (100% intensity). In the absence of strong nonlinearities 

in all the cross sections in this energy range, it is customary to simply use the 

average energy of E"{ :::::;; 1.25 MeV for all the calculations. To finalize, the shielded

cavity C060-source is typically assumed to produce monoenergetic gamma flux at 

1.25 MeV. 

3.3.3. Displacement Damage 

As already discussed photons produce displacement damage through the 

secondary electrons only. Thus, the cross section for atomic displacement by a 

photon can be written as a sum of the cross sections representing the contributions 

of the different gamma-to-electron energy-transfer processes, i.e. 

(3.64) 


where i refers to Compton scattering, atomic photoelectric effect, pair production 

(when needed)' etc. Each (J~(E"{) can be evaluated as (see Section 3.1) 

(3.65) 
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where N~(Te) is the slowed down "flux" of the secondary electrons produced 

through the ith mechanism. The total electron flux is simply given by 

Tmax' 

dapE(E'Y' T~) dac(E'Y' T~)dNe(Te) = [dTe (T. )]-1 N <I> Je dT' (3.66)dT dx e a 'Y e dT' + dT'e 
" ..,e ~~Te 

photoelectric Compton 

Then the total displacement cross section can be written as 

(3.67) 

Analogously, the non-ionizing energy loss is calculated as 

(3.68) 

Using Eq. 3.28 the final expression for the displacement dose can be written in the 

following form 

(3.69) 

Tmin 
e 

Calculated non-ionizing energy loss and displacement dose deposited by one 

1.25 MeV photon in 	Si, GaAs, InGaAs and In? are listed in Table 3.10. 

3.3.4. Absorbed 	Dose 

The absorbed dose, 	D'Y, is generally defined as follows 


D'Y = JE 'l1(E) f-ten(E) dE 
 (3.70)
dE p 

where f-ten(E)/ P is the mass energy absorption coefficient. f-ten(E)/ P is often cal

culated through similar quantity - the mass energy transfer coefficient, f-ttr(E)/p. 
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X 1013Material S'Y 
d 

D'Y 
d WSi,equiv, AT, X 107 

(MeV· cm2 /g) (rad) (cm- 2 ) (rad- 1(Si) . cm-3 ) 

Si 1.83 x 10-7 2.93 X 10-15 1.1 1.5 

GaAs 1.42 x 10-7 2.27 X 10-15 1.0 5.6 

InP 2.28 x 10-7 3.65 X 10-15 1.2 9.7 

InGaAs 1.50 x 10-7 2.40 X 10-15 1.0 5.8 

TABLE 3.10. Non-ionizing energy loss, displacement dose for 1.25 MeV pho
ton, and equivalent 1 MeV electron fluence and number of displacements for 
1 Mrad(Si) for Si, GaAs, InGaAs and InP. 

The mass energy transfer coefficient, when multiplied by the photon energy fluence, 

gives kerma - the sum of the kinetic energies of all the primary particles released 

by photons per unit mass. In the energy range of our interest only Compton and 

photoelectric effects are responsible for the liberation of secondary electrons: 

(E)/ - fcCYc + fpeCYpe (3.71)
J-ttr P - 1.66 x 1O-24A 

where fc and fpe are the average fractions of the photon energy imparted to 

an electron in Compton scattering and photoelectric absorption events (see Sec

tions 3.3.1.1 and 3.3.1.2) and 1.66 x 10-24 9 represents the atomic mass unit. Ne

glecting the energy loss due to the emission of the characteristic x-rays, fpe becomes 

unity and fc = I-Te/E'Y' where Te is the average energy of the Compton-scattered 

photon, calculated using the differential Klein-Nishina cross section. Subtracting 

the contribution of the further emission of radiation by the charged particles as 
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they travel through the medium we obtain the mass energy absorption coefficient: 

/-len/P= [1 - g(E)] /-ltr/P (3,72) 

where g(E) is the energy dependent factor representing the average fraction of 

the secondary electron energy lost in photon-emitting processes. g(E) can be 

evaluated through the integration of the radiative cross section along the track of 

a slowing down electron. For low photon energies (less than few MeV) in low Z 

materials 9 approaches zero and can be safely neglected [47, 48]. For example, at 

By = 1 MeV, 9 is 0, 0.011 and 0.048 for carbon (Z=6), copper (z=29) and lead 

(z=82), respectively [47]. Therefore, 

"" 'Y _ \f!(E) /-ltr (E)f (3,73)/-len/ P "" /-ltr / P => D - E dE P dE 

Most commonly, Si-based dosimeters are used for calibration of gamma

sources; as a result the doses are usually given in Mrad(Si). Mrad(Si) can be 

converted into Mrad(mat) (equilibrium absorbed dose in the device material) using 

the absorption coefficients for Si and material of interest 

D - D . (/-len/P)Si (3.74)mat - St ( /)
/-len P mat 

or see, for example, Ref. [63] for more accurate approach. Then all the radiation 

damage quantities can be expressed in terms of the dose in this material or pho

ton flux. It is most convenient, however, to relate all the damage parameters to 

Mrad(Si), in which case the number of displacements and the total displacement 

energy can be calculated directly from the results of the dosimetry measurements. 

For this purpose, the equivalent 1 MeV electron fluence - fluence that produces 

the same damage effect as the actual photon fluence - is calculated. 

(3.75) 
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The calculated equivalent 1 MeV electron fluences for 1 Mrad(Si) for Si, GaAs, 

InGaAs and InP are listed in Table 3.10. The number of displacements for 

1 Mrad(Si) is calculated from 

N - Sniel(l MeV) W (3.76)- K, 2Ed P equiv,Si 

with the results also listed in the table. 

3.3.5. Possible Limitations 

The principal errors in the dosimetry and damage production calculations 

are caused by the failure of charged particle equilibrium condition and the dose 

enhancement effects resulting from non-equilibrium electron transport in the prox

imity of material interfaces. Furthermore, in all the calculations above it was 

assumed that the secondary electron flux is produced in the studied materiaL 

This is not necessarily the case for the devices with very thin active layers. For 

example, shower of electrons created in the passivating dielectric or, say, packaging 

material is incident on the top-most emitter cap layer. Practically in every single 

layer of the device the net electron flux has components emerging from the other 

layers, or even surrounding material. To obtain an exact numerical solution, te

dious transport simulation including the geometry effects has to be performed. At 

a closer look, however, one may notice that the shape and magnitude of the flux of 

secondary electrons liberated and subsequently slowed down in low Z materials do 

not change significantly between the lightest polyimide and the heaviest I nGaAs 

(0.014 and 0.018, respectively). Therefore, in the absence of large amounts of high 

Z materials in the device surrounding or in the device itself, the secondary electron 

flux can be assumed to be that of, for example, InGaAs. 
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As the radiation penetrates the material the energy absorption changes with 

the depth as shown in Fig. 3.22a. Initially, there is some increase in the absorbed 

dose due to the build up of the flux of the secondary electrons, however, after 

some finite thickness, the dose reaches the maximum and starts decreasing as a 

result of gamma-ray attenuation. Therefore in the layers of the device close to 

the air-device interface the calculations may slightly overestimate the actual dose 

and/or damage. Again, to obtain an accurate solution the transport simulations 

need to be performed. 

a) b) high Z I low Z 

~ 
-0.1 f1ITl ~ 

1+-+1 I 

FIGURE 3.22. a) Typical plot of energy deposition in material; b) schematic 
illustration of dose enhancement effects at low photon energies. 

Another factor adding more complexity to the problem is the particle trans

port through material heterointerfaces, for example metal-semiconductor. The en

ergy deposited by secondary electrons near the interface may depend on the photon 

energy and direction, the atomic number of the layers and their thickness. An il

lustrative diagram showing the relative absorbed dose for the low (~ 0.1 MeV) 

and high (~ 1 MeV) energy photons is shown in Figs. 3.22b and 3.23, respectively 

[64]. At the low energies the dose enhancement effects do not show any significant 

correlation with the photon direction, however, depend strongly on the photon 
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energy and atomic number of materials. At the higher energies, when photons 

approach from the low Z side, the dose enhancement is observed on that side since 

a considerable fraction of the secondary electrons is backscattered from the high 

Z material interface. If the photon direction is reversed the absorbed doses in 

the materials near the interface are usually lower than the bulk doses. The situ

ation can be slightly altered if a large number of highly energetic photoelectrons 

emerges from the high Z side. This component of the secondary electron :flux may 

actually lead to some dose enhancement in the low Z material. Garth et al. [65] 

have performed extensive photon/electron transport simulations to estimate the 

displacement damage and dose enhancement effects at the Au/GaAs interfaces. 

For gammas incident from the semiconductor side the dose enhancement in GaAs 

next to Au was found to be about 1.35. The dose enhancement was shown to 

decrease rapidly as we move away from the interface. In case of the photon :flux 

incident from the Au the dose enhancement, rising from the hard photoelectron 

component, was estimated to be 1.15. For InP and InGaAs, which have density 

and effective atomic mass similar to those of GaAs, the dose enhancement effects 

are expected to be on the same order of magnitude. 

3.4. Summary 

To conclude this chapter we summarize some of the calculation results in 

Table 3.11. In particular, to facilitate the displacement damage analysis the de

fect introduction rates are specified per unit of absorbed ionizing dose in silicon, 

rad(Si), and per unit of incident particle :flux, em-1
. These calculated results are 

intensively used in the device analysis to identify and model the radiation effects 

responsible for the observed device degradation (see Chapter 6). 
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FIGURE 3.23. Schematic illustration of dose enhancement effects at high photon 
energies. 

Quantity Si GaAs InGaAs InP 

S (MeV· em2 jg) 1.51 1.52 1.25 1.26 

S: (eV·em2 jg) 31.4 26.5 28.5 33.5 

<I>max,,B (em- 2 . S-l) 9.4 x 109 9.4 X 109 9.4 X 109 9.4 X 109 

Dmax,,B (Mrad) 784 622 627 

a~ (em-I) 1.4 5.6 6.2 7.4 

A~ (rad-1(Si) . em-3 ) 0.6 x 108 2.3 X 108 2.6 X 108 3.1 X 108 

SJ (MeV· em2 jg) 1.8 1.4 1.5 2.3 

Dmax" (Mrad) 44.3 

A~ (rad- 1(Si) . em-3 ) 1.5 x 107 5.6 X 107 5.8 X 107 9.7 X 107 

S~ (keV . em2 j g) 2.04 0.64 0.58 0.64 

<I>nequiv ( -2 -1)em . s 4.3 X 1010 5.5 X 1010 8.0 X 1010 

aT (em-I) 90 136 127 141 

TABLE 3.11. Results of dosimetry and damage production calculations for elec
tron, gamma and neutron irradiation for Si, GaAs, InGaAs and InP. 
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4. HETEROJUNCTION BIPOLAR TRANSISTORS 

The idea of a bipolar transistor with a wide-gap emitter was originally pro

posed by Shockley long ago, in 1948, but only technological advances of last few 

decades made fabrication of such devices possible. Developed in the late 70's molec

ular beam epitaxy (MBE) and metal-organic chemical vapor deposition (MOCVD) 

were the first techniques successful in the fabrication of high quality heterostruc

tures. Due to a number of potential advantages a lot of effort was put into research 

and development of material systems, growth methods and structure optimization 

of HBTs. The field is still experiencing tremendous growth as HBTs continue to 

find more and more use in commercial applications. In this chapter a general in

troduction to HBT structures, operation and modeling is given. The main effort, 

however, is put into development of an analytical model for an abrupt Single

Heterojunction Bipolar Transistor (SHBT). 

The chapter begins with a brief review of HBT device structures and electri

cal properties. Then the compact model approach is taken to describe the device 

operation. Simple procedures for extracting some of the HBT parameters are 

presented. Then a comprehensive analytical model is developed to simulate the 

terminal current-voltage characteristics of the device. Particular attention is paid 

to issues of thermionic-field-emission transport of carriers through the BE hetero

junction. Shockley-Read-Hall (SRH) recombination in the junction Space-Charge

Region (SCR) and tunneling mechanisms of the base current are also incorporated 

in the model. Possible effects of high level injection on HBT performance are 

evaluated. Then the applicability of commercially available BJT SPICE models 

for the simulation of HBTs is explored. Finally, a short overview of HBT RF 

characterization techniques is presented. 
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4.1. HBT Basics 


Assuming that the reader is familiar with a BJT device, we immediately pro

ceed with an introduction of structure and operation of a typical HBT. Schematic 

energy band diagrams of an n-p-n BJT and HBT are shown in Figs. 4.1a and 4.1b, 

respectively. Use of a wide-gap material for the emitter in the HBT creates an 

additional potential barrier for the holes being injected from the base. This in 

turn assures very high emitter injection efficiency (practically unity), impossible to 

achieve in a BJT. Under these conditions the emitter doping concentration can be 

reduced and the base doping can be significantly increased resulting in lower base 

resistance, smaller base-emitter junction capacitance and shorter emitter charge 

storage time. Additionally, much higher Early voltages can be obtained and some 

of the high level injection effects can be minimized if not eliminated entirely. An

other great consequence of having a heavily doped base is a considerable reduction 

of the critical base punch-through thickness. Hence the base can be made much 

thinner to decrease the base transit time. 

In the next few sections we give an overview of the possible HBT structure 

configurations, their advantages and disadvantages, as well as the summary of the 

physical models describing their operation. 

4.1.1. HBT Materials, Structures and Performance 

Original idea of using a wide bandgap material for the emitter layer in a 

bipolar transistor can be further extended to improve the device performance. As 

shown in Fig. 4.2a difference in bandgaps between emitter and base (6,Eg) in

troduces a notch in the conduction band and a step in the valence band at the 

heterojunction. In a better designed device, the conduction band spike would be 
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FIGURE 4.1. Energy band structure of (a) bipolar junction transistor and (b) 
heterojunction bipolar transistor biased in the active mode. 

removed entirely to improve electron injection, and all of I:1Eg would be accom

modated in the valence band to suppress hole injection. This can be achieved by 

compositionally grading a thin layer of material on the emitter side. The resulting 

energy band diagram for the graded HBT is shown in Fig. 4.2b. These heterostruc

tures usually show better performance than abrupt HBTs, but are somewhat more 

difficult to grow. 

So far only HBTs with a wide bandgap emitter were discussed. In these 

so-called single l heterojunction devices (SHBTs) base and collector are composed 

of the same narrow bandgap material. As a result the collector breakdown volt

ages can be unacceptably low, e.g. down to few volts. Additionally, due to the 

asymmetry of the base-emitter and base-collector junctions SHBTs exhibit non

1base-emitter is a heterojunction, base-collector - homojunction 



85 

a) Abrupt SHBT b) Graded SHBT 
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FIGURE 4.2. Energy band diagrams of (a) abrupt single HBT, (b) graded single 
HBT, (c) abrupt double HBT and (d) graded double HBT. 

zero turn on voltages leading to a higher power consumption. In an attempt to 

remove or at least minimize these effects a wide bandgap material can be used for 

the collector layer also. A schematic energy band diagram of the so-called Double 

HBT (DHBT) is shown in Fig. 4.2c. Due to the fact that both heterojunctions 

are abrupt, there are conduction band spikes present at the heterointerfaces. The 

notch at the base-collector junction, being a potential barrier in the way of electrons 

diffusing through the base into the collector, can dramatically reduce the collector 
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current and therefore gain of the device. The abrupt DHBT structure can be op

timized by grading both base-emitter and base-collector heterojunction as shown 

in Fig. 4.2d. Theoretically, graded DHBTs should offer near-ideal current-voltage 

output characteristics and a superior performance. In practice, however, technical 

difficulties associated with the growth of high quality graded heterostructures often 

do not allow fabrication of reliable high-performance devices. 

Since early 1980's most of the research efforts were focused on 

AlGaAs/ GaAs material systems while a few other systems, for example, 

InP/lnGaAs, AlGaAs/lnGaAs and Si/SiGe stayed in the background and be

came "popular" only relatively recently. Intensive studies in AlGaAs/GaAs HBT 

technology made this material system a standard 111-V structure used in high per

formance industrial applications. AlGaAs/GaAs HBTs with cutoff frequencies IT 

and maximum frequencies of oscillation I max of 100 - 200 GHz have been reported 

[66]. 

InP/lnGaAs HBTs fabricated by gas source MBE or MOCVD offer a 

higher electron mobility, lower surface recombination and higher drift velocity 

at high fields; and can perform at higher frequencies, e.g., IT = 200 GHi and 

fmax = 236 GHz [67]. Additionally, narrow 0.75 eV bandgap of InGaAs is com

patible with low dispersion/loss fiber optics, which makes InGaAs-based HBTs 

very attractive for high speed applications in optical communications. 

For high power applications wide bandgap GaN-based AlGaN/GaN HBTs 

are studied intensively. Devices with collector breakdown voltages of up to 100 V 

and with Imax = 6 GHz have been reported [68]. As GaN is used for fabrication 

of blue lasers, possible applications of AlGaN/GaN material system in optical 

communications are also under serious studies. 
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Tremendous successes of the silicon technology stimulated the development 

of Si/SiGe HBTs possessing high speed capability, low surface recombination and 

1/f noise. But by far the greatest advantage is an opportunity to incorporate SiGe 

HBTs in the standard well-developed silicon BiCMOS technology hence dramat

ically reducing the cost and complexity of processing. IBM researchers reported 

the devices with iT'S up to 120 GHz [69]. 

In continuous search for a better device, a large number of mate

rial/structure variations has been explored. For example, iT = 156 GHz 

and imax = 255 GHz have been reported for InGaP/GaAs SHBTs [70); 

AllnAs/lnGaAs SHBTs have been demonstrated to reach iT = 127 GHz and 

fmax = 277 GHz [71J; InP/GaAsSb/lnP DHBTs with near-ideal characteristics 

operating at frequencies up to iT = 75 G H z have also been reported [72]. 

4.1.2. Terminal Currents 

A two-dimensional representation of an npn HBT structure is shown in 

Fig. 4.3a. There are four different ways of biasing base-emitter (BE) and base

collector (BC) junctions leading to four modes of operation: saturation (VBE > 0, 

VBe > 0), active (VBE > 0, VBe < 0), inverse active (VBE < 0, VBe > 0) and 

cutoff (VBE < 0, VBe < 0). 

Most commonly HBTs are operated in the active mode, which is also some

times called normal mode of operation. Figs. 4.3b and 4.3c show electron and hole 

currents within the HBT in the active mode. A flux of electrons (InE) is injected 

from the emitter into the base through the forward-biased base-emitter junction. 

While a small fraction of it recombines in the BE SCR and base, the rest diffuses 

through the thin base layer and then gets accelerated into the collector region by 
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FIGURE 4.3. Currents within npn HBT. 

the strong electric field of the reverse-biased BC junction. Base terminal current, 

IBl consists of holes and can be divided into four main components, namely, Iree 

- holes that recombine with electrons diffusing from the emitter to the collector 

region (free accounts for recombination in the base neutral region only), IpB 

holes injected into the emitter, Iser - holes recombining in the base-emitter deple

tion region and, finally, Ig - generation current of the reverse-biased base-collector 

junction. At last, the collector terminal current, Ie, is simply a sum of the emitter 

electron current diffused through the base, InE - I ree , and the generation current 

I g . Putting everything together we obtain equations for currents for all terminals 

of the transistor: 
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IE = InE + IpB + Iser (4.1) 

IB = IpB + Iree + Iser - Ig (4.2) 

Ie = InE - Iree + Ig (4.3) 

Neutral base recombination current can be further divided into the recombination 

currents of base bulk, Ibr , and base periphery, Isr . 

4.1.3. Operation 

In most practical applications HBTs are used as current amplifiers in the 

so-called common-emitter configuration (see Fig. 4.3b). In this case injected base 

current is a current to be amplified, and the output parameter is the collector 

terminal current. Typical Ie - VeE curves measured at base currents of 0 /LA 

and 40 /LA are shown in Fig. 4.4 for an abrupt SHBT. Consider IB = 40 /LA 

curve. During VeE sweep the BE and BC junction biases are adjusted in order 

to match the constant base current injected at the base terminal. At low VeE 

the forward-biased BE heterojunction can not provide sufficient electron current 

necessary for the Iree and Iser components of the base current; the BC junction 

becomes forward-biased and the base hole current flows into the collector. As a 

result at low VeE the collector current is negative and equal to the injected base 

current. This represents the reverse active mode of operation and, indeed, can be 

readily observed in the graph. The corresponding calculated BE and BC junction 

biases are shown in Fig. 4.5 as functions of collector-emitter applied bias for the 

base current of 60 /LA. 

As VeE is increased the BE junction bias goes up and emitter injects more 

and more electrons into the base region giving rise to the hase recombination 

currents. Consequently, since the hole injection into the collector has to be re
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FIGURE 4.4. Common-emitter current-voltage characteristics. 

duced, VEC decreases. In this regime, often called saturation, the collector current 

increases rapidly and then starts to saturate. VCE voltage where the collector cur

rent starts rising from zero is often called offset or turn-on voltage (VCE,off) and 

is a very important parameter of the device. 

As VCE is increased further, at some value of VCE, when the injected emitter 

current provides enough electrons for recombination with holes in the base layer, 

base-collector junction becomes reverse-biased and Ic stays constant for higher 

values of VCE. This situation corresponds to the active mode of operation. 
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FIGURE 4.5. BE, BC, and CE voltages as a function of VeE at IE = 60 f.lA in 
common-emitter configuration. 

4.2. Bipolar 'fransistor Electrical Characterization 

Current-voltage, I - V, characteristics of devices are measured using the 

measurement setup depicted schematically in Fig. 4 6. Probing pads of a tested 

device are contacted using gold-plated microprobes under a microscope. Measure

ments are performed using Hewlett-Packard HP4145B semiconductor parameter 

analyzer, which has high precision voltage and current sources as well as voltage 

and current meters built-in. The HP4145B connected to a PC is controlled via 

GPIB interface, which is also used to retrieve data to the computer. Special soft
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ware was written to automate the entire measurement and data storage process. 

~ 

( DUT) 

FIGURE 4.6. Measurement setup, consisting of a PC, SPA HP4145B and a micro
probe station equipped with microscope, used for current-voltage characterization 
of devices. 

Figs. 4.7a-c show some of the measurement configurations used for HBT 

characterization. First, to obtain the common-emitter I - V characteristics, the 

collector current is measured at different base currents (e.g. 0, 10, 20, 30, 40, 

50 and 60 JLA) by sweeping the collector-emitter voltage, VeE, in the range of 

° - 2 V. A set of Ic - VCE curves obtained using this measurement is shown 

in Fig. 4.8 in solid lines. To gain a better understanding of the device operation 

and to facilitate extraction of the device parameters for modeling, the so-called 

Gummel plots of the collector and base currents are often used. The measurement 

is performed by sweeping the base-emitter bias, typically in the range of °-- 1.3 V 

(forward bias), while having base and collector terminals shorted (see Fig. 4.7b). It 

should be noted that having the two external terminals shorted does not necessarily 

imply zero bias at the internal collector-base junction. As it will be shown later, 

the collector resistance may lead to forward biasing of the BC junction at high 

collector currents. Typical Gummel plots obtained from the same device are shown 

in Fig. 4.9 by solid lines. At last, similar to Gummel plots) the inverse Gummel 
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plots of the base and emitter currents are measured. In this case the base-collector 

bias is swept in the forward direction, while measuring currents flowing through 

the base and emitter shorted terminals (see Fig. 4.7b). Measured inverse Gummel 

plots are shown in Fig. 4.10 by solid lines. 

b) Ie --.. C) 

IB 
~ 

v. - + 
BE 1

IB 
--.. 

+ 

rv 

' 

c 

- - - - - -

Ie 
+

: I VeE 

FIGURE 4.7. Circuit configurations used for measurements of (a) common emitter 
I - V characteristics (Ic - VCE)' (b) Gummel plots of base and collector currents, 
and (c) inverse Gummel plots of emitter and base currents. 

Additionally, current-voltage characteristics of the BE and BC diodes, and 

DC common emitter current gain are measured. 

4.3. Compact Models 

Though, in general, physical picture of HBT operation appears to be quite 

simple, the detailed quantitative analysis is complicated and often not very accu

rate. One of the simplest approaches to the HBT modeling is to use the so-called 

compact models. For example, in the case of well known Ebers-Moll model [73J 

the bipolar transistor is viewed as a pair of interacting diodes. Furthermore, the 

base-emitter and base-collector junctions are assumed to obey the ideal-diode laws 
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FIGURE 4.8. Common-emitter current-voltage characteristics of device AN3m 
measured at different base currents (solid line), and characteristics calculated using 
Gummel-Poon model (dashed line). 

and then some ideality factors are "artificially" introduced to account for possible 

deviations from the ideal diode theory. 

In this section the basics of HBT modeling are introduced. This includes 

some brief discussion of the transistor junction currents and possible resistance 

parasitic effects. An outline of some techniques used for the extraction of the 

model parameters is also presented. 
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- - - model 
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FIGURE 4.9. Gummel plots of collector and base currents for device AN3m (solid 
lines), and calculated curves including leakage current (dashed lines). 

4.3.1. Junction Currents 

First, consider the base-emitter junction (forward Gummel plots). The 

presence of the relatively large valence band discontinuity at the heterointerface 

leads to an effective suppression of the hole injection current from the base region 

into the emitter. Thus, the base current is mostly determined by the recombination 

of holes (majority carriers in the base) with electrons injected from the emitter and 

diffusing towards collector. As the base thickness is usually very small (less than 

1000 A) majority of the electrons successfully reach the collector region, giving rise 

to the collector current. Due to the fact that emitter and base regions of HBT 
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FIGURE 4.10. Inverse Gummel plots of base and emitter currents for device AN3m 
(solid lines), and calculated curves (dashed lines). 

are heavily doped high level injection does not occur at normal operating voltages, 

allowing one to model the current-voltage characteristics using only one ideality 

factor for the whole region of operation (moderate to high biases). Thus, the base 

and collector currents can be written as 

- I sat eQVBE/nBEkTI ( 4.4) B,BE - B,BE 

experiment 
model 

JE 

0.2 0.4 0.6 0.8 1.0 

VSC (V) 

(4.5) 


awhere PBakE' Ic 1E and nBE, mBE are saturation currents and ideality factors for , , 

the base and collector currents, respectively. 
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In the presence of leakage currents or several recombination mechanisms 

one may have to modify these equations and add in expressions for the leakage 

currents and further divide the base current into components describing various 

recombination mechanisms. For example, in the case of the base current deter

mined by two different recombination processes with ideality factors of nBE! and 

nBE2 (see Section 4.4.3 for detailed discussion) one could write 

(4.6) 

+ l sat1 - 1 eQVBE/mBEkT (4.7)C,BE - CL C,BE 

In general, the collector current ideality factor, mostly determined by the base-

emitter heterojunction properties, can also have a noticeable voltage dependence 

as discussed in Section 4.4.2. 

Collector leakage current commonly observed in HBTs [74, 75, 6] may be 

the dominant component of the collector current at low biases. Originating at 

the emitter-base, base-collector or collector-subcollector perimeters it is usually 

attributed to formation of conducting channels along the semiconductor surface. 

Liou et al. [74J on example of AlGaAs/GaAs HBTs showed that leakage currents 

depend strongly on the processing procedure, but are relatively independent of the 

type of the passivation dielectric used. According to their semi-empirical model 

the voltage dependence of the current exhibits a "soft" saturation of the following 

form 

ICL = ICLO [1 - exp {-qVBE/FkT}} (4.8) 

with leLo being a leakage saturation current and F - process-dependent parameter, 

both to be extracted from the experimental data. The base and collector currents 

calculated using Eq. 4.4 and Eq. 4.7, respectively, are shown in Fig. 4.9 by dotted 

lines. The values of the model parameters used are listed in Table 4.1. 
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Similar analysis can be performed for the base-collector junction (inverse 

Gummel plots). Hole current injected from the heavily doped base into the collec

tor is the dominant component of the current crossing the junction. The relatively 

low electron current injected from the collector region gets collected by the base 

contacts with only a small fraction escaping into the emitter. Thus, to a high de

gree of accuracy one can assume that the collector current equals the base current 

and emitter current is few orders of magnitude less, unless some mechanisms for 

emitter leakage currents were introduced during the device fabrication 

I satI - 1 - eQVBC /nBckTB,BC - C,BC - B,BC (4.9) 

Due to extremely low doping concentration in the collector region the high level 

injection leads to smaller currents than those predicted by Eq. 4.9 at large forward 

biases. 

As one may notice Ic and IB in Figs. 4.9 and 4.10 show some strong non

linear behaviour at the biases above 0.9 V and 0.5 V, respectively. This can be 

readily explained by introducing resistances for the three regions of HBT. Denote 

R E , RB and Rc as parasitic resistances of the emitter, base and collector regions, 

respectively These resistances arise from having finite contact resistances, semi

conductor bulk resistance, and wire and probe resistances. Contact resistance is 

often process-dependent and varies from sample to sample. It can be, and should 

be, minimized to some extent by choosing appropriate material system for the 

contacts. Semiconductor bulk resistance is determined by the materials and the 

doping concentrations in the different layers of the device and by the processing 

steps involved in the device fabrication. Finally, the wire and probe resistances 

are external to the device and can be easily accounted for by a simple calibra

tion. Schematic of equivalent circuit for an HBT with R E , RB and Rc is shown 
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in Fig. 4.11. As some of the applied bias gets dropped across the resistances asso

ciated with different regions, the internal junction voltages (V~E or V~c) become 

less than the applied terminal voltages recorded/measured externally (VBE or VBC, 

respectively). The junction voltages can be written as 

(4.10) 


(4.11) 

According to these equations, at low biases, when the current levels are low, par

asitics have no effect. But as the current values increase, the voltage drops across 

the resistors become comparable to the applied biases leading to nonlinear be

havior of log I vs V curves. Therefore, for the accurate quantitative modeling it 

is necessary to replace the applied biases by the corresponding internal junction 

voltages in equations for the base and collector currents introduced above 

- I sat eq(VBE-IERE-IBRB)!nBEkTI B,BE - B,BE ( 4.12) 

(4.13) 

-I - [sat eq(VBC+lcRc-IBRB)!nBckT[ B,BC - C,BC - B,BC (4.14) 

The base and collector currents from the forward Gummel plots calculated using 

Eq. 4.12 and Eq. 4.13, respectively, are shown in Fig. 4.9 by dashed lines. The base 

current from the inverse Gummel plot modeled by Eq. 4.14 is plotted in Fig. 4.10 

by a dashed line. The values of the parameters used in the calculations are listed 

in Table 4.1. The parasitic resistances were assumed to be RE = 15 n, RB = 10 n 

and RE = 11 n 

Finally, the total base and collector currents in the common-emitter con

figuration can be written as 
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FIGURE 4.11. Equivalent circuit of an npn-HBT including parasitic resistances of 
emitter, base and collector. 

IB(VBE , VEe) = IB,BE(VBE) + IB,Be(VBc ) ( 4.15) 

Ic(VBE' VBe) = Ie,BE(VBE ) - Ie,Bc(VBe) (4.16) 

4.3.2. Parameter Extraction 

Our next task consists of extraction of the empirical parameters introduced 

in the current equations. 

The saturation currents and ideality factors can be extracted from the for

ward and inverse Gummel plots by fitting linear part of log I vs V curves in the 

moderate bias range. In this region the effects of parasitic resistances are still 

insignificant and do not affect the results. Table 4.1 lists the extracted values 

of the parameters. Parasitic resistances can be estimated from the BE and BC 

current-voltage characteristics and the forward and inverse Gummel plots. Under 

a large forward bias the current of the BE diode with open BC junction is limited 

by the series resistance effects. Therefore, the slope of the I - V curve can be used 
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to calculate RBE = RE + RB. Similarly, from the BC diode I - V characteristic 

RBe = Re + RB is estimated. 

Current pat (A) Ideality factor 

IBBE, 7.2 x 10-15 1.74 

Ie BE, 4.1 x 10-14 1.56 

IeL 1.9 x 10-6 200 

IB,Be 1.6 x 10-10 1.27 

TABLE 4.1. Extracted values of saturation currents and ideality factors for base 
and collector currents. 

In the most general case the forward Gummel plots may exhibit very pro

nounced effects of all the parasitic resistances. This is illustrated in Fig. 4.12, where 

the measured forward Gummel plots for HBT ID:AE4K are shown. For analysis 

of the plots we divide base current curve into the four regions corresponding to 

different current limiting mechanisms. In the region I, where VBE < 0.95 V, the 

base current is determined by carrier recombination entirely. In the second region., 

0.95 V < VBE < 1.15 V, emitter current becomes large enough, so that IERE term 

in Eq. 4.12 becomes comparable to the applied bias, VBE . Slopes of both current 

curves (IB and Ie) therefore start to decrease rather rapidly, causing current "satu

ration". In the region III, 1.15 V < VBE < 1.3 V, as the collector current increases 

further, the base-collector junction becomes forward-biased (V~e = IeRe) and a 

large flux of holes is injected from the base into the collector. This hole current, 
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given by Eq. 4.14, opposes the electron current flowing into the emitter. Thus, the 

total collector current decreases while the base current increases, i.e. 

Ic = IC,BE - IB,BC ( 4.17) 

IB=IBBE+IBBC (4.18), , 

At biases above 1.3 V, region IV, base current reaches values at which IBRB term 

becomes comparable to the applied biases and therefore leads to a slower rise of 

the both currents. 

103 

102 

...-.. 
C\J 

E 
(.) 

101 
~ ---

CD-, 
0 10°-, 

10-1 

10-2 

0.2 	 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

V
BE 

(V) 

FIGURE 4.12. Forward Gummel plots of collector and base currents demonstrating 
parasitic effects of emitter, collector and base resistance. 

Having identified the four regions we can now proceed with the extraction 

of the parasitic resistances. In the region II for any given value of base current the 
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internal junction voltage is estimated using 

V' (I ) = nBEkT In [~l (4.19)BE B 	 Isat 
q 	 B,BE 

Using Eq. 4.10 we arrive at 

where IBRB and IBRE terms have been neglected. Also for the further analysis for 

high gain device it is safe to assume that IE is approximately equal to measured 

Ic. Plot of .6..VBE vs IE should therefore be a straight line as shown in Fig. 4.13. 

At higher emitter currents, the collector parasitic resistance can lead to significant 

deviations from linearity. A similar procedure can be used to estimate RE from 

Ic - VBE· It should be noted that this technique can not be applied to the analysis 

of the base (collector) current on the inverse G ummel plots since the low doping 

of the collector region may give rise to significant high level injection effects. 

Having extracted the emitter resistance, we can now estimate RB and Rc 

from the measurements performed on the base-emitter and base-collector diodes 

(4.21) 

Rc = R BC - RBE + RE (4.22) 

In an alternative approach Rc and RB can be estimated from the forward 

Gummel plot of the base current. In the region III the current of the forward-biased 

base-collector diode, IB,Bc, can be obtained by subtracting the base recombination 

current, 	IB,BE, from the experimentally measured total base current lB. Then 

;\1 - I I - I - I sat eq(VBC+lcRc-IBRB)/nBckT
L.l B -	 B - B,BE - B,BC - B,BC (4.23) 

At relatively low values of IB, plot of In .6..IB vs Ic is a straight line. Rearranging 

this equation we obtain 

kTR = nBc In [ .6..IB 1 	 (4.24)c I IS~q C BBC, 
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FIGURE 4.13. Estimation of the emitter parasitic resistance from the slope of 
LlVBE vs IE· 

where VBC = 0 (base and collector are shorted in the experiment) and the base 

current term (IBRB) has been neglected. 

At higher I B , region IV, a procedure analogous to RE estimation can be 

exploited. Deviation of In LlIB vs Ic from its linear fit allows us to evaluate RB, 

Namely, 
kT 

R = ~ [I R - nBc In [LlIB II 	 (4,25)
B ICC 	 Isat 

B q B,BC 

Writing this equation we have neglected the contribution of the BE junction to 

IBRB term due to the fact that most of the base current is supplied by the forward-

biased Be junction. 
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4.3.3. Calculation of Ic - VCE Characteristics 

In the model presented in Section 4.3.1 all the terminal currents of an HBT 

are expressed in terms of the BE and BC applied voltages (Eq. 4.15). As discussed 

already the collector-emitter voltage is divided between the two junctions of the 

transistor in order to achieve biasing conditions to match the injected base current. 

In this situation, it is impossible to obtain a closed form analytical expression for 

the most important output characteristics - the collector current-voltage depen

dence in the common-emitter configuration. On the other hand, a simple numerical 

solution is easily obtained that can provide accurate results. Recall from Eq. 4.16 

that the total collector current can be written as a sum of the current injected 

from the emitter and the total current of the BC junction. Substituting Eqs. 4.13 

and 4.14 into Eq. 4.16 we obtain 

I + I sat eqvi:JE/mBEkT _ I sat e(qV~c)/nBckTIC (VBE, VBC) -
-

CL C,BE B,BC (4.26) 

The terminal voltages are related through Kirchhoff's voltage law 

(4.27) 

where, according to our notation, positive V BE and V BC values correspond to 

the forward-biased junctions for an n-p-n transistor. Using Eq. 4.27 the collector 

current in Eq. 4.26 can be expressed in terms of V BE and VCE voltages. Analogously 

to the total collector current, the total base current can be written as 

(4.28) 

On the next step this equation is solved numerically for the BE junction bias at 

fixed IB and VCE values. Then calculated VBE'S are substituted back in Eq. 4.26 

together with the corresponding values of VCE and the total collector current is 
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calculated. Following this procedure the whole set of Ie - VeE curves for different 

given base currents is calculated by sweeping VeE. To obtain the numerical solu

tions a program employing Newton-Raphson method was written. Alternatively, 

standard SPICE simulators, which have all the necessary equations programmed 

into their BJT models, can be employed to find Ie - VeE. The calculated set of 

Ie - VeE characteristics is shown in Fig. 4.8 in dashed lines. 

Despite its obvious simplicity and success in relatively accurate modeling 

of the device, this approach does not give much physical insight into the operation 

of HBT and can hardly be exploited for attempts of thorough examination and 

physical understanding of the radiation effects in HBTs. Most of the empirical 

parameters used in the model do not represent parameters of the actual device 

structure and its operation and therefore are often not very useful for any further 

device analysis. 

4.4. Analytical Model 

In this section a detailed analysis of the minority carrier transport in an 

abrupt HBT is performed and the steady state output characteristics of the device 

are calculated. First, the theoretical basis for calculations of the current trans

port through the emitter-base heterojunction is introduced. Then, the methods 

for calculating the collector current and the base recombination currents are for

mulated. And finally, the influence of the high level injection effects on the device 

performance is evaluated. 
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4.4.1. Emitter-Base Heterojunction Modeling 

We start with a detailed analysis of the energy band structure and trans

port properties of the base-emitter heterojunction, assuming a wide bandgap I nP 

emitter layer (Eg = 1.35 eV) and a smaller bandgap Ino.53Gao.47As base layer 

(Eg = 0.75 eV). The emitter layer is doped with Si making it an n-type semi

conductor, and the base is heavily doped with p-type dopant - Zn. Energy band 

diagrams of the two materials when they are isolated and when they are in con

tact with each other are shown in Figs. 4.14a and 4.14b, respectively. When the 

heterojunction is formed, the edge of the conduction band, Ee , remains parallel 

to the local vacuum level, which is continuous across the interface. According 

to Anderson's model, the difference in the electron affinities of the two materi

als (InP and InGaAs) determines the discontinuity of the conduction band, i.e. 

~Ec = XlnP - XlnGaAs ~ 0.25 eV and hence !~.Ev = ~Eg - ~Ec ~ 0.38 eV. 

Finally, as in a homojunction, the Fermi levels ¢n (EFn ) and ¢p (EFp) are aligned. 

a) b) 
Vacuum Level vacu~.-___• 

Ec...-____ 
--------------<l>~-- ---- E D"·ln~3:;A ;:·1 EgB 

c --------------------'--------------- E 

E,(·"rnr~ 
gE 

'FEglnGaAs 

Eg InP ----------------- cl>p 

~~---

FIGURE 4.14. Energy band diagrams of n-type InP emitter and p-type InGaAs 
base layers (a) before and (b) after heterojunction formation. 
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To improve the emitter injection efficiency and to prevent the base dopant 

outdiffusion, a thin (50 - 100 A) undoped I nGaAs setback layer is often deposited 

between the base and emitter layers. In the further analysis, the BE heterojunction 

is assumed to have a very thin base setback layer deposited at the interface. A 

detailed energy band diagram of such a structure under a forward bias VBE is shown 

in Fig 4.15. Assuming depletion approximation and solving Poisson's equation on 

both sides of the junction we obtain the depletion region widths in the emitter and 

base layers, WE and WB, respectively [76]: 

11 ) _ WsbEENAB 
WE ( vBE - -------- (4.29) 

EBNDE + EENAB 

wENDE 
WB(VBE ) = - N + Wsb (4.30) 

AB 

where Vbi is the total junction built-in voltage and can be approximated by [76] 

Vbi = D..Ec - D..Eg + kBTln NDENAB + kBT In NCBNvE (4.31) 
2q niEniB 2 NCENvB 

In the equations above NAB and N DE, and EB and EE are the doping concentrations 

and dielectric constants of the base and emitter layers, respectively; NCB and N CE ) 

and NVB and NVE are the effective densities of states in the conduction and valence 

bands of the base and emitter, respectively; niE and niB are the intrinsic carrier 

concentrations in the emitter and base, and finally, Wsb is the thickness of the base 

set back layer. 

The total potential drop of the junction is divided into partial drops across 

the depletion regions in the emitter and base, V bE and V bB , respectively: 

(4.32) 

VbE = qNDEw1/2EE ( 4.33) 

VbB = qNAB(WB - wsb)wsblEB + qNAB(WB - wsb)2/2EB ( 4.34) 
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FIGURE 4.15. Energy band diagram offorward-biased InP/InGaAs emitter-base 
heterojunction. 

First, let us consider the process of electron injection from the emitter into 

the base. There are several physical mechanisms responsible for the flow of current 

across the BE heterojunction. Similarly to the transport in homojunctions there 

are (1) drift of carriers in the electric field of the BE SCR and (2) diffusion due 

to the significant carrier gradient between the p and n regions. Furthermore, 

carriers having sufficient thermal energy can be thermionically emitted over the 

junction barrier. In the presence of the notch in the conduction band at the 

BE heterointerface the conventional drift-diffusion theory is inappropriate as the 

electron quasi-Fermi level may become discontinuous across the interface (see, e.g. 

Refs. [76-78]). Then the thermionic emission concept is used to model the current 
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across the conduction band spike, while the diffusion concept is still employed to 

calculate the transport across the quasi-neutral base. It should be noted that since 

the potential barrier (notch in the conduction band) is relatively thin, electrons can 

tunnel through the spike, thereby enhancing the current transport. Hence, the total 

current through the BE heterointerface is described as a net effect of thermionic 

and field emission. In the case of continuous slowly varying potential, the quantum 

mechanical tunneling can be described by employing the WKB approximation [79J. 

The current tunneling coefficient "Yn can be calculated from 

"Yn = exp [-21~2 kdx1 (4.35) 

where k is the wavevector of a tunneling electron and can be written as k 

J2m*(qV(x) - E)/n in the effective mass approximation. This yields 

"Yn = exp [-~ 1~2 J2m*(qV(x) - E)dX] (4.36) 

where E is the energy of an electron, m * - conduction band effective mass and V (x) 

is the potential barrier, i.e. the potential spike in the conduction band. Assuming 

triangular or parabolic-shaped V (x) an analytical solution for "Yn can be obtained 

(see for example [11, 76]). For the triangular barrier the tunneling coefficient is 

given by 
VbE 

eQVbE/kT J fJvdV"Yn = 1 + kT D (f.) e- ( 4.37) 

V· 

where f. = V/VbEl V* = [VbE - .6.Ec]8(VbE - .6.Ec ), 8 is the standard unit step 

function, and D(f.) is the barrier transparency given by 

D(f.) = exp [-1]~ - ~f.lnf. + 1]f.ln ( 1 + ~)1 ( 4.38) 

with 

47fVbE~ 
1] = 100hy'NE 
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Voltage dependence of the tunneling coefficient shown in Fig. 4.16 demonstrates 

that the field emission mechanism not only enhances the current across the junction 

but can also introduce some dependence of the current ideality factor on the applied 

voltage. 

3.4 

3.2 

3.0 

2.8 

?
2.6 

2.4 

2.2 

2.0 
0.0 0.2 0.4 0.6 0.8 

V
SE (V) 

FIGURE 4.16. Field emission tunneling coefficient as a function of applied base
emitter voltage. 

It should also be noted that since the current transport is typically limited 

by the thermionic emission over the barrier and field emission through the con

duction band spike, the electron quasi-Fermi level becomes discontinuous at the 

heterointerface [80}. The discontinuity, denoted by £l¢n, develops only when there 

is a flow of electrons through the junction, and remains practically constant for any 

"non-negligible" current/bias (see further in the text). As a very unfortunate con
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sequence, the Shockley's boundary conditions can not be used for the calculations 

of the electron concentration in a biased heterojunction. 

4.4.2. Carrier Transport in HBT 

We now proceed with the derivation of the steady state current-voltage 

characteristics of an HBT. The electron concentration on the base side of the junc

tion can be calculated by setting the electron current across the BE heterointerface 

to be equal to the diffusion current in the base region of the device. For the sake of 

simplicity all the recombination currents of the BE space charge region are ignored 

at this point. 

Once again, we use the energy band diagram of an abrupt SHBT biased 

in the active mode, shown in Fig. 4.17, in which Xl, X2, X3 and X4 denote the 

edges of the base-emitter and base-collector junctions, Xj is the position of the BE 

heterointerface and WB = X3 - X2 is the neutral base width. Clearly, X2 - isxJ 

simply WB and Xj - Xl equals WE. 

Neglecting the recombination current in the Xj < X < X2 region, the diffu

sion current can be set equal to the electron current density at the base-emitter 

heterointerface, In(Xj) (see Fig. 4.15). As already discussed In(Xj) is due to the 

thermionic and field emission and consists of the two opposing electron fluxes: 

(4.39) 

where Vn = J8kT/7rm~ is the mean electron thermal velocity in the emitter region, 

n(xn and n(xj) are electron concentrations at the emitter and base side of the 

heterojunction, respectively. These concentrations can be expressed in terms of 

electron concentrations at the boundaries of the depletion region, Xl and X2: 



113 

emitter base collector 

E ------
C 

E -----+',v

,,, 
_J't ' 

Vl ".~!0.-_" 

,,,,, 

FIGURE 4.17. Energy band diagram of an SHBT biased in the active mode. 

n(xj) = n(xl)e-qVbE/kT (4AO) 

n(xt) = n(x2)eqVbB/kT (4A1) 

Substituting these into the expression for the electron current through the junction 

gIves 

( 4.42) 

After more algebraic manipulations we obtain the following 

In(Xj) = - qV~1'n [n(Xl) ~~ e-qVbE/kT - [n(x2) - nO(x2) + no(x2)]e(qVbB-~Ec)/kT1 
= - qV~1'n [n(Xl) ~~e-qVbE/kT - [.6.n(x2) + nO(x2)]e(qVbB-~Ec)/kT1 (4.43) 

where electron concentration at Xl and base equilibrium electron concentration at 

X2 are expressed in terms of the equilibrium concentration in the emitter nO(xl) 

(4.44) 


(4.45) 
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We now set up and solve the minority carrier diffusion equation in the base 

of the transistor: 

d?!1n _ !1n 
Dn---- ( 4.46) 

dx2 Tn 

The general solution for this differential equation is 

where Ln = VDnTn is the electron diffusion length in the base layer, and then 

applying boundary conditions we obtain an expression for the excess electron con

centration in the base 

(4.47) 


Then at x = X2 the electron current density due to diffusion can be written as 

Ln sin:f;BILn) [!1n(x2) cosh (WBI Ln) - !1n(x3)] 

(4.48) 

Our next step is to set Eqs. 4.43 and 4.48 equal and solve for !1n(x2) 

concentration of electrons injected into the base. Introducing 

(4.49) 


we obtain 

(4.50) 

Denote 

(4.51) 

(4.52) 


Then !1n(x2) can be rewritten as 
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Lln(X2) = ~n [AnLln(x3)e-L~BnB/kT + n(Xl)~~e(-qVbE-l:.EnB)/kT - nO(X2)) 

= ~n [AnLln(X3)e-l:.EnB/kT + n(Xl) ~~ e(qVBE-qv"i+l:.Ec)/kT - nO(X2)) (4.53) 

Assuming generation current of the base-collector junction is negligible the electron 

component of collector current density must be equal to the electron current density 

at the edge of base-collector depletion region. I n(X3) is readily evaluated from the 

solution of Eq. 4.46: 

I n(X3) = - Ln sin:f;BILn) [Lln(x2) - Lln(x3) cosh (WBI Ln)] (4.54) 

Using identity cosh2 x + sinh2 x = 1 we arrive at 

1. - qDn [A ;\ ( ) . h2 (W IL ) -l:.EnB/kT (4.55)en - - LnBn sinh (WBI Ln) nun X3 sm B n e + 

n(xl) ~~ e(qVBE-qVbi+l:.Ec)/kT - nO (X2) - BnLln(x3) cosh (WBILn)] (4.56) 

Electron concentration at the boundary X3 between the quasi-neutral base and the 

base-collector depletion region can be expressed as 

(4.57) 


However, this commonly used relation can be inaccurate for the case of short base 

devices, i.e. when WB Dnlvs where Vs is electron saturation velocity. In thisrv 

case n(x3) has to be evaluated by setting the diffusion electron current traversing 

the base region equal to the drift current through the base-collector junction [76]. 

This approach will be discussed later in the text. Using nO(x2) = nO(x3) 

(4.58) 


Substituting all this into Eq. 4.56 we obtain 

(4.59) 
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where 

(4.60) 

The calculated electron component of the collector current is shown in Fig. 4.18 for 

several different combinations of the emitter and base doping. Table 4.2 lists pa

rameters of the RBT heterostructure and properties of the bulk I nP and I nGaAs 

[81, 82] used in the calculations. As we can see from the figure, both, the magni

tude and local slope of the calculated I Cn 's depend on the carrier concentrations 

in the base and emitter. For heterostructures used in these experimental studies 

the ideality factor of the current (black line) changes from 1.0 at low biases to 2.0 

at higher biases. 

Self-consistent calculation of JCn and n(x2) allows us to evaluate the dis

continuity of the electron quasi-Fermi level at the base-emitter heterointerface. It 

can be readily shown that 6<Pn can be found from (see, e.g. Refs. [78, 83]) 

1 eb.Ec/
kT 

]6<pn = kT In 1 _ _Cn___ (4.61)[ qn(x2)vR 

where VR = y'kT/21fm* is the Richardson velocity. Calculations show that for all 

non-negligible collector currents 6<Pn ~ 0.23 eV ~ 6Ec . 

The hole component of the collector current arising from the Be junction 

can be calculated from the conventional drift-diffusion theory (see, for example, 

Ref. [84]) as 

) [e qVBG /kT1 = qDpGPO(X4) coth (w. /L - 1] (4.62)cp LpG C pC 

Finally, the total collector current can be found as a sum of the electron 

and hole components given by Eqs. 4.59 and 4.62, respectively 

JC = JCn + Jcp (4.63) 
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Parameter InP Emitter Ino.53Gao.47As Base Ino.53Gao.47As Collector 

Ne (cm-3) 5.72 x 1015 2.084 X 1017 2.084 X 1017 

N v (cm-3) 3.459 x 1018 7.831 X 1018 7.831 X 1018 

ni (cm-3) 1.2 x 108 7.983 X 1011 7.983 X 1011 

Eg (eV) 1.344 0.750 0.750 

fs (fO) 12.61 13.88 13.88 

Dopant Si Zn Si 

Ed or Ea (meV) 7.3 22 7.3 

ND or NA (cm-3 ) 5 x 1017 2 X 1019 1 X 1015 

nnO (cm-3) 5 x 1017 1 X 1015 

PpO (cm-3) 2 x 1019 

Width (A) 5000 500 5000 

TABLE 4.2. Heterostructure and bulk InP and InGaAs parameters used in cal
culations (at 300 K, low frequency). 

In this derivation an ideal structure and no recombination currents were assumed. 

For relatively high gain devices, when Ie ~ Irec,tot, the latter assumption does not 

alter the results significantly. 

4.4.3. Base Recombination Currents 

The total base current of an HBT can be presented in the following form 

(4.64) 
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FIGURE 4.18. Calculated collector current density as a function of base emitter 
voltage. 

where JBp is the hole current corresponding to injection of holes from the base 

into the emitter, Jbr is the quasi neutral base recombination current, Jscr is recom

bination current in the BE space charge region, JST is the surface recombination 

current, and, finally, Jg is the generation current of the base-collector depletion re

gion. In this section all the individual components of the base current are analyzed 

and calculated. 

In most practical HBT designs, JBp is negligible because of the large po

tential step in the valence band at the BE interface. The magnitude of the sur

face recombination current varies drastically from one material to another and 
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also shows a very strong dependence on the fabrication procedure and passivation 

schemes employed. In addition, for smaller geometry devices the surface compo

nent of the base current becomes more dominant and is typically one of the major 

concerns during the fabrication. The magnitude of JST' is usually expressed in terms 

of the so-called surface recombination velocity, So, and the surface diffusion length, 

L s , (see, e.g., Refs. [80, 85-87]) 

(4.65) 


where PE is the emitter perimeter. Experimentally, JST' can be separated from the 

rest ofthe base current by studying a number of devices with different perimeter-to

area ratios, P / A. Ignoring Jg for the moment, the total base current can be written 

as a sum of bulk (JB,bulk = Jbr + JSCT') and surface recombination components 

(4.66) 


where isT' is the surface recombination current per unit length. Substituting this 

expression into the equation for the dc gain yields 

isT' PE
1/13 = 1/ f3bulk + J X AE (4.67) 

c 

Fig. 4.19 shows a typical f3-1(P/A) plot which can be used to extract the magni

tude of the surface recombination current. In all the devices in the current studies 

JST' shows some detectable contribution. However, as will be shown in the later 

chapters, the irradiation seems to have no noticeable effect on the surface recom

bination current. 

Bulk recombination current consists of three components corresponding to 

Auger, radiative (or band-to-band) and Shockley-Read-Hall (SRH) recombination. 

The total carrier lifetime is determined by a combination of the lifetimes for the 
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individual processes 

1 1 1 1 
(4.68)-=-+-+-

7 7rad 7Aug 7SRH 

And the total current is given by 

J J-b..p
J = q Udx = q --:;;-dx 	 (4.69) 

for an n-type material and 

J J-b..n 
J = q Udx = q --;;:-dx 	 (4.70) 
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for a p-type material. From the form of these expressions it is very important to 

note that the recombination mechanism with the shortest lifetime determines the 

overall carrier lifetime and therefore the recombination current. Next we briefly 

cover each of the recombination mechanisms. 

Auger recombination process involves two electrons and a hole or two holes 

and an electron with the recombination rate proportional to pn2 in the first case 

and np2 in the second. As a result Auger recombination becomes important in 

heavily doped semiconductors only. The total Auger recombination current is 

given by [78] 

(4.71) 

where UAug is the total Auger recombination rate, An and Ap are the electron and 

2hole Auger coefficients. The Auger carrier lifetime is given by r,:ug ~ 1/Ann and 

r;ug ~ 1/App2 for n- and p-type materials, respectively. 

Band-to-band recombination is important in direct bandgap materials and 

is determined by the recombination rate of the following form (76, 78] 

Jrad = qJUraddx = qJB(pn - nDdx (4.72) 

where Urad is the radiative recombination rate and B is the radiative recombination 

coefficient. The minority carrier lifetimes are given by r~ad ~ 1/Bp and r;ad ~ 

1/Bn for p- and n-type materials, respectively. 

Finally, SRH recombination rate under non-equilibrium steady-state con

ditions for a continuous energy distribution of traps in the bandgap is given by 

[88] 

(4.73) 
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where Dt is the density of the trap states, PI and nl are the concentrations of 

holes and electrons if the Fermi level were at the trap level, and cp and Cn are the 

capture rate coefficients for the carriers 

Cn = IJn < Vth,n > (4.74) 

Cp = IJp < Vth,p > (4.75) 

with IJn and IJp , and < Vth,n > and < Vth,p > denoting the capture cross sections 

and mean thermal velocities for electrons and holes, respectively. For a single trap 

level the expression for the recombination rate can be simplified to 

(4.76) 


where the SRH carrier lifetimes for electrons and holes are defined as 

(4.77) 

(4.78) 

The SRH current is given by 

JSRH = q / USRHdx (4.79) 

Neutral bulk recombination occurring in the p-type base region is deter

mined by the overall minority carrier lifetime Tn calculated from Eq. 4.68 

X3 ~n(x)
hr = qAE dx 

/ Tn 

Substituting Eq. 4.47 into the integral for Ibr yields 

hr = qAELn~n(x2)[cosh (WBILn) - 1] 
(4.80)

Tn sinh (WBILn) 

It should be noted from Eq. 4.80 that the neutral base recombination current 

is directly proportional to the number of electrons injected into the base (.6.n(x2))' 
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Therefore hr should have the same functional dependence on the applied bias as 

the collector current. This indeed can be seen from Fig. 4.20, where the calculated 

collector current (black line) and neutral base recombination (blue line) current 

are plotted. As a very important result, the gain of an HBT, in which hr is the 

dominating component of the base current, is practically constant for all biases. 
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FIGURE 4.20. Calculated collector current and neutral bulk and space charge base 
recombination currents. 

Space charge recombination component of the base current should also in-

elude the SRH mechanism. Most of the approximations found in the literature 

suggest Iscr ex eQV/2kT form and not only give inaccurate bias dependence but of
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ten considerably overestimate the recombination in the depletion region (see, e.g., 

[89]). As will be shown in later chapters the radiation degradation of HBTs is par

tially due to the SCR recombination-generation currents; therefore a more precise 

model needs to be developed to facilitate the analysis of the radiation effects. Con

sider the recombination on the emitter and base side separately. For the emitter 

side, the non-equilibrium carrier concentrations are expressed in terms of equilib

rium hole and electron concentrations on the base and emitter side, respectively: 

P(VBE' x) = p:O e-q(Vbi+!::;,Ev)/kT eqVbE(VBE,X)/kT (4.81 ) 

n(VBE' x) = n~o e-qVbE(VBE,X)/kT (4.82) 

where VbE(VBE , x) describes the energy band bending as a function of applied bias 

and position 

VbE(VBE ) 2 
VbE(VBE , x) = 2 (V; ) X (4.83) 

WE BE 

where VbE(VBE ) is given by Eq. 4.33. Consequently n(VBE' x) and P(VBE' x) are 

functions of position x in the depletion region and the bias applied to the junction. 

Finally, from the definitions of nl and PI 

(4.84) 

(4.85) 

Analogously, for the depletion region on the base side we can write 

(4.86) 


(4.87) 

(4.88) 

(4.89) 

(4.90) 
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where VbB(VBE ) is given by Eq. 4.34. Assuming a midgap trap level (Et = Ei ), for 

BE bias of 0.8 V calculated SRH recombination rate (using Eq. 4.76), and electron 

and hole concentrations as functions of position in the base depletion region (using 

Eqs. 4.87 and 4.86) are shown in Fig.4.21. As expected the recombination rate has 

a maximum at the plane where n equals p. Calculated neutral base SRH recom

bination rate matches the SCR rate at X2 - the interface between the depletion 

region and neutral bulk. 

Recombination rate (for a midgap trap) calculated as a function of the 

position in the BE heterojunction and the applied BE bias is shown in Fig. 4.22. 

Due to the very low concentration of holes in the emitter the recombination rate on 

the emitter side is less than that on the base side by almost six orders of magnitude. 

Thus for all the further analysis only the recombination in the base SCR needs to 

be considered. 

The SRH recombination current is calculated by integrating U (x) over the 

entire depletion region 

X2 

Iscr(VBE) = qAE JU(VBE) x)dx (4.91) 

In the base SCR, where p ~ n, the recombination process is limited by the electron 

lifetime. Fig. 4.23 shows the calculated Iscr as a function of BE voltage for different 

Tn at a fixed hole lifetime of Tp = 10 ns for a single midgap trap. Decreasing the 

electron lifetime leads to a practically parallel shift of Iscr - VBE curve towards the 

higher values. The base current ideality factor starts at about 1.1 at low biases 

and increases significantly for the higher biases. 

A set of Iscr - VBE curves for different values of TP'S at fixed Tn = 10 ns 

is shown in Fig. 4.24. This plot once again demonstrates that the trapping of 

electrons is the mechanism limiting the recombination. For Tp < Tn the magnitude 

http:Fig.4.21
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FIGURE 4.21. Calculated SRH recombination rate, electron and hole concentra
tions as function of position in the base layer (midgap traps; BE bias is 0.8 V). 

of the current does not change at all, and only for the range of Tp ~ Tn the hole 

trapping becomes slow enough to reduce the current. Also note that for the very 

large Tp'S the ideality factor of IscT - VBE increases to 2.0 at the low biases. 

Finally, the Iscr - VBE curves calculated for single traps with different depth 

are shown in Fig. 4.25. As expected deep traps with energy levels close to the in

trinsic Fermi level (Et - Ei is small), appear to be the most effective recombination 

centers. As Et - Ei increases the magnitude and the ideality factor of the recom

bination current decrease. It should also be noted that only the absolute value 
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FIGURE 4.22. Recombination rate as a function of position and applied BE bias. 

of E t - Ei is important. The recombination current is the same irrespective of 

whether the trap levels are in upper or lower halves of the bandgap. 

In summary, variations of the three main variables , Tn, Tp and lEt - Eil, 

may produce recombination currents with significantly different ideality factors 

and magnitudes. Moreover, the results may show a very strong dependence on 

bias conditions. Finally, it should be noted that carrier lifetimes, strictly speaking, 

are functions of the trap density, electric field and the carrier concentration (see, 

e.g., [90, 91]). As a result the lifetimes in the bulk and space charge regions can 

be different. Furthermore, after irradiation, when a very large number of traps 
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FIGURE 4.23. Base SCR recombination current as a function of BE applied voltage 
for different electron lifetimes at fixed hole lifetime. 

is introduced, the carrier trapping mechanism can change and the conventional 

expressions used in our analysis may become somewhat inaccurate. 

At last we note that the numerical integration of Eq. 4.73 for a number of 

discrete trap levels for calculation of Iscr gives results very similar to the results 

obtained by using Eq. 4.76. Therefore, in all the calculations the recombination 

rate is assumed in the form of Eq. 4.76. 

The last component of the base current is the generation current of the 

base-collector space charge region. Under a moderate reverse bias (in the active 

mode of operation) this current is simply a sum of the saturation currents of the 
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for different hole lifetimes at fixed electron lifetime. 

diffusion and generation-recombination components 

qAcn;Dp 1 ni 
19 = IS,difj + Is,gT = L N + -2qAcWBC- (4.92) 

p D Tn 

4.4.4. Tunnel-Assisted Trapping 

Before leaving the topic of the base current we briefly consider the so-called 

tunnel-assisted trapping mechanism. First discovered in the narrow Ge Esaki 

junctions this effect has received a lot of attention (see, e.g., Refs. [92, 93]). Sah 

et. al. (92J have shown that large excess currents observed at low biases in gold

http:2qAcWBC-(4.92
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FIGURE 4.25. Base SCR recombination current as a function of BE applied voltage 
for different single level traps. 

doped silicon tunnel junctions can be explained by means of multistep transition 

processes involving tunneling of electrons from the conduction band horizontally 

into the valence band through the Au trap levels as intermediate states. Chynoweth 

et. al. [93], who also studied narrow Si junctions, have introduced a model according 

to which electrons can drop down to the valence band through a series of tunneling 

transitions between trap levels, as shown in Fig. 4.26a. Based on the Chynoweth 

model Riben et. al. [94] have developed a model describing recombination-tunneling 

currents in n Ge - p GaAs heterojunctions. Their approach was further improved 

by Donnelly et.al. [95], who incorporated processes of thermionic emission and 
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recombination into the model. We now consider three major carrier transport 

mechanisms that involve tunneling of the carriers. Figs. 4.26b, c, and d show the 

diagrams illustrating the current transport. For the sake of clarity, the "staircase" 

carrier transitions are shown by only one step, and trap states are not shown at all. 

In Fig. 4.26b the current on both sides of the junction is determined by tunneling of 

the carriers into the trap states in the forbidden gap. For narrow (heavily-doped) 

InP/ I nGaAs BE junction with large potential barriers in the both conduction 

and valence band this mechanism may become very important if sufficient number 

of bandgap levels is available. In this case for the multistep tunneling process the 

forward current density Jt is given by [95] 

(4.93) 

where B is a constant, NtO is the density of the defect states at an energy level 

positioned rPp - rPn above the valence band of the InGaAs layer, exp [-fJiKl VEE] 

represents variations in Nt with energy within the bandgap, Kl is the fraction of 

the applied voltage dropped across the emitter SCR, s = ES/(Vbi - Kl VEE) relates 

the height of each potential step in the "staircase" transition, Es , (see Fig. 4.26a) 

to the potential drop across the junction, and, finally, constant a is given by 

4fa;*EEa- ( 4.94) 
3h NDEKI 

If uniform distribution of energy levels is assumed then the tunneling current can 

be rewritten as 

(4.95) 

where B' is a constant. We postpone the further discussion of this expression and 

its implications till Chapter 6. 

Diagram (c) suggests a situation where diffusion/emission current flows in 

the wide bandgap emitter and then recombines with the carriers tunneling from the 
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FIGURE 4.26. (a) Diagram illustrating multistep electron tunneling process in 
Si junction; (b), (c) and (d) three major current transport mechanisms involving 
tunneling of electron into trap states in I nP/1nGaAs heterojunctions. 

base side. At low biases this transport is limited by the emission current provided 

by the emitter. Hence the voltage dependence should be similar to that of the 

standard thermionic emission theory. At higher biases however tunneling becomes 

the limiting mechanism and the current-voltage dependence functionally resembles 

Eq. 4.95 [95]. 

Finally, diagram (d) depicts situation opposite to (c), i.e. the current in

jected from the base side recombines with the carriers tunneling from the emit

ter side. Due to a large discontinuity present in the valence band (L~.Ev) this 
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mechanism is incapable of generating any significant current, and can therefore be 

ignored. 

4.4.5. High Level Injection Effects 

The model for the collector and base currents was formulated for low and 

moderate biases. Since in most practical applications HBTs are operated at as 

high power levels as possible, it is now our task to investigate the so-called high 

level injection effects that may significantly affect the performance of the device. 

First, we review the effects of high level injection at the base-emitter junc

tion in homojunction bipolar transistors. At sufficiently high biases number of 

electrons injected into the base region may become comparable with the concen

tration of the majority carriers - holes. The hole concentration then increases to 

maintain the charge neutrality 

p(x) = Po (x) - no(x) + n(x) (4.96) 

The valence (and conduction) band moves up with respect to the Fermi level and 

as a consequence the barrier for electron injection increases. Furthermore, the 

quasi-Fermi levels can not be assumed constant in the base SCR and the deple

tion approximation becomes inappropriate since the carriers traversing the space 

charge region can not be neglected any more. In a BJT after the onset of the high 

level injection the collector current ideality factor increases to 2.0, as opposed to 

1.0 in the normal mode of operation. The base current, however, keeps increas

ing at practically the same rate as at moderate biases. As a result the current 

gain of a homojunction transistor decreases rapidly at high collector currents. In 

an abrupt HBT, where the base current is limited by the injection of electrons 

from the emitter, the base current should follow the saturating collector current, 
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and therefore the device gain will not decrease in the high level injection regime. 

Additionally, for most applications to improve high-frequency performance of the 

> 1018 3device the base is very heavily doped (NA cm- ). Thus the concentration 

of the injected electrons is smaller as compared to the hole concentration in the 

base (n(x2) S; 1016 cm-3 «NAB). Current levels at which n(x2) would become 

comparable to NA can not be reached in practice because of the series resistance 

limiting the current. 

Finally we discuss the so-called collector current saturation effect also 

known as the base pushout or Kirk effect. The high field present at the BC 

junction starts shifting into the collector region as the current flowing from the 

base into the collector increases. Additionally, voltage drop in the collector region 

V = IeRe may lead to forward-biasing of the otherwise unbiased or reverse-biased 

base-collector junction and a significant current of holes may be injected into the 

collector. Consequently, the energy bands in the collector SCR next to the base 

region move up, as shown in Fig. 4.27 (gray lines). The net effect can simply be 

viewed as an increase of the base width by Wcib (and the corresponding reduction 

of the collector thickness) and extension of the collector SCR. For even higher cur

rents the entire collector region can become depleted. Mathematically, the base 

pushout can be estimated from [84] 

(4.97) 


where the variables J1 and J2 are expressed in terms of the electron saturation 

velocity Vs as 

J1 = qvs [Ne + 2~~;e1 (4.98) 

J2 = qVsNe (4.99) 
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Having calculated the base pushout, the base and collector thickness can be cor

rected and then used in the device model derived in the previous sections 

W~ = WB + Wcib (4.100) 

W~ = We - Wcib (4.101) 

Calculations show that the collector region gets completely depleted at moderate 

biases. It is also observed that the base region extends very deep into the collector 

even before reaching the highest current levels. Despite the very strong base push 

out virtually no change is observed in the calculated collector current. Experimen

tally measured device characteristics also do not show any "signatures" specific 

to the saturation effect. To explain this inconsistency we need to return to the 

nature of the carrier transport through the structure. The thermionic emission 

(enhanced by field emission) current across the heterointerface is matched with 

the drift-diffusion current flowing from the base into collector. For BJTs the cur

rent transport is diffusion limited and therefore any, even insignificant, change in 

the base thickness would affect the current considerably. In the case of an abrupt 

HBT the current is limited by the injection of carriers into the base region; the 

subsequent drift-diffusion transport across the base and then collector is capable 

of removing the carriers at much faster rate even when W B + Wcib ~ WB' As 

a result, the collector current depends only on the carrier injection at the base

emitter heterojunction and is not affected by the diffusion through the base and 

drift through the collector. 

4.5. Ebers-Moll and Gummel-Poon Models 

To complete the discussion on HBT modeling we turn our attention to 

well-recognized Ebers-Moll and Gummel-Poon BJT models implemented in com
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FIGURE 4.27. Energy band diagram of an SHBT biased in the active mode oper
ated in the quasi-saturation regime. 

mercially available device/circuit simulation packages such as SPICE. This section 

is an attempt to analyze the applicability of these models for description of HBT 

operation and radiation-induced degradation. 

Transport version of BJT Ebers-Moll static model implemented in SPICE 

is shown in Fig. 4.28. In this configuration the transistor is thought to behave as 

a pair of interacting p-n diodes. The emitter, base and collector currents of the 

device are given by 

(4.102) 

(4.103) 

(4.104) 

where 
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Icc = Is (eqVBE/nFkT - 1) (4.105) 

IEC = Is (eqVBc/nRkT - 1) (4.106) 

ICT = Icc - IEC (4.107) 

and Is is the collector saturation current, f3F and f3R are the forward and reverse 

gains, respectively. The base width modulation effects are incorporated into the 

model through only one extra parameter - the Early voltage, VA(VBC ) (see Ref. [73] 

for details). The saturation current is then adjusted according to 

VBC]Is(VBc ) = Is(O) 1 - VA (4.108)[ 

t I CT =Icc - I EC 

FIGURE 4.28. BJT Ebers-Moll static model implemented in SPICE. 

To account for second order effects, e.g. low current and high level injection 

effects, the charge control model has been developed by Gummel and Poon. BJT 
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Gummel-Poon static mode12 implemented in SPICE is shown in Fig. 4.29. In addi

tion to the two main BE and BC diodes present in the Ebers-Moll model, two more 

nonideal diodes are introduced to simulate possible leakage and recombination cur

rents which may be dominant at the low voltages. The leakage/recombination 

diode equations are written as 

(4.109) 


(4.110) 


The saturation current, Is, is calculated as a function of the amount of charge 

stored in the device 

Is = Iss (4.111)
qB 

where the fundamental constant Iss and normalized base charge qB are given by 

(4.112) 


XE
qB = -=-xc----- (4.113) 

f qAEPo(x)dx 
XE 

This representation includes the base width modulation and other high level in

jection effects. Putting the pieces together the collector and base current in the 

forward active mode are defined by the following equations 

Ie = Is eqVBE/nFkT + Is + C
4I s (4.114)

qB i3R 
IB = Is eqVBE/nFkT _ Is +C I [eqVBE/nELkT -1] - C4Is (4.115)

i3F i3R 2 s 

2Due to its length and complexity the model is not described here in detail. Only some 
of the relevant equations are presented. 
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For VBE » kT/ q the expressions can be simplified to 

Ie = Is eqVBE!nFkT (4.116) 
qB 

IB = Is eqVBE!nFkT + C2IseQVBE!nELkT (4.117)
i3F 

Rc 

I BC,leak t lEe t 
f3R 

RB 

B 

Icc tIBE,leakt 

f3F 

RE 

E 

FIGURE 4.29. BJT Gummel-Poon static model implemented in SPICE. 

We will now try to demonstrate that this BJT model can be successfully 

applied to simulate the forward Gummel plots for an SHBT, if its base recombi

nation current has an ideality factor closer to 2 or if the device is operated below 

its "saturation point" (see later in the text). In the model, the collector current 

has a constant ideality factor of nF and the saturation current Is. The high level 

injection and series resistance effects are included through qB and VEE, respec

tively. The base current is represented by two components with different ideality 
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factors of nF and nEL and saturation currents - 15/f3F and C21s . Experimentally 

measured and calculated Gummel plots (device BAxM) are shown in Fig. 4.30. 
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FIGURE 4.30. Experimental and calculated forward Gummel plots for device 
BAxM3. 

4.5.1. Collector Current in Active Mode 

As shown in Section 4.4.2 the collector current of an abrupt SHBT has 

voltage dependent ideality factor (see Fig. 4.18), which as a rule increases to 2 at 

high biases. This behavior is due to the physical nature of the electron transport 

experiment 
- - - . calculated 

I 
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(V) 
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across the emitter-base heterojunction. In the Gummel-Poon BJT model similar 

results can be obtained by "inducing" high level injection effects. In other words, 

by setting the knee current IKL (current at which high level injection becomes im

portant) to some experimentally determined value, the Gummel-Poon calculations 

may be forced to give results similar to those of the HBT model. Additionally 

incorporating series resistance effects into the SPICE model allows to obtain very 

accurate fit of the experimentally measured collector currents (see Fig. 4.30). 

4.5.2. Base Currents in Active Mode 

In a BJT, the main component of the base current has the same ideality 

factor as the collector current. In an HBT this is not necessarily the same. Ideality 

factor of the base current (nB) may depend on the layer doping, and configuration 

and distribution of traps. We consider three possible sit.uations, when (1) nB > nF 

for all biases, (2) the intermediate case, nB > nF for low biases and nB ~ nF for 

high biases, and, finally, (3) nB ~ nF for all biases. 

In the first case, the HBT base current can be modeled by the Gummel

Poon model, however some of the parameters have to be redefined. Using values 

of Is and nF corresponding to the given Ie we fit the base current with Eq. 4.117. 

The parameters in the fitting process are i3F, C2 and nEL. In this procedure i3F 

looses its meaning of forward gain - in order to reduce the contribution of the first 

term in Eq. 4.117 i3F becomes much higher than the actual current gain. For high 

nB's the second term in the expression for the base current dominates and nEL 

approaches nB. As shown in Fig. 4.30 by dashed line calculated IB matches the 

experimental data very well for all biases. 
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As pointed out already, the contributions of the first and second term in 

Eq. 4.117 depend on the relative difference between np and nB. At nB's slightly 

above np the current will be dominated by the second term at low biases and by 

the first term at the higher biases. For nB ~ np, C2 becomes very small and the 

base current reduces to only one term - the first term. Under these conditions 

J3p restores its original meaning of the forward current gain. Relatively good 

match with the experimental data can be achieved for low and moderate biases 

(see Fig. 4.31). Considerable discrepancy between the measured and calculated 

curves observed at high biases can be explained when the physical origin of the 

base current in RBTs is analyzed. In an RBT the base current is determined by 

recombination in the BE SCR and the base region, thus IB is a function of a number 

of carriers injected into the base region. Therefore, when the injection efficiency 

saturates at high biases the base current should exhibit exactly the same behavior. 

In the Gummel-Poon model, Eq. 4.117 does not include any high level injection or 

other saturation effects. As a result calculated base current is significantly higher 

than that observed experimentally. 

To summarize, the standard BJT Gummel-Poon SPICE model can be ap

plied for the analysis/simulation of RBT operation in the forward active mode. 

Devices with the base current with ideality factor close to 2 can be simulated very 

accurately in the whole bias range, while for devices with nB ~ np the model 

provides adequate results only at low and moderate biases. 

4.5.3. Saturation Mode Analysis 

As a final point in our discussion of Gummel-Poon SPICE analysis of RBTs 

we show that the BJT model can also be used for simulation of HBTs in the 
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FIGURE 4.31. Experimental and calculated forward Gummel plots for device 
BAxM1. 

saturation mode, in particular for modeling of the offset voltage, VCE,ofj- First, 

the rest of the model parameters (i3R,nR, C4, and nCL) should be extracted by 

fitting the inverse Gummel plots of IB with 

(4.118) 

For the base collector homojunction (in case of an SHBT), the base current ideality 

factor is usually constant and no leakage currents are observed. Then relatively 

accurate analysis can be performed with one term only. Thus, we set C4 equal 

to zero. Reverse current gain, i3R, is typically very small due to the spike in the 
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conduction band at the BE heterointerface. Also, the hole injection from the base 

into the collector dominates the base-collector current. 

Having extracted all the parameters of the model we can calculate the 

collector and base current in the saturation mode 

Ie = 	Is [eqVBE/nFkT _ eqVBc/nRkT] _ Is [eqVBc/nRkT _ 1] (4.119)
qB 	 f3R 

-C4Is [eqVBc/ncLkT - 1J 

IB = 	 Is [eqVBE/nFkT -1] + Is [eqVBc/nRkT - 1] (4.120)
f3p f3R 

+C2I s [eqVBE/nELkT - 1 J + C4Is [eqVBc/nCLkT - 1J 

Since the accuracy of the parameters extracted from the forward Gummel plots 

may depend on the operating biases one has to exercise special care when using 

these equations. However, as long as the expressions are used at low current levels, 

they should always give reliable results. Fig. 4.32 demonstrates excellent match 

between the experimental and calculated Ie - VeE characteristics for five different 

devices (BAxMO, BAxM1, BAxM2, BAxM3 and BAxM4). The values of np, nRl 

Is, and ISR = Is/ f3R used in the calculations are listed in Table 4.3. 

To conclude, we once again state that the Gummel-Poon BJT model can be 

employed for simulation of HBTs in different modes. It should be noted that some 

precautions should be taken to determine whether or not the model can provide 

adequate accuracy. As will be shown later some of the effects caused by irradiation 

can be quantified in terms of the standard model parameters, therefore providing 

first foundation for incorporating the effects of the radiation-induced degradation 

into device/circuit simulators. 
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FIGURE 4.32. Experimental and calculated Ie - VeE characteristics for five dif
ferent devices at IE = 40 /LA. 

4.6. HBT High Frequency Performance 

To complete this chapter we introduce several parameters and techniques 

used for the characterization of RBT performance in high frequency domain, which 

is very important for practical applications of RBTs. 

Any transistor can be viewed as a two-port linear network schematically 

shown in Fig. 4.33a. A set of the so-called admittance (y), impedance (z), hybrid 

(h) or scattering (8) parameters can be used to describe such a network completely. 

Depending on particular applications different parameter sets are used. For exam
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Device nF nR Is ISR 

(A) (A) 

BAxMO 1.3 1.3 5 x 10-13 4 X 10-9 


BAxM1 1.3 1.4 5 x 10-13 4 X 10-9 


5 x 10-13BAxM2 1.3 1.4 9 X 10-9 

BAxM3 1.3 1.4 2 x 10-13 2 X 10-8 

BAxM4 1.3 1.4 1 x 10-13 8 X 10-8 

TABLE 4.3. Gummel-Poon model parameters used to simulate VCE,off shift ob
served in different devices. 

pIe, for DC and low frequency (LF) analysis'of BJTs and HBTs the admittance 

parameter set has proven to be particularly convenient and useful. The transistor 

terminal currents can be expressed in terms of terminal voltages in the following 

manner 

Ir = Y1l V'i + Y12 V2 (4.121) 

(4.122) 

Under DC conditions and in LF region all Y parameters can be readily determined 

through simple measurements realizing open and short circuits at the ports, i.e. 

11Ir (4.123)Yll = Y12 =
V2V'i 

Vl=Ovz=o 

1212 
(4.124)Y21 = Y22 =

VI V2 
V1=OV2=O 
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(a) 

(b) Y;2 


FIGURE 4.33. Two-port linear network representation of a transistor: (a) general 
case, (b) y-parameter model. 

The y-parameter 2-port equivalent circuit for a bipolar transistor shown in 

Fig. 4.33b serves as a basis for the very popular hybrid-pi small signal equivalent 

circuit. In hybrid-pi schematic shown in Fig. 4.34 gm, gn and gJ-L represent transcon

ductance, input conductance and reverse feedback conductance, respectively, Cn 

and CJ-L are capacitances of the BE and Be junctions respectively, and, finally, re, 

rb and rc are the parasitic emitter, base and collector resistances, respectively. 

It should be noted that any of the parameter sets can be calculated from 

other parameter sets. For example, y and h parameters can be expressed in terms 

of the scattering coefficients using the following relations [96] 

(4.125) 

(4.126) 

(4.127) 

(4.128) 
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B c 

FIGURE 4.34. Hybrid-pi representation of a transistor. 

and 

(4.129) 

(4.130) 

(4.131) 

(4.132) 

y parameters are commonly used to calculate rf transistor characteristics, e.g. sta

bility factor, maximum available power gain, noise figure, etc. From h parameters 

h21 is by far the most "famous" one as it refers to common-emitter short-circuit 

current gain hFE = leilB' 

In high frequency domain it is very difficult, if at all possible, to realize 

short and open circuits at the ports of the transistor network needed to determine 

the transconductance or impedance parameters. Besides, for RF analysis it is 

more convenient and meaningful to use wave formulation. In the two-port network 

shown in Fig. 4.35 incident and reflected voltage wave signals are represented by 
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FIGURE 4.35. Two-port S-parameter definition schematic. 

al and b}, and a2 and b2 at the port 1 and 2, respectively. Mathematically, 

v;inc V;refl 

ai = ~, bi = ./z; (4.133) 

where Zo is the input and output network impedance, commonly made equal to 

50n + j x O. Clearly, lail 2 and Ibi l2 are simply incoming and outgoing power at 

Port i. The scattering S-matrix is defined in the following manner: 

b1
] [Sll S12] [all (4.134)[b2 - S21 S22 a2 


For zero incident power at port 2 (E2 = 0), a2 = 0, and 


bl Reflected Voltage .,

Sl1 = - = I . d ~ 1 = Input ReflectIOn CoefficIent (4.135)

al nCl ent 0 tage 


_ b2 _ [OutgOing Output powerjl/2

S21 - 

al Incoming Input Power 

= [Forward Transducer GainJ l / 
2 (4.136) 

(4.137) 


Similarly, at Port 2 for E1 = 0 (al = 0) S22 is found to be the output reflection 

coefficient and 1812 12 is the reverse transducer gain, GTR . It should be noted that 

in most cases measurement systems read out the S-parameters in decibels. Then 

the following relation can be used to convert these results to the conventional form 

(4.138) 
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Once a complete set of S-parameters is obtained, it can be used to calculate any 

other parameter set and to extract rf figures of the transistor. 

An important figure of merit for a microwave transistor is the so-called 

cutoff frequency fr. Usually defined as a frequency at which the common-emitter 

short-circuit current gain hFE becomes unity, fr can be estimated from the emitter-

collector transit time TEe 

1
fr=-- ( 4.139) 

27fTEe 

TEe can be divided into separate components associated with charging/transit de

lays of emitter SCR, base, SCR and bulk of collector. Therefore, for a good device, 

it is critical to minimize the capacitances of the BE and BC junctions, and reduce 

the base and collector layer thickness. Also, to reduce the charging times, the tran

sistor should be operated at higher current levels. As a consequence, transistors 

with higher current gains (hIe) would have higher cutoff frequencies. It should be 

noted that adjusting the structure parameters (layer doping, thickness, etc.) to 

improve, for example, gain of the device may increase the capacitances or cause 

reliability problems. Therefore, when optimizing a transistor, some tradeoffs are 

typically made to achieve optimum performance required for a specific application. 

Another figure of merit for a bipolar transistor is the so-called maximum 

available power gain GMA obtained by matching both the input and output port 

IY12Y21 I 

networks 

G - IY2I/yd 
MA- K+VK2-1 

(4.140) 

with the stability factor K 

K = 2Re(Yl1)Re(Y22) - Re(Y12Y2d 
(4.141) 

The maximum frequency of oscillation fmax is the frequency at which the maximum 

available power gain reaches unity. fmax can be calculated from the transition 
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frequency using the following relation [66) 

t (4.142)fmax = ~8 C 
1TTb J,L 

Hence minimized base resistance and base-collector capacitance result in better 

performance devices in terms of f max. 

Minimum noise figure N F min of a transistor can be estimated through 

a noise SPICE model from measured y-parameters. In the model derived by 

Voinigescu et al. [97] the emitter and base thermal noise, and base and collec

tor shot noises generate 

(4.143)NFmin = 10log [1 + k~~~112 [Re(Yll) + AJ] 

A= [1 + 2kTIY21 12rBE] [IYl1 12 + IBIY2112]_ Im2 (Yll) ( 4.144) 
qIc Ie 

4.7. Summary 

An empirical approach to HBT modeling has proven to be very useful and 

relatively accurate in some cases. Very easy to use it is often employed when esti

mating the values of series resistances, saturation currents and ideality factors of a 

transistor for the subsequent SPICE modeling. The empirical model can not, how

ever, be correlated with the structure of an HBT and does not provide adequate 

physical representation of the device operation. More complex physical model de

veloped for an abrupt SHBT is used to gain better understanding of the carrier 

transport in the transistor. Furthermore, irradiation effects can be superimposed 

onto the model to simulate the radiation-induced device degradation/failures and 

vice versa. Finally, commercially available BJT SPICE models can provide satis

factory accuracy when applied to HBTs. Special care, however, should be exercised 
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as some of the SPICE model parameters have to be redefined and lose their original 

meaning in such an analysis. 



153 

5. HBT FABRICATION 


In course of this work the radiation-induced degradation of III-V materi

als and devices was studied on the devices developed and fabricated in the clean 

room facility of Department of Electrical and Computer Engineering at OSU. For 

the in-house manufacturing the complete mask set containing different geometry 

HBTs, test and calibration structures was designed and fabricated. MOCVD

grown heterostructures were used as a starting material in the fabrication. Several 

complete process sequences were developed and all individual process steps stan

dardized. This chapter is to briefly present all the phases of the development and 

fabrication. 

5.1. SHBT Heterostructure Growth 

I nP/1nGaAs HBT heterostructures were grown by metal-organic chemical 

vapor deposition (MOCVD) at the Lucent Technologies Crawford Hill Laboratory. 

The schematic diagram of a typical SHBT structure is shown in Fig. 5.1 with 

the layer parameters listed in Table 5.1 [98]. Starting from the bottom of the 

structure, the first layer deposited on the semi insulating In? : Fe substrate is 

the n-type heavily doped InP sub collector. This choice of the material allows 

one to utilize the convenience of selective wet etching when exposing sub collector 

contact layer during HBT fabrication. Heavy doping is necessary for formation of 

low resistance ohmic contacts. On top of the sub collector thick InGaAs collector 

layer is deposited. In SHBT structures, collector material is the same as that of the 

base region to avoid a notch in the conduction band at the collector-base interface. 

This notch occurring at the In?/ I nGaAs heterointerfaces may lead to reflection 

of the emitter-injected electron current back into the base. To further improve 
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the device performance the collector layer is usually grown either undoped or with 

very low doping (1016 cm-3 ). 

F====:::::::::::==::::::::================-~ setback layer {4} 

contact layer (7) cap layer (8) 
graded layer (6) 

emitter (5) 

base (3) 

FIGURE 5.1. Qualitative cross-section of InP/lnGaAs polyimide-passivated 
SHBT. 

Following the collector a thin base layer is formed. The overall quality of the 

base region is crucial to the device performance as it determines minority carrier 

lifetime and therefore the gain of the device. Also, extremely high doping, required 

for good RF performance, leads to a problem of dopant outdiffusion into the emitter 

region, which may result in shifting of p-n junction away from the heterointerface 

into the emitter layer. Very thin (100 it) lightly doped InGaAs spacer at the base-

emitter interface can act as an effective shield preventing further redistribution of 

the base dopants. Furthermore, this so-called base setback layer is also found 

to significantly reduce the spike in the conduction band at the heterointerface, 

therefore greatly increasing emitter injection efficiency. Quality of the I nP wide 

band gap emitter is also vitally important as the recombination current of the 

heterointerface and the space charge region are one of the major HBT parasitic 

currents. Most of the depletion region will be on the emitter side since the emitter 

doping is much lighter than that of the base. The transition to the very heavily 
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doped I nGaAs emitter contact layer is smoothed out by means of the I nGaAs 

I nP graded layer. Finally, the structure is protected with a thin I nP emitter cap 

layer. 

Layer Material Dopant NA/ND (cm- 3
) Thickness(A) 

Emitter Cap InP 100 

2 x 1019Emitter Contact InGaAs n+ Si 500 

5 x 1018Emitter Grading I nGaAs -+ I nP n+ Si 750 

5 x 1Ol7Emitter InP n Si 750 

Base Setback InGaAs n 50 

2 x 1019Base InGaAs p+ Zn 500 

Collector InGaAs n 5000 

8 x 1018Subcollector InP n+ Si 5000 

S1 Substrate InP S1 Fe 

TABLE 5.1. MOCVD grown HBT heterostructure parameters (wafer 13420). 

Structures 13257 and I3377, also used for HBT fabrication, differ from 13240 

by collector thickness only. The collector thickness is 1 j..tm and 0.7 j..tm for 13257 

and I3377, respectively. 

5.2. Mask Set Design 

As technology continuously advances critical device dimensions shrink and 

new effects emerge. One of the recently appeared important issues is the surface 
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recombination currents in bipolar transistors. In the large devices the bulk com

ponents of the recombination current were dominant leaving the surface effects 

unnoticeable. However, considerable reduction of emitter size and base thickness 

resulted in the situation when the bulk recombination currents can be pretty much 

neglected when compared to the magnitudes of the surface components. Further

more, in HBTs, where I II-V compound materials with the very high surface re

combination velocities are normally used, one can claim that the magnitude of this 

particular effect in a large extent determines the performance of the device. 

In III-V systems, it still remains a not well studied question how the sur

face and heterojunction components of the recombination current degrade when 

the device is irradiated with different types of radiation. The mask set used in this 

work was designed with the intent of studying these problems as well as opera

tion and radiation degradation of high frequency HBTs. Some additional features 

were incorporated in the design to allow fabrication of the structures necessary 

for testing at the intermediate steps in the fabrication, structures for calibration 

of the high frequency equipment, and, finally, the structures which can be used 

for the sample characterization. The details of the mask design are covered in the 

following subsections. 

There are seven masking steps in the HBT fabrication sequence. The order 

in which they are used varies slightly for the different material systems. The fol

lowing description corresponds to the AlGaAs/GaAs HBT fabrication procedure 

(for InP/lnGaAs see Section 5.4) using the lift-off technique for patterning of 

metallization layers: 

1. 	Isolation mesa bright field mask is used to protect the device regions while 

the rest of the sample surface is etched down to the semi-insulating substrate. 
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2. 	 Collector mesa bright field mask is to protect the emitter and base regions 

of the devices when wet etch is used to reach the sub collector layer. 

3. 	 Emitter and collector contact dark field mask is designed to pattern the 

sample to form emitter and collector contacts. 

4. 	 Base mesa bright field mask is used to protect the emitter layer when wet 

etch is performed to expose the base mesa. 

5. 	 Base contact dark field mask is used to pattern the sample to form the 

base metal contacts. 

6. 	 Contact window dark field mask is to define vias in the passivation layer. 

Through these vias the final metallization layer should connect to the emitter, 

base and collector contacts. 

7. 	 Contact pad dark field mask is used to form large contact pads connected 

to the device terminals. 

5.2.1. DC HBT Unit Cells 

There are two DC HBT unit cells on the mask, each containing 8 devices. 

For identification purposes the devices are marked with symbols -letters J through 

Y. An example of the layout for the single DC HBT (ID W) with all masking layers 

shown is depicted in Fig. 5.2. The dimensions of base (85 x 70 11m2) and collector 

(125 x 90 11m2) mesas are the same for all the devices. The probing contact pads 

are also of the standard size of 100 x 100 /-Lm2 and are equally spaced with the gaps 

of 100 /-Lm. Base and collector metal contacts and corresponding to them windows 

in the passivation layer are of the same geometry for all the devices. 
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contact 

collector mesa 

base mesa 

VIa 

emitter mesa 

FIGURE 5.2. Layout of DC HBT showing different layers of the mask. 

In the first unit cell (devices J - Q) all HBTs have emitters of the same 

perimeter of 130 pm and the area varying from 510 to 1056 pm2 
. The second 

unit cell (devices R - Y) consists of devices with the emitter area of 395 pm2 and 

perimeter ranging from 80 to 120 pm. The complete list of the devices showing 

their IDs, perimeter, area and perimeter-to-area ratios is provided in Table 5.2. 

Studying operation and radiation degradation of these devices one can separate 

the surface and bulk effects and gain some understanding of the recombination and 

degradation mechanisms involved. 

Fig. 5.3 shows the layout of the 16 HBT in the unit cells and the unit 

cell dimensions. The alignment marks shown in the diagram will be discussed in 

Section 5.2.4. 
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Device Name Device ID Area (A, ttm2) Perimeter (P, ttm) PIA Ratio (ttm-1) 

HBT#1 

HBT#2 

HBT#3 

HBT#4 

HBT#5 

HBT#6 

HBT#7 

HBT#8 

J 

K 

L 

M 

N 

0 

P 

Q 

510 

750 

900 

1056 

900 

1056 

900 

1056 

124 

130 

130 

130 

130 

130 

130 

130 

0.255 

0.173 

0.144 

0.123 

0.144 

0.123 

0.144 

0.123 

HBT#9 

HBT#10 

HBT#l1 

HBT#12 

HBT#13 

HBT#14 

HBT#15 

HBT#16 

R 

S 

T 

V 

U 

W 

X 

Y 

395 

396 

393 

396 

393 

396 

393 

396 

120 

102 

88 

80 

88 

80 

88 

80 

0.304 

0.256 

0.223 

0.202 

0.223 

0.202 

0.223 

0.202 

TABLE 5.2. Emitter perimeters, areas and perimeter-to-area ratios for the devices 
in DC HBT unit cells. 

5.2.2. RF HBT and RF Calibration Structures Unit Cells 

High frequency HBT unit cell contains three devices, whose layout is similar 

to the DC HBTs except that there are two contact pads associated with the emitter 

contact. This configuration, shown in Fig. 5.4 on the example of RF HBT #1, 

is necessary for the high frequency measurements. Table 5.3 lists RF and large 
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FIGURE 5.3. Mask layout of DC HBT unit cells. 

area test (see the next section) device dimensions. For the equipment calibration 

purpose the RF calibration structures are also included in the design (see Fig 5.5). 

FIGURE 5.4. Mask layout of RF HBT unit cell. 
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Device Name Device ID Area (A, (lm2 ) Perimeter (P, (lm) PIA Ratio ({lm- 1) 

HFHBT#l 1 253 73 3.46 

HFHBT#2 2 152.5 61 2.5 

HFHBT#3 3 350 82 4.27 

THBT#l I 2604 208 12.52 

THBT#2 H 1358.5 167.5 8.11 

THBT#3 G 2604 208 12.52 

THBT#4 F 1358.5 167.5 8.11 

TABLE 5.3. Emitter perimeters, areas and perimeter-to-area ratios for the RF and 
test HBTs. 

FIGURE 5.5. RF structures for calibration of RF vector network analyzer. 

5.2.3. Test Structures 

Due to complexity of the fabrication procedure it is often convenient or even 

necessary to test the wafer status at the intermediate processing steps. In the stage 

of the process development and standardization it is also sometimes necessary to 
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be able to fabricate the devices relatively quickly. Furthermore, one may want to 

study the individual layers of the transistor structure. Keeping this in mind the 

several test structures were added to the mask design. 

Emitter, base and collector transmission line models (TLMs) were incorpo

rated for testing the corresponding layer sheet resistance and for calibration of the 

different etch processes. Included large area base-emitter (BE) and base-collector 

(Be) diodes can be used for etch process calibration and for determining the dop

ing depth profiles in all three active layers of the transistor. And, finally, large area 

HBTs can be used for the tests prior to the device passivation sequence. It should 

also be noted here that all these devices are relatively insensitive to the alignment 

errors as they are considerably larger than the other HBTs. Fig. 5.6 shows the 

arrangement of the test devices in the unit cell. Test HBT emitter dimensions are 

listed in the Table 5.3. 

Ilal~UDllu~UDII~uul 
~[tJ[t][[tJ 

CB BE 

FIGURE 5.6. Mask layout of the unit cell with the test structures. 
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5.2.4. Alignment Marks 

Starting from the second mask level, it is vitally important to precisely align 

all the subsequent mask patterns with respect to the preceding layers. For this 

purpose the number of specially designed alignment marks is included in all mask 

levels. Four types of the alignment marks used are shown in Fig. 5.7. Very large 

writing - the mask level name and number (a) - is located on top ofthe layout and 

is used for the rough initial alignment. Cross (b) and E-shaped (c) marks present 

on all seven levels are distributed over the entire mask and serve as a main tool 

in the alignment routine. The marks' size being a very important parameter is 

determined from the polarity of the level (bright or dark field) and the precision 

needed. In bright (dark) field masks the marks are made smaller (bigger) than the 

corresponding marks on the preceding level. The fourth type of marks (d) are put 

only on the pairs of adjacent levels (2 and 3, 3 and 4, etc.). As a result they are 

not distorted by the landscape created by all the earlier patterning and allow one 

to perform alignment more precisely. 

5.2.5. DIE Layout. Mask Plates 

Test device, RF HBT, DC HBT and calibration structure cells put together 

form a unit cell shown in Fig. 5.8. Then nine unit cells are combined to form 

a complete 18 x 18 mm level shown in Fig. 5.9 (the first level shown in this 

example). In addition to the HBT mask, a mask for fabrication of large area 
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a) 
t.....l__ __ IU=.9-..BTEU=ElI~____ ISO MESA 

b) c) d) 
dJ [':4
SJI? 

FIGURE 5.7. Alignment marks used in the mask layout. 

diodes was designed. Two levels of the mask were laid next to each other, as 

shown in Fig. 5.10, to form a cell of the size of the HBT DIE. 

Finally, eight mask levels (seven HBT levels and one large area diode level) 

were placed on two 2.5 x 2.5 inch plates leaving a 0.5 inch wide border all along 

the edges (see Fig. 5.11). The sets of both polarities were chrome-printed on the 

glass plates at HTA Photomask Inc. 

5.3. Processing Steps 

In this section individual processes used in the HBT fabrication sequence are 

discussed. The detailed recipes, recommendations for use and possible limitations 

are presented. 



165 

Emitter TLM (ETLM) Base TLM (BTLM) 

______~~~~______~~_L_________~~~Lh---~~~~----o 
lIBT#l HBT#3 HBT#S HBT#7 Icc,: CalibrationStrudures 

HBT #2 HBT #4 lIBT #6 HBT #8 1 ' 
1 

o : 
I 
1 
1 
1 

" 1 
1 
1 
1 
1 
1 • 

~_---------------~~ __----_________________):C:9Jll 
R 5 T V U W. x y : i~'L:'~::::""':: . 

1 
I 
1 
I.' 
1 
1 
1 
1 
1 
I. 

HBT#') HBT#l1 HBT#13 HBT#IS : 
lIBT #10 HBT #12 lIBT #14 HBT #16 1 

FIGURE 5.8. Mask layout of the entire unit cell for HBT fabrication. 

5.3.1. Cleaning 

One of the most commonly used cleaning procedures involves cleaning of the 

sample by Acetone, followed by a Methanol bath and Deionized water rinse. This 

sequence is usually called AMD clean and is used at all intermediate processing 
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unit cell 

'" " + " + " " " +E .. E .. " E ..
31 + fill 31 + fill 3iI + fill 
E~E IE CI"'t::!Illlt::JI!Om IE E "''''0'''''''''_ IE 

31 + + ~ ~ ::Il. 31 -& -& + + 31.. 31 + + + + 31 .. 

~ Dl0C!IllO,,"OEll E E o"ooosoo E 
 E O"'''''''DC!'''''' E 

FIGURE 5.9. Level #1 of the mask (includes nine unit cells). 
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FIGURE 5.10. Two layers of mask layout for diode fabrication. 
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PLATE #1 PLATE #2 

HBT HBT HBT HBT 
lavel3 level 4 lavel6 level 7 

HBT DiodesHBT 
level 2 level 1 levelS levels 1 &0 

FIGURE 5.11. Plates 1 and 2 with the eight levels of mask layout. 

steps in attempt to remove organic and inorganic contaminants. AMD is also 

employed to remove photoresist layers left after patterning steps. After the AMD 

clean samples are thoroughly blown-dry with a nitrogen gun. 

5.3.2. Photolithography 

Positive photoresist 1 is spin-coated onto AMD cleaned sample typically at 

4000 rpm for 40 seconds. The sample is then soft-baked for at least 10 minutes 

at about 85°C. This is followed by the pattern printing for which Canon FPA-120 

mask aligner is used. The exposed photoresist is then developed by soaking the 

sample in a developer solution2 for about 45 seconds. Finally, if the next processing 

lShipley Microposit 1818 

2Shipley Microposit MF-321 
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step is wet or RIE etch the sample is hard-baked for at least 10 minutes at about 

nODc. Long or "aggressive" etches may require prolonged hard-baking. 

5.3.3. Wet Etches 

There are several materials that may have to be etched in the fabrication 

sequence, these include InP, InP : InGaAs, InGaAs, Si02 , Au and Ti. Wet 

etching of InP is usually accomplished with hydrochloric acid solutions, e.g. HCl+ 

H20, that do not attack InGaAs. The etch rates, of course, depend on the HCl 

concentration, but are, in general, very high, e.g., around few thousand angstroms 

per minute for 5% solution. This however does not present a problem, since the 

etching is highly selective. 

A freshly prepared mixture of a citric acid solution and fresh hydrogen 

peroxide (Citric Acid: H20 2 = 1 : 1) (CAHO) is used to selectively etch InGaAs 

at the rates of about 1000 A/min [99]. The citric acid solution is prepared by 

mixing 30 9 of anhydrous citric acid with 100 ml of H20. 

The graded emitter layer - I nP : I nGaAs - can be readily removed by 

freshly mixed hydrochloric and phosphoric acids, HCl : H3P04 = 1 : 1. As 

H3P04 attacks (although very slowly) the underlying thin base setback and base 

layers, one has to be very careful in order to not to etch them away. Estimated 

etch rate for the InP: InGaAs graded layer is about 200 A/sec. 
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As one may note InP and I nGaAs are of noticeably different colors. While 

I nGaAs is a light grey-yellow material, I nP has a much darker appearance with 

a hint of violet color. Because of this color difference one can readily see what 

layer is reached, when performing mesa etches. Table 5.4 gives a summary of wet 

etching chemicals and etch times used to define the device mesas. 

Layer Material Etchant Duration (sec) 

Emitter Cap InP diluted HCl 7 

Emitter I nGaAs InGaAs "CAHO" 35-40 

Emitter InP InP HCl: H3P04 9 

Collector InGaAs "CAHO" 300 

Sub collector InP HCl: H3P04 10 

TABLE 5.4. Typical wet etch mixtures and etch times used to remove layers of 
HBT heterostructure (wafer 13420). 

Silicon dioxide used as a passivation layer can be removed by a soak in a 

buffered H F solution. The solution is prepared by dissolving 40 9 of ammonium 

fluoride in a mixture of 100 cc of H20 and 10 cc of H F. The etch rates, in general, 

depend strongly on the oxide quality. For the high quality thermally-grown oxides 

the solution is expected to etch at about 1000 A/min. The lower quality PECVD 

oxides are typically etched two times faster. 
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Metallization layers can be patterned by either lift-off or wet etch tech

niques. Gold is removed by a solution prepared by dissolving 10 g of iodine and 

20 g of potassium iodide in 100 ml of deionized water. Titanium layer is etched 

by a mixture of H 2 0: H 2 0 2 : H F = 20 : 1 : 1 at a rate of about 8800 A/min. 

The end point for the etches can be determined from the visual appearance of the 

samples - the colors change as the layers get etched away. 

In most cases wet etching seems to be a convenient, easy-to-use, and rel

atively reliable and reproducible method. However due to its isotropic nature it 

always produces significant mask undercutting and therefore can not be used for 

etching of the patterns with a small feature size (less than a few microns). Instead 

anisotropic dry etch techniques have to be employed. Reactive Ion Etch (RIE) 

one of the most popular methods used in the research applications and industry 

is very effective and can be used for selective etches of III-V compounds, metals, 

and all of the dielectrics used for the device passivation. In course of this work 

RIE was used for the etching of the contact windows in the passivation layers. 

5.3.4. Passivation Techniques 

It is very critical to minimize the sample exposure to the atmosphere. Small 

amounts of water vapor and other contaminants may result in large recombina

tion currents at the emitter-base periphery dramatically affecting the device per

formance. Therefore it is vitally important to complete all the steps as soon as 
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possible and then immediately passivate the surface with a film of dielectric. Apart 

from providing physical and chemical protection of the surface, this layer also iso

lates the device structure from the final metallization lines running from the device 

contacts to large probing/bonding pads. 

A number of passivation schemes was explored in the course of this work. 

Most of the devices were fabricated using polyimide passivation developed by 

Sarkar [100]. Also, cyclotene, silicon nitride, oxide, and oxynitride schemes were 

investigated as potential passivation materials to be used in the fabrication. 

It should be noted that the polyimide passivation procedure used in this 

work and briefly described herein differs slightly from the original one [100]. A 

sample after AMD cleaning is baked for 10 minutes and then spin-coated with 

polyimide at 7000 rpm for 40 sec. The sample is then baked in the several steps: at 

75°C for lO minutes, at 90°C for 10 minutes, at 120°C for 10 minutes, at 150°C for 

20 minutes, and, finally, at 220°C for 30 minutes. Then photolithography routine 

is carried out in a standard manner, except that after the pattern developing the 

photoresist is hard baked at llOoe for 25-30 minutes. Contact windows are etched 

by means of RIE, followed by AMD cleaning of the sample. 

Cyclotene passivation is analogous to the polyimide passivation sequence, 

The sample is cleaned, soft-baked and spin-coated with bcb at 6000 rpm for 40 sec. 

One step baking is performed in an oxygen free atmosphere at 300°C for 3 minutes. 
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Then photolithography, RIE and AMD clean are used to complete this processing 

phase. 

Plasma Enhanced Chemical Vapor Deposition (PECVD) process recipes 

were developed to deposit silicon nitride, oxide and oxynitride used as the passiva

tion layer in the HBT fabrication. Typical process parameters and deposited film 

characteristics (thickness, refraction index, maximum thickness variation across 

the sample) are shown in Table 5.5. The rest of the passivation process is similar 

to the polyimide passivation sequence. 

5.3.5. Reactive Ion Etching 

Reactive Ion Etching (RIE) is commonly used for etching of the small vias in 

the passivation films. The operating pressure, power density, duration, gas compo

sition and flow rates are the main variables in this process. The chamber pressure 

and power density are generally kept low to make the etch more anisotropic, de

creasing undercutting. Specific choice of values for the rest of the parameters is 

dictated by the chemistry of material being etched and etch rates desired. The 

detailed recipes for RIE etching of polyimide, cyclotene, silicon nitride and silicon 

dioxide are provided in Table 5.6. In each case, however, the etch time had to be 

adjusted as the passivation layer thickness and quality tend to vary slightly from 

one sample to another. It should also be noted that the protective photoresist 
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Process Parameter Si3N 4 Si02 Si Oxynitride 

Power (%) 14 14 14 

Pressure (mTorr) 700 700 700 

Temperature (DC) 350 300 350 

SiH4 flow (%) 15 17 22 

SiH4 flow (seem) 75 85 110 

N 20 flow (%) 10 3.7 

N 20 flow (seem) 10 3.7 

N2 flow (%) 50 5.3 

N2 flow (seem) 250 26.5 

Time (min) 30 30 30 

Thickness (A) 2450 2200 2950 

Variation (A) 50 140 70 

Refraction index 2.0 1.5 1.65 

TABLE 5.5. Typical PECVD process parameters used for deposition of silicon 
nitride, dioxide and oxynitride. 

layer may get damaged at the powers above 170 W; as a result the subsequent 

acetone soak fails to dissolve the photoresist. 

5.3.6. Metallization 

In the vast majority of depositions the lift-off technique was used to pat

tern the metal layer. First, the photolithography step is performed to expose the 

desired regions of the sample surface. The overhanging profile of the photoresist 
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Process Parameter Polyimide Cyclotene Si3 N4 Si02 

RF Power (W) 75 75 100 125 

Pressure(mTorr) 200 200 30 50 

02 flow (seem) 5 5 

CHF3 flow (seem) 1.3 4.0 

CF4 /02 flow (seem) 5.0 

Rate (A/min) 560 1400 330 420 

TABLE 5.6. RIE process parameters used for etching of polyimide, cyclotene, 
silicon nitride and silicon dioxide. 

is achieved by soaking the exposed sample in a chlorobenzene for 5 minutes. The 

sample is then scrupulously blow-dried with nitrogen and developed for 3 minutes. 

The chlorobenzene soak hardens the top layer of the photoresist reducing its de

velopment rate. This, in turn, causes the developer to undercut the photoresist 

structure leaving overhanging edge profiles shown in Fig. 5.12a. Developed sample 

is thoroughly rinsed in Dr water and subjected to a 5 second clean-etch in the 

I nGaAs etching solution. It is then rinsed again, blow-dried with a nitrogen gun 

and mounted on a glass slide. After the thermal deposition (Fig. 5.12b) the sample 

is soaked in acetone, which dissolves the photoresist, thus lifting off the overlaying 

metal layer. Regions, where metal was in contact with the sample's surface, remain 

unaffected by the acetone soak as shown in Fig. 5.12c. 
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a) 

acetone soak 

c) metal 
~Isubstrate 

FIGURE 5.12. Metal patterning by lift-off with chlorobenzene soak. 

Alternative to the lift-off process there is a more industry-standard metal

lization sequence. To begin, the sample is cleaned and the blanket metallization 

is carried out. On the next step the photolithography is used to pattern the sam

pIe (note that, in contrast to the lift-off technique, the bright field mask has to 

be used here) and then wet etch is performed to remove the metal film from the 

unprotected regions of the surface. 

VEECO thermal evaporation system typically operated in 10-6 Torr pres

sure range was used for all the depositions. Titanium, nickel, aluminum and palla

dium were evaporated from tungsten wire baskets, while molybdenium boats were 

used for gold. The deposition rate and film thickness was monitored via quartz 

crystal monitor through a Maxtek TM-IOO thickness meter. A number of metal

lization schemes was tested (see Section 6.3.3), however, only Ti - Au, Pd - Au 

and AuGe - Au films were used for the HBT fabrication. In the first system, which 
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initially was the only one used, thin (about 100 - 150 11) layer of titanium is used 

as an adhesion promoter for the subsequently deposited thick (typically 1200 11) 

film of gold. Somewhat difficult to control thermal evaporation of titanium leading 

to poor repeatability, its relatively high resistivity and radiation reliability prob

lems do not speak in favor of this scheme. The Pd - Au films consist of 700 11 

thick layer of palladium topped with 700 11 of gold. Although these films exhibit 

mediocre adhesion, they have considerably lower resistivity and do not show any 

signs of radiation degradation. Due to their poor adhesion Pd - Au layers often 

can not withstand thermal and mechanical stress introduced by CVD deposition 

of oxide or nitride passivation layers. Finally, AuGe - Au annealed system can be 

used to form low resistance, good adhesion, stable films on n-type semiconductor. 

This combination, however, can not be used when depositing emitter, base and 

collector contacts simultaneously, and therefore requires several additional steps in 

the fabrication sequence. Analogously to AuGe - Au, AuZn - Au can be used to 

form low resistivity annealed contacts on the p-type base. Unfortunately, alloying 

of the ohmic contact often results in a punch-through of the very thin base layer, 

hence it is highly desirable to employ non-alloyed metallization schemes for the 

base contacts. 
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5.4. Process Flow 


MOCVD-grown InP/InGaAs heterostructure wafer is cut into small 1 x 

1 cm2 samples. After thorough cleaning of tweezers, sample holder, glassware 

and processing area, the sample is subjected to a short ultrasonic bath in acetone 

followed by a standard AMD clean. Then the I nP emitter cap layer is removed by 

a 7 second etch3 in diluted hydrochloric acid (HCl : H 20 = 1 : I), the sample is 

thoroughly rinsed in DI water and blown-dry with a nitrogen gun. The standard 

photolithography procedure, using bright field mask #4, is carried out to pattern 

the sample for the base mesa etch. Layer of the photoresist covers the HBT emitter 

regions leaving the rest of the surface unprotected. The sample is wet etched by 

the I nGaAs etchant solution for 35 seconds to remove InGaAs emitter cap layer. 

The InP graded layer and the InP emitter are removed by the HCl : H3P04 

solution in about 7 seconds. The photoresist is then stripped by an AMD clean. 

Corresponding HBT cross section is shown in Fig. 5.13. 

In the next step the collector mesa regions are defined by means of pho

tolithography (bright field mask #2) and wet etch of the InGaAs base setback, 

base and collector layers in the I nGaAs etchant for about 5 minutes. The visual 

3All etch times given in this section are those for SHBT I3420. For other heterostruc
tures the etch times have to be adjusted 
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contact layer (7) 
graded layer (6) 

setback layer (4) 
emitter (5) 

base (3) 

collector (2) 
subcollector (1) 

FIGURE 5.13. Schematic of HBT cross section after the base mesa etch. 

appearance of the sample can easily be used for determining the end point for the 

etch. 

To complete the device profile the bright field mask #1 is used in the 

photolithography routine to protect the device mesa regions. Then, a short 10 

seconds etch in the I nP etchant solution is performed to remove the sub collector 

layer and reach the semi insulating substrate, thus isolating the HBT devices from 

each other. Fig. 5.14 shows the schematic cross section of the HBT structure after 

this step. 

contact layer (7) 
graded layer (6) ~ ~ 

emitter (5) -======f~--"-"-'-'0 ~:~~~~iayer (4) 

k 	 . collector (2):[ 

subcollector (1) it 
.l. 
l' 

FIGURE 5.14. Schematic of HBT cross section after the isolation mesa etch. 
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Metallization and lift-off process are carried out to form emitter and collec

tor annealed Ni/AuGe/Au contacts, and base Pd - Au non-alloyed contacts. The 

dark field mask #3 and #5 were used for printing the patterns. After the lift-off 

process and AMD clean (the cross section is shown Fig. 5.15) a thin passivation 

layer is deposited all over the sample. The dielectric is patterned (dark field mask 

#6) and contact vias are formed by RIE or wet etching. Next, the sample is AMD 

cleaned, patterned for the lift-off process (dark field mask #7) and final metal layer 

of Ti/PdfAu is deposited. Acetone soak to lift off the metallization, followed by 

another AMD clean, completes the device fabrication sequence. 

~ contact layer (1) graded I ayer (6)

emiHer(~~~~ ::~:~~v::r(4) 
~ f collector (2)f ~ 

~ subcollector (1) '(
Jt ...,.. ...... ..• lnP.;pe spl?~trat~· ; ,'> + 


FIGURE 5.15. Schematic of HBT cross section after the isolation mesa etch and 
deposition of the terminal contacts. 
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6. IRRADIATION EFFECTS 


Having introduced the radiation effects in semiconductor materials and de

veloped comprehensive HBT model we are now ready to proceed with the analysis 

of the HBT irradiation experimental results. This chapter offers sections dedicated 

to results, analysis and discussion of electron, neutron and gamma irradiation ef

fects. To understand and model behavior of an HBT as a whole, in each section 

the device damage is examined at different levels. First, the most basic compact 

model (see Section 4.3) is used to identify different terminal currents responsible 

for the detected changes in device output characteristics. Second, the compact 

model and/or analytical model are employed to further separate out the current 

components causing the changes in the terminal currents. Finally, the analytical 

model is used to link the degradation of the individual current components with 

the radiation effects observed in different layers of a device. The neutron irradia

tion results are used to perform the most detailed analysis of the radiation effects. 

All levels of the HBT device models in conjunction with the damage production 

calculations are employed to develop a complete picture of the device degradation. 

At the same time the main purpose of the results of electron and gamma irradia

tion experiments is to demonstrate that the devices follow the same degradation 
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pattern1 for all three types of radiation. The displacement damage introduced in 

beta and gamma irradiation experiments is too low to attempt quantitative anal

ysis of the degradation effects, but still sufficiently high to qualitatively identify 

the general deterioration trends. 

The chapter is organized in four sections - first three covering the electron, 

neutron and gamma irradiation experiments, and their analysis and discussion. 

The fourth section provides a brief summary of the results. 

6.1. Beta Irradiation 

In this section the results on electron irradiation effects in I nP/1nGaAs 

SHBTs are presented. Analysis of the material degradation is based on the radi

ation damage calculations discussed earlier in Chapter 3, while the device effects 

are analyzed using the different level transistor models introduced in Chapter 4. 

The section starts with presentation of the experimental results. Then the BC 

junction degradation is briefly discussed and the gain degradation mechanisms are 

analyzed. The current results are also compared to the studies on unpassivated de

vices. Finally, analysis of devices with different P / A ratios is performed to isolate 

1ignoring second order effects 
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surface effects from the bulk degradation. The section is concluded with a short 

summary of the results and conclusions. 

6.1.1. Experimental Details 

Using a non-self-aligned process sequence with selective wet chemical etch

ing techniques (see Chapter 5) a large number of devices (about 40) was fabricated 

on the 13420 transistor structure. After the device mesas were defined, the struc

ture was passivated with polyimide followed by opening of contact windows, and 

deposition of Ti/Au (120/2000) metal contacts and probing pads. 

Electron irradiation of the devices was performed at the OSU Radiation 

Center using already described 90 Sr j 90y 100 mCi beta-radiation source. The 

wafer was placed directly under the source in close proximity of about 2 mm (see 

Fig. 3.7). The device terminals were left in a floating condition at ambient temper

ature during irradiation. We believe that the biasing condition during irradiation 

is not a serious issue in the present experiments since the ionizing damage does 

not playa significant role in the performance degradation of these devices (HBTs). 

The electrical characterization of the devices (see Section 4.2) was performed using 

an HP 4145B parameter analyzer before irradiation and after various intermediate 

doses. Typically, the devices were characterized within a few hours after the irra

diation. Some annealing of the defects during this time interval can not be ruled 

out. However, it is believed that the devices have reached a stable condition before 
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the characterization started since the measurement results were reproducible even 

after a day. 

Exposure durations used in the study and the corresponding calculated 

cumulative electron fluences, ionizing doses, displacement doses, and number of 

radiation-induced displacements are listed in Table 3.4. 

6.1.2. Experimental Results and Discussion 

The common emitter I - V (Ie - VeE) characteristics of a typical device of 

emitter area 750 11m2 (PIA = 0.173 11m-I) at different base currents (IB) prior to 

irradiation are shown in Fig. 6.1. The Ie - VeE characteristics of the same device 

after electron irradiation to a cumulative fluence of 2.7 x 1016 elcm2 are shown 

in Fig. 6.2. The Ie - VeE characteristics of the same device at a base current of 

50 rnA after various intermediate electron fluences are shown in Fig. 6.3. The most 

significant effect of electron irradiation observed in Figs. 6.1 and 6.3 is a change in 

the slope of the Ie - VeE characteristics of the device in the saturation regime after 

electron irradiation. The maximum collector current for a given IB is found to be 

unaffected for electron fluences less than 2.4 x 1015 elcm2 . For higher electron 

fluences, the collector current begins to decrease. However, the maximum decrease 

of the collector current in the active regime after the highest cumulative fluence 

of 2.7 x 1016 elcm2 was found to be only 9 percent. The output conductance of 

the passivated devices is seen to be completely unaffected even after the highest 
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electron dose. Finally, a slight increase of VCE,off is observed; its discussion will 

however be postponed till Section 6.2. 
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VCE (V) 

FIGURE 6.1. The common emitter I - V (Ic - VCE) characteristics of an 
InPlInGaAs SHBT at different base currents (IE) prior to irradiation. Emit
ter area of 750 J-lm2 . 

The degradation of the transistor's DC current gain (13 = Ici IE) with 

electron dose is found to obey the Messenger-Spratt relationship of the form [45] 

as shown in Fig. 6.4. From the slope of the best fit line the gain degradation 

coefficient K fJ is found to be about 3.7 x 10-20 cm2I e. 
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Total fluence of 2.68x1016 e-/cm 2 
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FIGURE 6.2. The common emitter I -- V (Ie - VeE) characteristics of the same 
device (as in Fig. 6.1) at different base currents (IB) after electron irradiation. 

The Gummel plots of Ie and IB as functions of VBE for different electron 

fluences are shown in Fig. 6.5. The collector current shows a constant leakage 

current (IeL 10-7 A) for VBE < 0.6 V. At intermediate values of VEE (0.6 <I"V 

VEE < 0.9) the collector current is unaffected for all the electron doses. The 

collector current saturates at high values of VEE. We believe that this saturation 

is caused by the collector series resistance. The maximum collector current, as well 

as the value of VEE at which the collector current reaches a maximum, decreases 

with electron fluence implying an increase in the collector series resistance with 

the dose. 
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FIGURE 6.3. The common emitter I - V (Ic - VCE) characteristics of the same 
device (as in Fig. 6.1) at base current of 50 ,uA for various intermediate doses. 

The base current, on the other hand, shows a sharp increase in the high VBE 

regime. We believe that this behavior is caused by the collector series resistance as 

shown by Liou et at. [101] and Sotoodeh et at. [102]. The Gummel measurements 

are normally done with a zero voltage applied across the base and collector probes 

(i.e. VCB = 0). The collector current causes a voltage drop across the collector 

series resistance, which in turn forward biases the internal base-collector junction 

and gives rise to additional base current. The voltage drop across the series resistor 

becomes significant as Ic increases giving rise to a sharp increase in IB in the high 

VBE regime. This model is also independently verified by Gummel measurements 
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FIGURE 6.4. DC current gain as a function of electron fluence. 

at VeE = 2.5V. At this value of VeE the base-collector junction remains reverse 

biased even at the highest value of VEE eliminating the sharp increase in IE as 

shown in Fig. 6.5 for the highest dose. It is also significant to note that the sharp 

increase in IE (with VeE = 0) occurs at progressively lower values of VEE with 

increasing electron dose. Once again this behavior is consistent with a gradual 

increase in the collector series resistance with increasing electron irradiation dose. 

In the low VEE regime (VEE < 1.0 V), the base current decreases slightly for 

small doses (up to 2.44 X 1015 e/cm2 ) and then begins to increase for larger doses. 

The DC common emitter current gain j3 as a function of the collector current is 

shown in Fig. 6.6 for various electron doses. At low collector currents (Ie < 1 mA), 
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FIGURE 6.5" Gummel plots of Ie and IB for various intermediate doses. 

the current gain increases slightly for low doses (r/Je < 2.44 x 1015 e/cm2 
) and then 

begins to decrease for the higher doses. This behavior correlates with the decrease 

of IB for low doses followed by an increase at higher doses shown in Fig. 6.5. A 

similar decrease in IB for small doses of gamma irradiation of InAlAs/I nGaAs 

HBTs has been reported [4J. 

It is also seen from Fig. 6.6 that the gain increases with collector current, 

reaches a maximum at some value of Ie and then begins to decrease for higher Ie. 
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The decrease in gain at higher Ie is also due to the collector series resistance. The 

value of Ie at which the gain reaches a maximum decreases with the increase in 

electron dose confirming an increase in the collector series resistance with electron 

irradiation. 

\ 
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FIGURE 6.6. Collector current gain of DC current gain for different intermediate 
doses. The measurements are performed at VeE = 1.5. 

In order to check independently the hypothesis of the increase in the col

lector series resistance with increasing electron dose, we also performed I - V 

measurements of base-emitter and base-collector junctions of the HBTs. While 

the BE diodes showed no evidence of increase in series resistance, the Be diodes 
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showed a gradually increasing series resistance with increasing electron fluence as 

shown in Fig. 6.7. The ideality factor for the BC diode (nBC) showed an increase 

from 1.27 prior to irradiation to 1.82 after the highest dose. This increase in the 

ideality factor is easily explained by the increase in the generation-recombination 

current (which has an ideality factor of 2.0) caused by the radiation induced defects 

in the collector depletion region. 

-unexposed 

--<>-2.44x10
15 ekm2 

----4-1.55x1016 ekm2 

_2.68x1016 ekm2 

0.5 1.0 1.5 

Vsc (V) 

FIGURE 6.7. Semilog plot of BC diode current-voltage characteristics for different 
intermediate doses. 
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6.1.2.1. Analysis of BC Diode Saturation Current 

In the first approximation the current through the Be homojunction diode 

may be written as a sum of diffusion, IBc,di//, and generation-recombination, 

IBC,G-R, currents 

sat ~ Isat qVBG
I BC = I BC,diffe kT + BC,G-Re 2kT (6.1) 

where IB~,diff and IBa;;,G-R are the saturation currents. The ideality factors (nBC) 

already discussed in this section were simply determined from the average slope 

of the experimental data of In (IBC) vs. VBC . A more careful analysis by fitting 

these data to Eq. 6.1 yields the values of IBa/;,diff and IBa/;,G_R and these results 

are summarized in Table 6.1. As noted earlier, I BCG- R arises from the radiation, 

induced defects in the Be junction depletion region. IBa;;,G-R may be written as 

(6.2) 


where AJ is the junction area, WBC is the width of the Be junction depletion 

region, (J is the capture cross-section of the traps, Nd is the trap concentration, 

Vth is thermal velocity of the carriers and ni is intrinsic carrier concentration in 

InGaAs. Since the doping concentration in the base (rv 1019 cm-3 
) is much larger 

1015than that of the collector (f'V cm-3 ), the Be junction depletion region is 

predominantly in the collector. Using Eq. 3.27 to relate Nd to the electron fiuence 

<Pel Eq. 6.2 gives a linear relation between IB~ G-R and ¢Ye' This is indeed found , 

to be the case as shown in Fig. 6.8. From the previously determined value of the 
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damage production rate aT, the slope of the best fit line in Fig. 6.8 gives the value 

of the cross-section of the trap to be 0.4 x 10-15 cm2 
, which is indeed in the right 

range of capture cross-sections reported for defects in many semiconductors. 
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FIGURE 6.8. Be diode generation-recombination saturation current as a function 
of electron fiuence. 

6.1.2.2. Gummel Plots and Gain Degradation Mechanisms 

The collector current ideality factor determined from the Gummel plot in 

Fig. 6.5 is found to be 1.2. A collector current ideality factor greater than 1.0 

is not uncommon for abrupt heterojunctions. It arises from the conduction band 
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Dose <1>tot (e- / cm2 
) nBC IJJ~ (A) IJJ~,diff (A) IB~G-R (A), 

0 1.27 1.6 x 10-10 8.3 X 10-12 1.7 X 10-9 

1 8.14 X 1014 1.30 2.4 x 10-10 1.0 X 10-11 2.3 X 10-9 

2 2.44 X 1015 1.35 4.7 x 10-10 1.3 X 10-11 3.9 X 10-9 

3 5.70 X 1015 1.50 2.1 x 10-10 1.7 X 1O-11 9.1 X 10-9 

4 8.96 X 1015 1.52 2.8 x 10-9 1.9 X 10-11 1.1 X 10-8 

5 1.55 X 1016 1.58 5.0 x 10-9 2.1 X 10-11 1.6 X 10-8 

6 2.68 X 1016 1.82 1.7 x 10-8 1.1 X 10-11 2.7 X 10-8 

TABLE 6.1. Base-collector ideality factor, nBC, base-collector diode saturation 
current, IJJ~ at VBC = 0.29 V (determined by fitting the inverse Gummel plots), 

notch and the division of applied voltage between the emitter and the base regions 

[15]. The base current ideality factor is found to be 1.8 and is nearly the same 

for all the electron doses. Recall that the base recombination current in an HBT 

consists of three components. 

1. 	 The recombination current in the bulk and the surface (perimeter) of the 

emitter base junction space charge region (SCR) with an ideality factor rv 2.0. 

2. 	 The recombination current in the bulk quasi-neutral base region with an 

ideality factor 1.0.rv 
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3. 	 The surface recombination current at the extrinsic base region with an ide

ality factor'" 1.0. 

Depending upon the relative contribution from these three components of the base 

current, the net ideality factor for the base current may be anywhere between 1.0 

and 2.0. 

The slight increase of gain observed at low base currents for small elec

tron doses followed by a decrease of gain at the higher doses (see Fig. 6.6) may 

be explained by the following argument. Generally, the emitter-base junction re

gion recombination (bulk + surface) component tends to be dominant at low base 

currents. It is well known that the surface recombination at the heterojunction 

region is strongly influenced by the surface Fermi level [103]. The results of two

dimensional simulation by Tiwari et al. [103) show that the ability of electrons from 

the emitter to enter a surface channel created by Fermi level pinning at the surface 

governs the magnitude of surface recombination. We believe that the decrease of 

base current (and the associated increase in current gain) at smaller doses is re

lated to the charge build up in the polyimide layer due to the ionization damage. 

Even though a part of this charge may be discharged during the handling of the 

device after irradiation, a part of the charge may be trapped near the polyimide

semiconductor interface. This in turn increases the barrier for the bulk electrons 

to enter the surface channel and decreases the base current. This hypothesis is 

supported by the results of our test experiments on Si MIS capacitors using the 
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polyimide as the insulating layer that shows a shift of the C - V curves after elec

tron irradiation suggesting the trapping of negative charges in the polyimide layer. 

For higher electron doses, this effect saturates and the increased recombination 

due to the radiation-induced defects in the bulk and the periphery of the depletion 

region causes the base current to increase again. 

As the collector current is increased, it is seen from Fig. 6.6 that the gain 

curves for the different electron doses tend to merge together indicating that the 

gain degradation is small at higher base currents. It is well known that the quasi

neutral base region recombination begins to dominate at the higher base currents. 

The smaller gain reduction at higher base currents indicates that the quasi-neutral 

region recombination is not significantly affected by electron irradiation. The quasi

neutral bulk recombination predominantly takes place via radiative recombination 

and Auger recombination [78J. The radiative recombination rate is proportional 

to the product (pn) of the hole and electron concentration in the base. The Auger 

2recombination rate goes as pn or np2. Since the base region of an HBT is typically 

very heavily doped (rv 1019 em-3) the radiation induced defects do not significantly 

affect the carrier concentrations in the base. Hence the base current arising from 

these mechanisms is also not affected by electron irradiation. 

As the collector current is further increased, the gain begins to decrease 

due to the collector series resistance. Using an Ebers-Moll model described in 

Section 4.3, we fitted the Gummel plots in Fig. 6.5 to extract the values of the 
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series resistances associated with the emitter (RE ), the base (RB ) and the collector 

(Rc). The extracted values of RE , RB , and Rc were found to be 21, 50 and 52 

ohms, respectively, before irradiation, and 31, 81, and 380 after the highest dose 

of electron irradiation. 

6.1.2.3. Comparison with Unpassivated Devices 

In contrast with the studies on unpassivated I nP/1nGaAs SHBTs and 

DHBTs [6, 7], our study shows much less degradation of the polyimide-passivated 

devices. The degradation effects in the unpassivated devices include a larger gain 

reduction, increase in the output conductance and an increase in VCE,sat due to 

an increase in series resistance. As is evident from the Gummel measurements, 

the decrease of current gain is caused by an increase in the base current. The 

difference in the base currents between the passivated and unpassivated devices 

can only arise from the BE junction surface (perimeter) recombination and the 

extrinsic-base surface recombination. The recombination in the bulk depletion 

region (under the emitter contact) and in the intrinsic quasi-neutral base region 

are expected to be identical in both the cases. The increased radiation hardness of 

the passivated devices is not due to the 'radiation shield' provided by the polyimide 

layer since the energy loss of electrons in the polyimide layer is very small (less than 

0.02 MeV) and hence the total ionizing dose rate (dD/dt) in the active volume of 

the device is nearly the same for both the passivated and the unpassivated samples. 
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We attribute the larger degradation of the unpassivated devices to the presence 

of the free surface. We believe that the free surface of a semiconductor is more 

susceptible to radiation damage than a passivated surface is due to the presence 

of a large number of dangling bonds at the free surface. The earlier studies by 

Subramanian et al. [104] on the mobility degradation of unpassivated modulation-

doped heterostructures also show evidence of the susceptibility of a free surface to 

more radiation damage. 
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FIGURE 6.9. Energy of incident electrons, E, and TIDR for electrons as they pass 
through layers of SHBT. 

The increase in the output conductance of the unpassivated devices after 

irradiation was argued to be caused by the avalanche multiplication in the collector 
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depletion region due to a reduction ofBC junction breakdown voltage [6, 7]. On the 

other hand, the passivated devices studied in this work did not show any increase 

in the output conductance even after the highest electron dose. This difference in 

behavior between the passivated and the unpassivated devices is again believed to 

be due to the breakdown of the BC junction of the unpassivated devices at the 

edges rather than in the bulk since the bulk damage in both types of devices is 

expected to be same. 

The increase in VCE,sat has been observed in both the unpassivated and 

the passivated devices. However, this increase in the unpassivated devices in our 

earlier work [6, 7] was found to be related to an increase in the emitter series 

resistance whereas it is found to be related to an increase in the collector series 

resistance in this work. It should be also pointed out that the magnitude of the 

increase in VCE,sat is not uniform for all the devices studied. While some devices 

show a larger increase other devices show a much smaller increase. The results 

shown in Figs. 6.2 and 6.3 are typical. This non-uniform degradation of VCE,sat 

suggests that the increase in series resistance might be related to the degradation 

of the contact resistance rather than the bulk resistance. The variability of the 

surface conditions on the wafer just before the metal deposition may be responsible 

for the non-uniform degradation of contacts on different devices. Further work is 

necessary to understand and eliminate this degradation behavior. 
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6.1.2.4· PIA Ratio Dependence of Gain Degradation 

The gain degradation in the active region of the Ic - VCE characteristics 

(similar to those shown in Fig. 6.1) of devices with different size emitters were 

found to be nearly the same and did not show any correlation with the P / A ratio 

of the devices. However, this comparison is not quite meaningful since the current 

densities of the different emitter size devices in the active region are different for 

the same value of lB. The gain degradation at a given collector current density for 

a wide range of P / A ratio devices could not be compared due to the parasitic series 

resistance effects on the gain at high collector currents. The P / A ratio dependence 

of the gain degradation for devices within a limited range of P / A shows that the 

normalized gain degradation is smaller for the larger P / A devices. This result 

is explained as follows. As argued earlier in this Section, the radiation-induced 

damage at the emitter periphery is small for the passivated devices. Thus one 

may assume that the base current arising from the surface recombination at the 

BE junction periphery is not affected by irradiation. Since this component of the 

current is more dominant in the larger P / A devices, the overall gain degradation is 

smaller. A similar behavior has been observed for the neutron irradiation effects in 

AIGaAs/GaAs HBTs [3] and for the electron irradiation effects in AIGaAs/GaAs 

HBTs [100]. 
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FIGURE 6.10. Be diode generation-recombination saturation current as a function 
of electron fluence. 

6.1.2.5. Degradation Variation 

To conclude the analysis of the beta-induced degradation of I nP/1nGaAs 

HBTs we briefly present some information on the variation of the parameters 

between different devices. Un irradiated transistors exhibited gain in the range 

from 51 to 70 (see Fig. 6.11) with the mean of 60 and standard deviation of 6. 

After irradiation some of the devices showed lower gains in the range of 80% 

100% of (30- The distribution of the gain for different devices is shown in Fig. 6.12 

for the highest dose used. A few devices showed either little improvement or no 
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degradation at all, while majority of the devices have gains of 80-90% of their 

initial values. 

mean = 60 

std. deviation = 6 
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FIGURE 6.11. Initial DC gain distribution for entire device "population". 

Initial VCE,sat'S, which are determined by the series resistance effects, fall 

into the range of 0.95 - 1.05 V. For most of the devices VCE,sat degrades very 

quickly. Some devices, however, show relatively little change of this parameter. 

No correlation is observed between the initial and final values of the saturation 

voltage. Final distribution of VCE,sat is shown in Fig. 6.13 for the devices after the 

highest dose. The voltages vary in the range of 1 - 3 V. The exact cause of such 
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FIGURE 6.12. Distribution of radiation-induced changes in DC gain parameter 
for entire device "population" after the highest dose. 

a wide VCE,sat distribution is not currently understood, but is most likely related 

to the sample surface conditions immediately before the contact deposition. 

6.1.3. Conclusions 

Total dose electron irradiation effects on polyimide passivated I nP/ I nGaAs 

single heterojunction bipolar transistors were investigated. The devices show 

excellent radiation performance. After a cumulative dose of 2.7 x 1016e/cm2 

(rv 620 M radlnGaAs) , the devices showed a typical decrease of only 9 percent in the 

collector current in the active regime and no change in the output conductance. 
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FIGURE 6.13. Distribution of radiation-induced changes in VCE,sat for entire device 
"population" after the highest dose. 

For low base currents, the devices show an increase in the current gain for smaller 

doses (2.5 x 1015e/cm2 
) followed by a decrease at the higher doses. A plausible 

explanation of this behavior based on the effect of the ionization damage in the 

polyimide layer at the periphery of the BE junction is discussed. The slope of 

the common emitter I - V characteristics in the saturation regime decreases after 

electron irradiation causing an increase in the VCE,sat. We believe this increase is 

caused by an increase in the collector series resistance. The increase in the collector 

series resistance is also shown to be responsible for a decrease of the current gain 

at high base currents. Finally, smaller emitter size (larger perimeter/area) devices 
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show less degradation than the larger emitter devices. This is explained by the 

smaller radiation damage at the junction periphery of the passivated devices. 

6.2. Neutron Irradiation 

This section presents the results and analysis of the neutron irradiation 

of I nP/1nGaAs SHBTs. The discussion is organized similarly to the previous 

section, however much more attention is paid to description of the radiation effects 

by means of the analytical model. The main purpose of this section is to show, on 

the example of neutron irradiation, how the radiation effects can be modeled and 

therefore device response to any given radiation environment can be theoretically 

estimated. 

First, the section presents the experimental results of the irradiation exper

iments. Then the attention is turned to analysis of the gain degradation mecha

nisms. Functional dependence of the gain degradation coefficient on the collector 

current density is carefully analyzed and theoretical expression is developed. Then 

degradation of the base-collector junction is considered to explain the observed 

increase in the collector-emitter turn-on voltage. Moreover, theoretical expres

sion is derived to link the VCE,ojj shift to the changes in the individual current 

components. The section is concluded with a short summary of the results. 
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6.2.1. Experimental Details 

In contrast to electron and gamma irradiation studies all the neutron irra

diation experiments followed slightly different scheme, i.e.: 

1. 	 A large wafer (large enough to fit at least four unit cells of the mask) was 

used to fabricate devices. 

2. 	 Upon the completion of the fabrication sequence the wafer was cut into four 

pieces containing identical devices. 

3. 	 The devices on each wafer fragment were characterized. 

4. 	 Each wafer fragment was encapsulated into a cadmium box and the boxes 

were positioned into the RSR of the OSU TRIGA "Marc II" 1 MW reactor 

operated at 100 kW and irradiated separately for individual doses of 7, 20, 

60 and 180 minutes. 

5. 	 After irradiation all samples were left to "cool down" (typically one or two 

weeks), until their radioactivity had reached the acceptable safety limits. 

6. 	 All the devices on each wafer fragment were characterized again. 

7. 	 Similar devices from the different wafer fragments were compared to study 

the device degradation as a function of neutron fiuence. 
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The calculated total neutron fiuence (excluding thermal neutrons) and cor

responding 1 MeV equivalent fiuence for all individual irradiation times are listed 

in Table 3.8. 

All SHBT devices used in the neutron irradiation experiments were fabri

cated from the wafer 13257 following the procedures described in Chapter 5. 

6.2.2. Radiation-Induced Device Degradation 

Fig. 6.142 shows the common emitter Ic - VCE characteristics of device 

ID:BAxM measured at base currents of 0, 10, 20, 30, 40, 50 and 60 J.1,A before 

irradiation and after exposure to 2.0 x 1014 n/cm2 (1 MeV(InGaAs)). Ic - VCE 

characteristics of the same device at a base current of 40 J.1,A for different in

termediate neutron fiuences are shown in Fig. 6.15. There are two pronounced 

degradation effects: (1) reduction of the collector current levels, implying signifi

cant degradation of the common-emitter current gain, and (2) shift of the device 

turn-on voltage (VCE,off) towards higher values. The subsequent sections are to 

identify and analyze possible physical mechanisms responsible for the observed 

degradation effects. 

2in this and the subsequent figures in this section the units for the neutron fluences are 
omitted in the plot legends to avoid crowding. Unless otherwise specified, the reader 
should assume units of n/cm2 (1 MeV{InGaAs)) for the neutron fluence. 
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1014 n/cm2 (1 MeV(InGaAs)) irradiation for device ID:BAxM. 

6.2.2.1. Gain Degradation Mechanisms 

Degradation of the DC current gain is demonstrated in Fig. 6.16, where !3 

is shown as a function of the collector current density for different intermediate 

doses. Before irradiation the gain is practically constant throughout the whole 

range of collector current. At very high collector currents the gain drops down 

quickly due to the series resistance effects (see Section 4.3.2). After irradiation 

the gain decreases dramatically showing collector current dependent degradation 
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FIGURE 6.15. The common emitter Je - VeE characteristics of the same device 
(as in Fig. 6.14) at base current of 40 pA for different intermediate doses. 

- the reduction in gain is noticeably higher at low collector currents. In general, 

the gain degradation should obey the Messenger-Spratt relation 

1/{3 = 1/{30 + K(3i'f>n 	 (6.3) 

Since the gain degrades differently depending on the value of the collector current, 

or biasing conditions, the K(3 should also be a function of Je or V BE . Fig. 6.17 

shows inverse current gain plotted as a function of the neutron fiuence measured 

at BE biases of 0.65 and 0.95 V. As expected, under both biasing conditions 1/{3 
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shows linear dependence on the fluence. K(3 is extracted from the slope of the 

lines. As expected, the gain degradation coefficient K(3 is significantly higher at 

the lower bias. The gain degradation coefficient extracted for different values of the 

collector current is shown in Fig. 6.18. Starting at very high values K(3 decreases 

very quickly as Jc is increased to few hundred A/cm2 . At higher collector currents 

K(3 softly saturates at about 2 x 10-17 cm2/n. An important conclusion can be 

made here - to reduce radiation tolerance of HBT device/circuit HBTs should be 

operated at high current levels, where (1) the gain degradation is minimized and 

(2) the degradation is practically uniform and relatively independent of the biasing 

conditions. 

Before analyzing the K(3 - Jc dependence we first turn our attention to the 

forward Gummel plots of the base and collector currents shown in Fig. 6.19 in or

der to understand the physical origin of the observed gain degradation better. The 

collector current has a significant leakage component in the low VEE range in the 

unirradiated device. The origin of this leakage current is not presently understood. 

However this leakage current decreases significantly after neutron irradiation. In 

the intermediate VEE range, the collector current is found to be practically unaf

fected by neutron irradiation. The saturation of the collector current in the high 

VEE range is caused by the emitter series resistance and a slight saturation of elec

tron injection (see Fig. 4.18) from the emitter. The collector saturation current 

Js , ideality factor np and emitter series resistance RE were extracted from the 
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FIGURE 6.16. DC current gain as a function of the collector current density for 
different intermediate doses. 

Je - VEE characteristics for different doses by using simple SPICE equation 

(6.4) 

with Vim = VEE - feRE. The results are shown in Table 6.2. It is observed 

that the saturation current (~ 2 X 10-7 A/cm2 ) and the ideality factor (~ 1.3) 

for the collector current are relatively unaffected by neutron irradiation. The 

insensitivity of the values of nF and Js to neutron irradiation shows that the 

current injection mechanism (thermionic emission) at the BE heterojunction is 
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FIGURE 6.17. Inverse DC current gain as a function of neutron fluence for VBE = 
0.65 V and VBE = 0.95 V. 

not affected by radiation. The normalized emitter series resistance is found to 

increase from 1.0 to 1.8 after the highest dose used. 

The base current, on the other hand, increases steadily with the neutron 

fluence (see Fig. 6.19). Since the collector current remains constant after radiation, 

it is the increase in the base current that leads to the degradation of the current 

gain with the increasing neutron dose. To gain further understanding of the gain 

degradation mechanisms we analyze the different components of the base current 
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FIGURE 6.18. DC current gain degradation coefficient as a function of collector 
current. 

separately. Recall that JB for an HBT in the active mode can be written as 

(6.5) 

First consider the surface recombination base current Jsr ' As shown in Fig. 6.20 

the surface recombination component of JB has some noticeable contribution in de

vices before irradiation. Fig. 6.21 shows the normalized gain reduction for devices 

of different sizes (different P/ A ratio). It is observed that the gain degradation 

depends on the size of devices and is somewhat lower for the smaller devices. As 
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FIGURE 6.19. Gummel plots of Jc and JB for various intermediate doses. 

demonstrated in Fig. 6.20 after irradiation the gain of different size devices be

comes independent of PIA. This suggests that the gain reduction or, in other 

words, the increase in the base current is dominated by the degradation of the 

bulk properties of devices. Therefore, the surface component of the base current 

can be ignored in further analysis of radiation-induced effects. 

To analyze behavior of the two remaining components of the base current 

we now invoke Gummel-Poon model (see Section 4.5). Strictly speaking this ap

proach may not necessarily yield physically reliable representation of the observed 



-~- ----------

214 

\Iieq,InGaAs JSO JS nFO nF REO RE 

(n/cm- 2
) (x10-7A/cm2

) (x10-7A/cm2
) (0) (0) 

10132.3 X 1.8 0.6 1.3 1.3 14 16 

6.7x1013 1.2 0.4 1.3 1.4 24 28 

2.0 x 1014 1.6 0.7 1.4 1.3 18 24 

6.0 x 1014 3.4 3.5 1.4 1.4 18 33 

TABLE 6.2. Saturation current and ideality factor for the collector current, and 
emitter series resistance extracted from forward Gummel plots of the collector 
current for different neutron fluences. 

degradation. However, it can be very useful as a first step in an attempt to un

derstand the radiation effects. Additionally, an investigation of applicability of a 

commercially available model for describing the radiation-induced degradation is 

always a very important step. 

According to the Gummel-Poon model at low and moderate biases the base 

current can be fitted with 

(6.6) 


(6.7) 

The extracted results are listed in Table 6.3. For the unirradiated device the base 

current is contributed by Jbr entirely. After the lowest dose the recombination in 



215 

~o =(- 240 ± 40) PIA + (230 ± 8) 

/ •200 

• .... • 
150 

en: 

• before irradiation cr:f 100 ... after irradiation 

50 

• 
0 

0.12 0.15 0.18 0.21 0.24 0.27 

PIA (Ilm-1) 
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Jc = 250 AIcm2 as a function of perimeter-to-area ratio for different devices. 

BE SCR comes into play and Jscr starts to contribute. As explained in Section 4.5 

f3 used to fit Jbr does not represent the actual current gain of the device anymore. 

For the second and higher doses the base current is dominated by Jscr while Jbr is 

neglected. C2 , which essentially represents changes in the SCR saturation current, 

increases steadily with the neutron fluence. nEL also shows the same tendency 

rising from initial values of about 2 to a final value of 2.6 after the highest dose. If 

C2 and nEL are plotted as a function of the neutron fluence nonlinear correlation 

with <Pn is observed. The SCR current calculated at a fixed VEE (Jscr listed in 
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Table 6.3) by using the extracted values of C2 and nEL, however, increases linearly 

with the neutron doses. 

In conclusion, the base current at low doses can be described as a sum of 

neutral bulk and SCR recombination components. The GP model can be used 

to fit the data at low and moderate biases only. At higher doses Jscr becomes 

dominant as its saturation current and ideality factor rise. The model accurately 

describes the experimental data over the whole bias range. Values of nEL in excess 

of 2.0 suggest that Jscr may be induced by effects other than SRH recombination. 
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Although, in general, the ideality factor nEL for SCR recombination is close 

to 2 for recombination involving a single mid-gap level defect, strictly speaking it 

is theoretically possible to obtain ideality factors greater than 2 for recombina

tion involving defects with a distribution of energy levels in the band gap. In 

order to arrive at more conclusive results regarding the origin of Jscr with high 

ideality factors we first investigate the behavior of the SRH current (J!c~H) using 

the analytical model developed in Section 4.4.3. In this model the electron and 

hole lifetimes can be estimated by fitting the model's J!c~H to experimentally de

termined Jscr . From the value of JB at VBE = 0.6 V, for a single midgap trap 

level the lifetimes, Tn and Tp , after the first dose are found to be 2.3 and 4.5 ns. 

Since carrier lifetime is directly proportional to the neutron fiuence (see Eq. 2.14) 

Tn and Tp for the second, third and fourth dose should simply scale with neutron 

fiuence. Calculated electron and hole lifetimes and corresponding J!c~H are shown 

in Table 6.3. Using the calculated defect introduction rate a~nGaAs ~ 127 cm-1 

the capture cross section for the generation-recombination levels is found to be 

CJBE ~ 1.1 X 10-14 cm2 . Although at VBE = 0.6 V there is a good agreement 

between the model and experimentally observed Jscr the accuracy of this approach 

varies drastically as a function of the BE bias. In general the lifetimes needed to 

fit the experimental data with the SCR SRH model vary depending on the BE bias 

and the neutron dose. We must conclude that the SCR SRH with a single trap 

level recombination model is incapable of reproducing the experimentally mea
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sured base currents. SCR SRH mechanism also can not explain excess currents 

with ideality factors greater than 2.0 observed at the low biases. 

Before continuing with the further discussion we should note that in a gen

eral case, when a large number of different traps is present, the recombination 

current should be calculated through Eq. 4.73. Instead of T'S it is more meaning

ful then to use (avthNt)-1 for each defect level. Still, the so-called "equivalent" 

carrier lifetime can often be used in calculations to represent all different recombi

nation centers by a single energy level producing the same recombination current. 

<Pn j3 C2 nEL Jscr,exp(0.6 V) Tn Tp Jfc~!lc(0.6 V) 

(cm- 2 ) (X 10-2AIcm2 ) (ns) (ns) (xIO- 2Alcm2 ) 

210 tin tin 0 tin tin tin 

2.3 x 1013 227 7 2.0 4.4 2.3 4.5 5.4 

6.7x1013 tin 76 2.2 17 0.8 1.5 17 

2.0 x 1014 tin 473 2.4 44 0.27 0.5 41 

6.0 x 1014 tin 3331 2.6 148 0.08 0.17 134 

TABLE 6.3. GP and analytical model parameters used to fit base current at dif
ferent intermediate doses. ("tin" - term neglected) 
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To model the excess base currents observed at the low BE biases we invoke 

tunnel-assisted trapping mechanism presented earlier (Section 4.4.4). First con

sider current-voltage curves of the large-area BE diodes (see Fig. 6.22), where the 

measured characteristics are not affected by the adjacent Be junction unlike in the 

forward Gummel plots. At low biases (VBE < 0.4 V) the current quickly increases 

with the dose. Fitting the currents with Js exp qVBE/nkT (results are shown in 

Table 6.4) we observe that only the magnitude of the saturation current increases, 

while the slope remains constant. With each dose, except the first one, the sat

uration current increases varies linearly with neutron fluence. The discrepancy 

observed for the first dose J - V curve can be attributed to the difference in the 

preirradiated values of JB between the different samples used for different doses as 

shown by solid black lines in Fig. 6.22. This behavior of the J - V characteristics 

suggests the following functional dependence of the current 

(6.8) 

where Bo and Bl are constants, and Nt is number of defects introduced by neutron 

irradiation Nt = aT<I>n· 

In the presence of a large number of defect levels in the forbidden gap of 

the junction the tunneling and emission-tunneling currents can flow in the diode 

(see Section 4.4.4). Relatively high current levels even at very low BE biases 

suggest that it is pure tunneling-recombination transport that is responsible for 

the observed J - V characteristics [95, 93]. From Eq. 4.95 the tunneling current 
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FIGURE 6.22. Measured (thick lines) and calculated (thin grey lines) current
voltage characteristics of large-area BE diodes for different intermediate doses. 

density is given by 

(6.9) 

1014Assuming calculated ex ~ 58.68 eV-1, aT ~ 141 em-I, <I>n ~ 2.9 X em-2 and 

Kl ~ 0.7 we obtain B' ~ 1.5 X 10-9 A . em and s ~ 0.075. As shown in Fig. 6.22 

there is a good agreement between the tunneling currents calculated from these 

values and the experimental BE I - V curves in the low bias regime. 

Having introduced the tunneling recombination current we are now ready 

to proceed with the final complete analysis of the base current degradation. First 
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T,SRH T,SRH<I>n JS n n p 

(cm- 2 ) (A/cm2
) (ns) (ns) 

2.3 x 1013 2 X 10-4 3.5 10 20 

6.7 X 1013 1.5 X 10-3 3.5 3 6 

2.0 X 1014 4.6 X 10-3 3.5 1 2 

6.0 X 1014 1.4 X 10-2 3.5 0.3 0.6 

TABLE 6.4. Saturation current and ideality factor parameters used to fit current 
of large-area BE diodes in low bias regime at different intermediate doses. 

consider the base current from the forward Gummel measurements for an unex

posed device shown in Fig. 6.23. In this case the electron lifetime in the base layer 

is determined by the Auger and radiative recombination. Fitting our analytical 

model to the experimental curve we obtain 

T:;ug+rad = 0.3 ns (6.10) 

Measured and calculated base currents agree very well for all biases except the 

region where the the currents are very low (VBE < 0.5 V). Anomalous behavior 

of the measured current in that area is not currently understood. Since in real 

applications the devices are always operated at much higher current levels this 

discrepancy between measured and calculated is not a serious concern. 
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FIGURE 6.23. Measured and calculated forward Gummel plots for unirradiated 
device BAIMO. 

During irradiation a significant number of defects is introduced in the semi

conductor. Because of the very high doping of the base region the carrier con-

cent ration does not change noticeably. This was confirmed independently by Hall 

measurements performed on the base layer, and by C - V measurements performed 

on the large area BE diodes. As a result, r:(ug+rad is not affected by irradiation, 

and is assumed to be constant in all further calculations. 

As the number of defects is increased due to irradiation, the SRH lifetime 

decreases and SCR and bulk SRH recombination currents start to contribute to 

the total base current. Additionally the tunneling-recombination current starts to 
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flow across the BE junction. Measured and calculated base currents of the forward 

Gummel plots are shown in Fig. 6.24a for a dose of 2.3 x 1013 n/em2 . At the high BE 

biases the current is still dominated by the Auger and radiative recombination. The 

two calculated curves are shown at the low biases. The first includes contribution 

of SRH current in the SCR only and is somewhat lower than the measured current. 

The second calculation takes into account both the SRH and tunneling components 

and provides very good fit down to the very low current range. Table 6.4 lists SRH 

electron and hole lifetimes used in these calculations. In the evaluation of the 

tunneling component B' ~ 1.5 X 10-9 A· em and s ~ 0.13 were assumed. Number 

of defects in the InP emitter was estimated from N[nP= a~nP'fJeq,InP' 

After a dose of 6.7 x 1013 n/em2 contribution of the SRH and tunneling

recombination currents increases further. According to Eq. 2.14 the SRH lifetime 

should decrease by a factor of 3 (because the neutron fluence was increased by 

a factor of 3). The saturation current of the tunneling component should also 

increase by the same factor as it is simply proportional to the neutron fluence. 

The rest of the parameters in the model should stay unaffected, except maybe 

slight changes in parasitic resistances. Measured and calculated base currents of 

the forward Gummel plots are shown in Fig. 6.24b. The experiment and model 

show good agreement. 

Further introduction of defects takes place as the device is irradiated to 

the higher 2 x 1014 n/em2 dose. Once again the SRH lifetime is decreased and 
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tunneling current is increased by a factor of 3. The SRH lifetime, 'Tn = 1 ns, 

becomes comparable to the overall Auger and radiative recombination lifetime. 

For this reason an increase of the base current in the high bias range is observed. 

This is shown in Fig. 6.25a, where measured and calculated base currents of the 

forward Gummel plots are plotted. At low biases the current continues to rise as 

a net effect of increasing SCR SRH and tunneling components. The model fits the 

experimental data very well. 

2Modeled and measured data for the highest dose of 6 x 1014 njcm are 

shown in Fig. 6.25b. In the calculations the SRH lifetime is decreased by a factor 

of 3 and number of defects is increased by the same factor. The model shows 

relatively good agreement with the experimental data. The slight discrepancy 

observed between the datasets can be attributed to possible change in the energy 

distribution of traps. This would affect s parameter of the tunneling model, which 

was assumed to be constant in all the calculations. Further investigation of this 

issue is needed. 
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FIGURE 6.25. Measured (solid lines) and calculated (dashed lines) for
1014ward Gummel plots for devices irradiated to (a) 2 x and (b) 6 x 

1014 n/cm2 (1 MeV (InGaAs)). 
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6.2.2.2. Gain Degradation Coefficient 

To analyze the dependence of the gain degradation coefficient on the col

lector current we express Kj3 in the following form 

K - ~ (~_ ~) _ ~ (~) _ ~ (JB) (6.11)
j3 - 8<I> f3 f30 - 8<I> f3 - 8<I> Je 

As was demonstrated for moderate and high doses the base current density can be 

written as 

(6.12) 

Calculating difference between logarithms of Je and JB we arrive at 

1 qVBE 1 qVBEInJB -lnJe = InC2 Js + --- -lnJs - --- (6.13)
nEL kT nF kT 

JB [1 1 ] qVBEIn-=lnC2 + --- -- (6.14)
Je nEL nF kT 

Expressing VBE in terms of the collector current we can rewrite this equation as 

JB Je[nF] 
Je nEL Js 

In - = In C2 + - - 1 In- (6.15) 

which reduces to 

(6.16) 

In this equation only C2 and nEL are functions of the neutron fluence. The gain 

degradation coefficient is then found as 

(6.17) 

http:In-(6.15
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From analysis of the experimental results the second term can be neglected leaving 

(6.18) 


For high neutron fiuences nF/nEL becomes close to 1/2 producing Kf3 ex: J;1/2, 

which is confirmed by the experimental data shown in Fig. 6.18. 

6.2.2.3. Base Collector Diode Degradation 

Fig. 6.26 shows inverse Gummel plots of the base and emitter currents 

measured at different intermediate doses. At low biases the base current increases 

steadily with increase in the neutron fiuence. The slope of IE, however, remains 

practically constant for all neutron doses. In the bias range of 0.3 - 0.5 V the base 

current starts to saturate softly - typical signature of high-level injection effects 

induced by the low collector doping. At higher biases the current is series-resistance 

limited and all curves are bunched together suggesting a small degradation of the 

base and collector resistances. Initially low emitter current (inverse gain of 10-3
), 

on the other hand, decreases by more than two orders of magnitude as the neutron 

dose is increased. 

For the further analysis we fit the base current with the following simple 

expression (see Section 4.3.1) 

(6.19) 
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FIGURE 6.26. Inverse Gummel plots of JB and JE for various intermediate doses. 

The extracted values of PB~~C and nR before irradiation (with an additional sub

script 0) and after irradiation are listed in Table 6.5. As expected the saturation 

current increases significantly (from 4 to 550 X 10-5 A/cm2 ), while the ideality 

factor stays virtually unaffected at about 1.3-1.4. Recall that the base current 

can also be written as a sum of two components - diffusion and recombination 

- with ideality factors of about 1 and 2, respectively. Since nR does not change 

significantly after irradiation, it suggests that both diffusion and recombination 

components are increased due to the displacement damage caused by neutrons. 
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We now extract IJ36,dil I and IB~,G-R by using the following expression 

sat ~ Jsat ~ JBC = J BC,dilIe kT + BC,G-Re 2kT (6.20) 

The results are summarized in Table 6.6. Both JB~,diff and JB~,G-R increase 

steadily with the neutron dose. If plotted against the fiuence JB~,diff produces 

linear plot, while JB~G-R shows some deviations from the expected linear behavior. , 

This can be explained by the fact that the diffusion component of the current is 

very much dominant in this regime making an accurate extraction of JB~ G-R, 

values very difficult. Approximating the recombination current with the following 

expression we can extract equivalent lifetimes and therefore trap capture cross 

sections for an assumed midgap defect level 

J sat 1 W N.
BC,G-R = 2,q BCO"Vth dni (6.21) 

At the first dose, for example, the carrier lifetime and the capture cross sections 

are found to be 3.9 ns and 7 x 10-15 cm2 
, respectively. Recall that from the BE 

10-14 2junction analysis we obtained Tn ~ 2.3 ns, Tp ~ 4.5 ns and (J" ~ 1.1 X cm , 

which lie in the same range as the Be results. 

6.2.2·4· VCE,off shift 

As already pointed out the collector-emitter offset voltage increases with 

the neutron dose. This is demonstrated in Fig. 6.27 showing magnified part of the 

JC - VCE plot (Fig. 6.15). We start with a review of the device operation in the 

inverse active to saturation mode. 
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JBC JBCSample # saW nRO sat nR 

(x10-5 Alcm2
) (x 10-5 AIcm2

) 

1 3.3 1.3 39 1.4 

2 5.0 1.4 84 1.4 

3 3.5 1.3 221 1.4 

4 4.3 1.4 550 1.4 

TABLE 6.5. Saturation currents and ideality factors determined from inverse Gum
mel plots of base current before and after neutron irradiation. 

Total collector current can be written as a sum of the components provided 

by the BE and Be junctions 

J C = J CBE, - J cBe (6.22), 

where JC,BE and JC,BC are the collector currents from the forward and inverse 

Gummel plots, respectively. JC,BC is simply a sum of the base JB,BC and emitter 

JE,BC currents obtained in the inverse Gummel measurements. From Fig. 6.26 

JE,BC ~ JB,BC, hence the total collector current can be written as 

J C = J s [eVBE/nFkT - 1] - JB,BC (6.23) 

By definition VCE,of f is given by the condition Jc = 0 yielding 

[eVBElnFkT 1] - JJs - - B,BC (6.24) 
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Jsat JsatSample # BC,dijj BC,G-R 

(X 10-5 AIcm2
) (xl0-3 Alcm2

) 

1 0.8 2.2 

2 2.6 4.2 

3 9.1 8.2 

4 21 15 

TABLE 6.6. Saturation currents of the diffusion and recombination JBC compo
nents determined from inverse Gummel plots of base current after neutron irradi
ation. 

In other words the offset point is determined from the balance between the collector 

current supplied by the BE and Be junctions. Hence, the observed VCE,off shift 

is produced by the radiation-induced degradation of JC,BE and JC,BC' From our 

analysis (see Fig. 6.19 and Table 6.2) JC,BE remains practically unaffected by 

irradiation while magnitude of JC,BC increases over two orders of magnitude. Thus, 

it is the base-collector junction degradation that is responsible for the VCE,ojj 

shift. To confirm this hypothesis, a set of J c - VCE curves for different doses was 

calculated using the Gummel-Poon model. In the simulation the saturation current 

and ideality factor of JC,BE and ideality factor of JC,BC were kept constant while 

the saturation current of JC,BC was changed as a function of dose (see Table 6.5). 
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The calculated Jc - VeE characteristics at base current of 40 p,A are shown in 

Fig. 6.27 in dashed lines. The agreement between the simulated and experimental 

results is excellent. 

30.6 2 
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FIGURE 6.27. Experimental and calculated Ic - VCE characteristics for five dif
ferent devices at IB = 40 J-lA. 

We now proceed to derive an analytical expression for the VcE,off shift. 

Analogously to the collector current the total base current can be presented as a 

sum of the base recombination current due to the BE junction JB,BE and the base 
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current due to the Be junction JB,BC 

J B = J B ,BE + J B ,BC (6.25) 

J B,BE and J B,BC can be measured independently by the forward and inverse Gum

mel measurements, respectively. In the inverse active mode, also called offset mode, 

(0 < VCE < VcE,off) the base recombination current due to the BE junction is 

negligible. Hence, 

- J - Jsat eVBc/nRkTJ B - B,BC - B,BC (6.26) 

From Kirchhoff's voltage law VCE,off can be written as 

VCE,off = VBE,off - VBC,off (6.27) 

where VBE,off and VBC,off are the BE and Be junction voltages at the offset point, 

calculated from Eqs. 6.26 and 6.24 yielding 

v; nFkT 1 [JB] nRkT 1 [ JB ] (6.28)CE off ~ -- n - - -- n -, q J q Jsat
S B,BC 

This can also be presented graphically. Fig. 6.28 shows the collector current from 

the forward and inverse Gummel plots. At any given base current (horizontal line ) 

VCE,off is simply a "voltage" -separation between the JC,BE and JC,BC curves. To 

confirm that representation VCE,off extracted from Fig. 6.28 and from J c - VCE 

characteristics (Fig. 6.27) are shown in Fig. 6.29. The agreement is excellent. 

We now discuss why neutron irradiation increases only the Be junction 

saturation current and not that of the BE junction. Neutron irradiation no doubt 
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FIGURE 6.28. Ie (Ie,BE) from forward Gummel plots and IB (Ie,Be) from inverse 
Gummel plots for various intermediate doses. 

produces defects uniformly in all the regions of the device. The defects introduced 

in the BE junction region give rise to additional recombination and increase the 

base current. However, the saturation current of the BE junction is determined by 

the thermionic emission at the BE heterojunction and the diffusion across the base 

region. For a narrow base transistor such as the one used in this work, the diffusion 

across the base is mainly determined by the base thickness. Hence the collector 

current due to the BE junction is not significantly affected by the defects introduced 
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in the base region. On the other hand, the current due to the BC junction of 

an SHBT is mainly due to the holes injected by the p++ base into the undoped 

collector whose thickness is usually larger than the hole-diffusion length. Hence 

the defects incorporated in the collector region increase the saturation current of 

the BC junction through additional recombination in the collector space charge 

region and/or decrease of hole-diffusion length in the neutral collector region. 
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6.2.3. Conclusions 

In conclusion, experimental studies of I nP/ I nGaAs SHBT neutron-induced 

degradation were carried out and results presented, analyzed and discussed. Two 

most pronounced radiation effects are (1) the decrease of collector current or 

equivalently the common-emitter DC current gain reduction and (2) the collector

emitter offset voltage shift. Current gain degradation is thought to be caused by 

increasing base current, mainly due to growing neutral bulk, BE SCR recombina

tion and recombination-tunneling components. Rise of Jbr and Jscr is caused by 

displacement damage produced by neutron irradiation. The VCE,off shift is pro

duced by the increase of the BC junction current due to growing diffusion and SCR 

recombination components. Rise of JB~,diff and JB~,G-R is again caused by the 

defects introduced in the bulk of the semiconductor, in this case collector region. 

The comprehensive analytical model developed in Chapter 4 has been suc

cessfully applied to simulate the current gain degradation. Hence, by combining 

the results of the damage production calculations with the model, device response 

to any given epi and fast neutron radiation environment can be estimated. 

6.3. Gamma Irradiation 

To conclude this chapter we briefly present the outcome of our preliminary 

I nP/1nGaAs SHBT gamma-irradiation experiments. This section starts with 

a brief discussion of the experimental results. In contrast to beta and neutron 
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irradiation sections much less attention is paid to modeling of the observed damage, 

though a detailed qualitative discussion is offered. The studied devices are divided 

into several groups basing on the dominating physical degradation mechanisms. 

Reliability of different metallization schemes in gamma irradiation environment is 

also investigated and results are briefly summarized. 

6.3.1. Experimental Details 

Standard processing procedure described in Chapter 5 was used to fabri

cate a large number of polyimide-passivated devices (47) with different emitter 

sizes with area ranging from 150 11m2 to 2600 11m2 and perimeter/area (P/A) ra

tio ranging from 0.08 to 0.4 11m-I. Heterostructure 13240 (see Table 5.1) was used 

for the fabrication. Gamma irradiation of the devices was performed using a 60Co 

gamma cell with the typical dose rate of 250 krad(Si)/hour. The device terminals 

were left in a floating condition at ambient temperature during irradiation. The 

maximum cumulative dose used in the present experiments was 44.3 Mrad(Si). 

The electrical characterization of the devices was done using an HP 4145B semi

conductor parameter analyzer before irradiation and after intermediate doses of 

0.3, 1.3, 4.3, 14.3 and 44.3 Mrad. The measurements were typically performed 

within a few hours after the irradiation. 
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6.3.2. Results and Discussion 

The devices investigated in this study may be classified into three groups 

depending on the extent and nature of degradation after gamma irradiation. The 

first group, which comprises of about forty percent of the total number of devices 

studied, suffered least degradation. Typical common-emitter Ic - VCE characteris

tics measured at base current of 40 f.1A at different intermediate doses are shown in 

Fig. 6.30. Only very slight decrease in the collector current and increase in VCE,off 

is observed. To understand the current gain mechanism we turn to the Gummel 

plots of the base (IB) and collector (Ie) current shown in Fig. 6.31. Except for the 

small increase in IB in the low VBE regime, there was very little change either in IB 

or in Ic up to a cumulative dose of 14.3 Mrad. After the highest dose (44.3 A1rad) 

there was a slight increase in both IB and in Ic in the high VBE regime. This slight 

increase in the current is believed to be due to a decrease in the emitter series re

sistance. The BE diode I - V measurements indeed confirmed a decrease of series 

resistance from 17 to 16 ohms. The local heating of the device after the highest 

dose may have caused the metal contacts to sink into the emitter layer resulting 

in the decrease of series resistance. The collector current dependence of DC cur

rent gain of these devices for various doses is shown in Fig. 6.33. There is very 

little change in gain at the high collector currents. The small decrease of gain in 

the low VBE regime is associated with the base current increase in the same VBE 

regime observed in Fig. 6.31. This increase in the base current is believed to be 
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caused by the displacement damage in the BE depletion region associated with the 

gamma radiation and the additional recombination at these defect sites. Finally, 

inverse Gummel plots of the base and emitter currents (see Fig. 6.32) do not show 

significant degradation. In the low VBC range at very low doses (S 1.3 Mrad) the 

base current decreases slightly, perhaps, due to burn in effects. At higher doses the 

displacement damage introduced by gamma irradiation results in slightly higher 

current levels. As discussed in Section 6.2.2.4 it is these changes in the base current 

that are responsible for the VCE,off shift observed in Fig. 6.30. 
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FIGURE 6.30. The common emitter Ic - VCE characteristics at base current of 
40 j.kA for different intermediate doses (device ID:ANl Q). 
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FIGURE 6.31. Gummel plots of Ie and IB for various intermediate doses (device 
ID:AN1Q). 

The second group of devices showed no degradation up to a certain dose and 

then a sudden jump in the collector, base and emitter leakage currents in the low 

bias range as shown in Figs. 6.36 and 6.37. In the high bias regime, the degradation 

is small, but is larger than that of the first group of devices. The common-emitter 

Ie- VeE characteristics measured at base current of 40 J-tA at different intermediate 

doses are shown in Fig. 6.34. The collector current dependence of the gain of this 

group of devices is shown in Fig. 6.35. It may also be mentioned that the dose 

at which the devices showed the sudden degradation was not the same for all the 

devices in this group. About forty percent of the devices studied belong to this 

group. We believe that the large increase in the leakage currents in the low bias 
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FIGURE 6.32. Inverse Gummel plots of IB and IE for various intermediate doses 
(device ID:ANIQ). 

regime is caused by the degradation of the polyimide-semiconductor interface. The 

physical mechanism of the degradation is not exactly understood at this time. It is 

most likely related to the ionization damage in the polyimide and the subsequent 

trapping of the charges at the defects near the polyimide-semiconductor interface. 

This in turn causes a surface channel to be formed at the mesa edges of the device 

through which the leakage current can flow. Confirming this, Figs. 6.38 and 6.39 

show dramatic increase of the BE and BC diode leakage currents at the dose when 

the device fails. 

The remaining-twenty percent of the devices that belong to the third group 

behaved somewhat similarly to the second group in that the degradation occurred 

101 

10° 

-« 
10-1 

E
-10-2 

_w 

OJ 

10-3 

10-4 

--initial 
- - -1.3 



243 

--initial 
- - -1.3 Mrad 
- - - - - 14.3 Mrad 
-----44.3 Mrad 

100~--~~~~ll---~~~~~--~~~~~L-~ 

10-2 

FIGURE 6.33. DC current gain as a function of collector current for different 
intermediate doses (device ID:ANIQ). 

suddenly after a certain dose. However, the degradation was not as severe) so that 

the devices did not fail catastrophically with loss of transistor action. Subsequent 

to the sudden degradation, these devices did not show much further deterioration 

for higher doses. The Gummel plots of IE and Ie for this group of devices are 

shown in Fig. 6.41. And the common-emitter Ie - VeE characteristics measured 

at base current of 40 ttA are shown in Fig. 6.40. The physical mechanism of 

degradation is believed to be the same as that of the second group. Only the 

extent of degradation is less severe leading to only a partial "failure" of the device. 

The evolution of the cumulative percentage of the devices in the groups II and III 

with gamma radiation dose is shown by the histograms in Fig. 6.42. 
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FIGURE 6.34. The common emitter Ic - VCE characteristics at base current of 
40 fLA for different intermediate doses (device ID:AN2Y). 

6.3.3. Radiation-hard Metallization Schemes 

Gamma irradiation studies on InAlAs/ I nGaAs SHBTs reported by Wit

mer et. al. [4] also showed a catastrophic failure of a certain fraction of the devices. 

The nature of failure in this case was reported to be an open-device between the 

emitter and the collector terminals after the gamma irradiation. This failure was 

attributed to the deterioration of contacts resulting from the lift-off of the contact 

metals as evidenced by the debris around the contact metals after irradiation. The 

failure mechanism in our devices was always related to the excess leakage currents 

causing loss of transistor action. The contact metallization consisting of 500 A of 

Ti followed by 1200 A of Au showed only very little signs of deterioration even 
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FIGURE 6.35. DC current gain as a function of collector current for different 
intermediate doses (device ID:AN2Y). 

after the highest dose. However, we have observed contact metal deterioration and 

the debris around the metals after gamma irradiation similar to the observation 

of Witmer et. al. when we used a thin layer of Ti (100 A) followed by 1200 A 

of Au. In a search for a reliable radiation-hard metallization scheme a number 

of different metal systems was tested. Table 6.7 lists investigated metal/substrate 

combinations and shows whether or not the contact metal degraded (./ means no 

degradation observed, x - visible deterioration). Since sometimes contact metal 

needs to be deposited on a passivation dielectric polyimide, Si02 and cyclotene 

were included in this study. 

• 	 Au contacts offer very low resistivity and good stability, but adhere to the 

substrates very poorly. 
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FIGURE 6.36. Gummel plots of Ie and IB for various intermediate doses (device 
ID:AN2Y). 

• 	Ti/AU(150/1000A) metallization employs thin layer of Ti as an adhesion 

promoter. This, however, increases resistivity and makes the contact unstable 

if exposed to gamma radiation or elevated temperatures. 

• 	 In Ti/AU(lOOO/lOOOA) films thick Ti layer is used to eliminate the stability 

problems by further sacrificing conductivity of the contact. 

• 	 Alternatively thin layer of Ti can be separated from Au contact layer by 

a film of low resistive Pd or Pt as done in Ti/Pd/Au(150/500/1000A) 

and Ti/Pt/Au(150/500/1000A) schemes, respectively. These films exhibit 

very good adhesion, relatively low resistivity and are very stable under 

irradiation. Both schemes offer the comparable characteristics. How
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FIGURE 6.37. Inverse Gummel plots of IE and IE for various intermediate doses 
(device ID:AN2Y). 

ever, very high temperatures needed for evaporation of Pt make PVD of 

Ti/Pt/Au(150/500/1000A) contacts very difficult . 

• 	 In Pd/Au(lOOO/lOOOA) films to further reduce resistivity adhesion-

promoting Ti layer is removed entirely. The films still offer acceptable adhe

sion, are much easier to deposit and are very stable under irradiation . 

• 	 Ni/AuGe(lOO/lOOOA) annealed scheme can be used to produce low resistiv

ity, stable contacts on n-type GaAs and InGaAs. It was also shown to form 

a good ohmic contact on n-type InP layers. Ni/AuGe can not however be 

used to contact p-type layers (Ni/AuZn must be used instead) sometimes 

making the fabrication sequence more complex. 
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FIGURE 6.38. Semilogarithmic plot of I-V characteristics of BE diode for various 
intermediate doses (device ID:AN2Y) . 

• Finally, in Ni/Au(150/1000A) contacts a thin layer of Ni is used as a wetting 

agent instead of Ti. The films, however, degrade rapidly under irradiation 

stress and therefore can not be used for device fabrication in our studies. 

The optimum contact metal schemes for smaller contact resistance and 

no degradation after gamma irradiation are found to be annealed Ni/AuGe for 

emitter/collector contacts, Pd/Au for the base layer and Ti/Pd/Au for the final 

metallization performed on top of a passivation layer. 
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FIGURE 6.39. Semilogarithmic plot of I-V characteristics of BC diode for various 
intermediate doses (device ID:AN2Y). 

6.3.4. Summary 

Preliminary studies of I nP/1nGaAs SHBT gamma-induced degradation 

were carried out and results briefly presented and discussed. Two typical device 

responses are observed. First, as expected for the low doses used in this experiment, 

displacement-related degradation is little and fits the degradation pattern observed 

in our electron and neutron-irradiation studies. That is, defects introduced in the 

BE and BC junctions are responsible for most of the observed damage- current 

gain reduction and VcE,off shift, respectively. The other type of device response is 

HBT catastrophic failures of very erratic behavior. The failures can be attributed 

to formation of leakage channels along the passivation/semiconductor interface due 
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FIGURE 6.40. The common emitter Ic - VCE characteristics at base current of 
40 pA for different intermediate doses (device ID:AN40). 

to charge build-up in the passivating dielectric. Further experiments are needed 

to investigate this problem. 

6.4. Conclusions 

In conclusion, several different degradation patterns were observed in our 

SHBT irradiation experiments. With the exception of the catastrophic failures 

induced by gamma-irradiation the rest of the deterioration effects are common to 

beta, neutron and gamma environments. Careful analysis of the changes in the de

vice characteristics suggests that it is the displacement effects that are responsible 
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FIGURE 6.41. Gummel plots of Ie and IB for various intermediate doses (device 
ID:AN40). 

for the permanent damage of the devices. Calculations of the displacement damage 

production combined with the comprehensive analytical HBT model can therefore 

be employed to evaluate device response to a given radiation environment. 
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Si02 InGaAs InP GaAs polyimide bcb 

AU(lOOOA) ./ ./ ./ ./ 

Ti/Au(150/1000A) x x x x x x 

Ti/Au(lOOO/lOOOA) ./ ./ ./ ./ ./ ./ 

Ti/Pd/Au(150/500/1000A) ./ ./ ./ ./ ./ ./ 

Ti/Pt/Au(150/500/1000A) ./ ./ ./ ./ ./ ./ 

Pd/Au(lOOO/lOOOA) ./ ./ ./ ./ ./ ./ 

Ni/AuGe(lOO/lOOOA) ./ ./ ./ 

Ni/Au(150/1000A) x x x x x x 

TABLE 6.7. Stability of gamma-irradiated various metal films deposited on differ
ent substrates. 
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7. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 

WORK 


The purpose of this research was to investigate radiation-induced degrada

tion of II I-V materials and heterojunction bipolar transistors, with an emphasis 

on I nP/ I nGaAs systems. Furthermore particular attention has been given to de

velopment of an accurate physical RBT device model and calculations of radiation 

damage production. In the course of this work the I nP/1nGaAs SRBTs were fab

ricated, characterized and modeled. Subsequently, the devices were subjected to 

beta (or gamma, or neutron) irradiation and the degradation effects were studied 

and modeled. Fig. 7.1 summarizes the radiation-induced effects observed in the 

devices and also shows the general approach taken to model the RET degrada

tion. Two major effects are (1) the decrease of collector current or equivalently 

the common-emitter DC current gain reduction and (2) the collector-emitter off

set voltage shift. Current gain degradation is thought to be caused by increasing 

base current, mainly due to growing neutral bulk and BE SCR recombination and 

recombination-tunneling components induced by displacement damage produced 

by neutron irradiation. In the other branch of the diagram, VCE,off shift is caused 

by increase of BC junction current due to growing diffusion and SCR recombina

hon components. Rise of the currents is again caused by the defects introduced 

in the bulk of the semiconductor, in this case collector region. As shown on the 

chart connections between different levels in the tree can be made only through 
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an HBT device model which relates material and device properties to the device 

output characteristics. 

Once all the degradation mechanisms are identified, understood and de

scribed through the HBT model the problem can be attacked from the other end. 

Damage production theory can be used to calculate the displacement damage intro

duced by irradiation in layers of a device. Then the separate current components 

and total terminal currents can be estimated. Finally, device output characteristics 

are calculated representing device response to a given radiation environment. 

The major achievements and conclusions of this work are: 

1. 	 Individual processes and several complete fabrication sequences for fabrica

tion of I nP/ I nGaAs SHBTs have been developed and standardized. All of 

the procedures employ wet etch techniques to define mesas of the devices. 

Different metallization schemes (Ni/AuGe for emitter and collector contacts, 

PdlAu for base layer and TilPdlAu for contact pads) can be used to achieve 

better performance. And, finally, dielectric passivation is used to protect the 

devices physically and chemically. 

2. 	 A simple Ebers-Moll-like compact model has been adopted to extract de

vice parameters and simulate device output characteristics and some of the 

radiation induced effects: gain degradation and VCE,off increase. 

3. 	 An analytical SHBT device model has been developed. The model is based 

on matching of thermionic-field-emission current of the BE heterojunction 
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FIGURE 7.1. Modeling tree used to explain/simulate HBT degradation effects 
induced by irradiation. 

with diffusion-drift current in the base layer of an SHBT. The model also 

incorporates splitting of the electron quasi-Fermi level at the BE heteroint

erface and provides adequate representation of the BE SCR recombination 

current through the SRH mechanism. 

It has been shown that the diffusion and drift of carriers across the base 

and collector SCR is much faster than the carrier injection at the BE het
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erointerface; therefore the current transport in an SHBT is limited by carrier 

injection at the BE junction. 

The only high level injection effect observed is the "soft" saturation of elec

tron flux provided by the emitter. In the base layer the high level injection is 

not observed due to extremely high doping concentration. The base push-out, 

or Kirk effect, although does take place does not affect output characteristics 

of the device since the current transport is limited by injection of carriers at 

the BE junction. 

4. 	 It has been shown that standard BJT Gummel-Poon SPICE model can be 

used for simulation of SHBTs. In the forward active mode, devices with the 

base current with ideality factor close to 2 can be simulated very accurately 

in the whole bias range, while for devices with nB ~ nF the model provides 

adequate results only at low and moderate biases. 

In the saturation mode, simulations performed at low current levels should 

always give reliable results. At the higher currents, however, special care 

must be exercised since accuracy of parameters extracted from experimental 

data may depend on the operating biases. 

5. 	 Methods for calculating doses and displacement damage produced by elec

tron, neutron and gamma irradiation have been presented. Non ionizing 

energy loss and number of defects introduced by the different types of radia
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tion have been evaluated. 1 MeV electron and neutron equivalent fluxes for 

all types of radiation have also been calculated. 

6. 	 Preliminary beta-irradiation experiments on I nP/ I nGaAs SHBTs have been 

performed. The devices show excellent radiation performance. After a cumu

lative dose of 2.7 x 1016 e/cm2 (620 Mrad(InGaAs)), the devices showed a 

typical decrease of only 9 percent in the collector current in the active regime 

and no change in the output conductance. 

For low base currents, the devices show an increase in the current gain for 

1015smaller doses « 2.5 X e/cm2 ) followed by a decrease at the higher 

doses. A plausible explanation of this behavior based on the effect of the 

ionization damage in the polyimide layer at the periphery of the BE junction 

is discussed. 

The slope of the common emitter I-V characteristics in the saturation regime 

decreases after electron irradiation causing an increase in the VCE,sat. We 

believe this increase is caused by an increase in the collector series resistance. 

The increase in the collector series resistance is also shown to be responsible 

for a decrease of the current gain at high base currents. At lower currents 

BE SCR SRH recombination is thought to be responsible for the observed 

gain degradation. 

Slight increase in VCE,off observed in common-emitter Jc - VCE character

istics is attributed to the displacement damage in the BC depletion region. 



259 

Finally, smaller emitter size (larger perimeter/area) devices show less degra

dation than the larger emitter devices. This is explained by the smaller 

radiation damage at the junction peripheries of the passivated devices. 

7. 	 Neutron-irradiation experiments on I nP/ I nGaAs SHBTs have been per

formed. Devices irradiated up to 6.0 X 1014 n/cm2 (1 MeV InGaAs equiva

lent) showed significant current gain degradation and noticeable increase in 

VCE,off· 

Gradual current gain reduction is attributed to increasing base current, 

mainly due to growing neutral bulk and BE SCR recombination and 

recombination-tunneling components. For high doses at low biases increas

ing base current exhibits ideality factor greater than 2 and is believed to be 

caused by tunnel-assisted trapping transport. 

Current gain degradation has been observed to depend strongly on the cur

rent (bias) magnitude - at lower biases gain reduction is much more than 

that at high biases. Gain degradation coefficient has been shown to have 

J(;1/2 functional dependence. General models supporting this observation 

have been developed. 

Measured VcE,of f shift is believed to be caused by an increase of BC junction 

current due to growing diffusion and SCR recombination components. Dis

placement damage introduced in BC SCR and bulk collector is responsible 

for this effect. 
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8. 	 Preliminary gamma-irradiation experiments on I nP/ I nGaAs SHBTs have 

been performed. Devices irradiated up to 44.3 M rad can be divided into two 

groups according to their response to the radiation. 

First, as expected for the low doses used in this experiment, displacement

related degradation is little and perfectly fits the degradation pattern ob

served in our electron and neutron-irradiation studies. That is, defects intro

duced in the BE and Be junctions are responsible for the observed damage 

- current gain reduction and VeE,off shift, respectively. 

Second type of device response is HBT catastrophic failures of very erratic 

behavior. The failures can be attributed to formation of leakage channels 

along the passivation/semiconductor interface due to charge build-up in the 

passivating dielectric. 

9. 	 Finally, a general approach to study/model the radiation-induced device 

degradation has been presented. According to this gameplan, first the exper

imentally observed device deterioration and analytical device model are used 

to identify the physical mechanisms responsible for the degradation. Then, 

the problem is attacked from the other end - the damage production theory 

is used to calculate the displacement damage introduced by irradiation in 

layers of a device. Then using the device model equations the separate cur

rent components and total terminal currents are estimated. Finally, device 
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output characteristics are calculated representing device response to a given 

radiation environment. 

In the progress of this work a number of new questions was raised and a set 

of further experiments was identified: 

1. 	 Gamma irradiation experiments on devices with cyclotene, Si3N4 and Si02 

passivation may be performed to gain better understanding of the device 

failure mechanism. 

2. 	 Further electron, neutron and gamma irradiation experiments are required to 

identify a metallization scheme minimizing contact resistance degradation. 

3. 	 Having investigated degradation effects on the devices operated under DC 

conditions, one should proceed with a full set of experiments to characterize 

device high-frequency performance and HF parameter (iT, fmax, NF, etc.) 

degradation. 

4. 	 Further work, in cooperation with the OSU Radiation Center staff, is needed 

to improve the dosimetry for electron and neutron radiation sources. The 

Sr/Y beta-source can be calibrated using commercially available RadFETs. 

The epi-thermal and fast neutron fluxes in the Rotary Specimen Rack of 

the Mark II Triga reactor can be determined through a set of foil activation 

experiments as described in Ref. [105]. 
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5. 	 In gamma irradiation experiments samples have to be encapsulated into Al 

plates to achieve the charged-particle-equilibrium necessary if accurate dose 

calculations are to be performed. The thickness of the Al plates can be 

determined from the procedure described in Ref. [63]. 

6. 	 Also, gamma irradiation experiments on devices with different metallization 

schemes (for example, Al and Au) can be performed to study interface dose 

enhancement effects. 

7. 	 Further work on the HBT analytical model is needed to facilitate more accu

rate modeling of the high-level injection effects at the BE heterojunction Also 

more effort should be put into modeling the post-irradiation base currents 

observed at low biases in the neutron irradiation experiments. 
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