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Indium Phosphide has received considerable attention during recent

years because of its potential in high-speed integrated circuit. Though

many successful devices have been built on InP using MIS technology. the

devices still suffer from drain current drift and threshold voltage instabil-

ity.

In this work, the cause for the drain current drift is investigated.

From a study of MIS capacitors and MISFET's, it is shown that drain

current drift is predominantly due to oxide traps. The MIS capacitors

were fabricated on n-type In? substrates using three different methods for

the deposition of sio2 pyrolytic, photo CVD and plasma enhanced

CVD. The capacitors, characterized by 1 MHz C-V plots, exhibited a

positive shift (AV) in the C-V curve when a positive gate voltage stress was

applied for a time t. A linear relationship between and log(t) was

established for all the insulators deposited on InF. Should a similar

mechanism be responsible for the drain current drift in MISFET's, then a



linear realtionship should exist between the square root of the threshold

shift and log(t). This has been verified for the MISFET's fabricated in this

study and the MISFET's fabricated by others.

These results can be explained by a model in which electrons tunnel

from the substrate to a mono-energetic tap in the oxide. Similarly, under

the influence of a negative gate voltage, the C-V curves of MIS capacitors

shift along the negative voltage axis and this can be explained by a hole

trap model. With the help of electron and hole traps in the oxide, this
model explains the hysteresis in the C-V plots of MIS capacitors and the

correlation between surface state density and the trap density. This model

also explains anomalous conduction, low channel mobility and tranconduc-

tance degradation in MISFET's.

To examine the suitability of the dielectric for high frequency opera-

tion, a mask set was designed which consisted of r.f. transistors, flip-fiops

and ring oscillators. Using the standard gate process, 300 p. wide and 1-51.

channel length r.f. transistors were fabricated. Measurements showed a

transconductance of 72 mS/mm and a gain-bandwidth product of 10.2

GHz. Better performance can be expected if self-aligned gates can be

implemented in the process.
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LIST OF SYM3OLS

a tunneling constant (cm "1 )

Co semiconductor capacitance at flat band condition

Cfr(a)) capacitance due to surface states per unit area

Cu (m) capacitance due to oxide traps per unit area

oxide capacitance per unit area

C. semiconductor capacitance per unit area

interface state density (cm -2eV -1)

Di, interface trap density (cm -2eV )

Da measured surface state density (cm -2eV )

EAO energy of an acceptor-like oxide trap

Eb bather energy for capture cross-section

Ec energy of the conduction band edge

Eco energy of the conduction band edge at the interface

Em energy of a donor-like oxide trap

Ear electric field in the oxide

Es electric field at the semiconductor surface

EsA energy of acceptor-like surface states

Esp energy of donor-like surface states

Ev energy of the valence band edge

Eva energy of the valence band edge at the interface

f4(E) fermi function for electron traps in the oxide

f p(E) fermi function for hole traps in the oxide

gc spin degeneracy factor for donors

Ga (to) conductance of oxide traps per unit area

gm (co) transconductance as a function of frequency

gm (x , t) tunneling function for electrons

gp(x, t) tunneling function for holes

Reduced Plank's constant (1.054'10-34 joule-sec )

k Boltzmann's constant (8.62x10-5 eVt"K )



L channel length of a transistor

LB Debye length

m effective mass of electrons

11 electron concentration

Ne number of electrons trapped in the oxide per unit area

NA number of holes trapped in the oxide per unit area

Nu number of filled surface states per unit area

NTA density of acceptor-like traps in the oxide per cc

NTD density of donor-like traps in the oxide per cc

a number of filled electron traps per cc

n, electron density at semiconductor surface per cc

NA negatively charged acceptor states per unit area

NS4D positively charged donor states per unit area

P, surface concentration of holes

Pfr number of filled bole traps per cc

q electronic charge (1.602x10-19 coulomb )

Qi, charge in the surface states per unit area

Cif charge in the oxide traps per unit area

Ft ramp rate for gate bias (V /sec)

S capture cross-section for the surface states (cm2 )

s surface generation velocity

S, capture cross-section for electron traps in the oxide

S capture cross-section for electron traps as T-.

Po capture cross-section for bole traps in the oxide

T absolute temperature

normalized surface potential (f3. )

UF normalized fermi potential

uo normalized quasi-fermi potential

u, normalized surface potential

v thermal velocity of electrons

VDS drain to source voltage for a transistor



VG gate voltage for a MIS capacitor

VCS gate to source voltage for a transistor

VT threshold voltage of a transistor

V70 threshold voltage of a transistor at t

W width of a transistor

w width of the depletion layer

Wb barrier height from CB of InP to CB of the oxide

wf maximum depletion layer width

centroid of the trapped charge in the oxide

xA distance in the oxide where f g(E) = 1

XD distance in the oxide where 4(E) =1

maximum tunneling distance for electrons

gate oxide thickness

xp maximum tunneling distance for holes

normalizing factor for potential (q kr )
AV shift in the C-V curve or threshold voltage shift

permittivity of free space (8.854x10-14 F/cm )

Ca dielectric constant of the oxide

dielectric constant of the semiconductor

effective channel mobility of a transistor

mobility at the surface of a semiconductor

angular frequency

Oirs metal-semiconductor work function difference

fermi ptentiai

surface potential

113,0 equilibrium surface potential

p(x) volume charge density

se time constant for the capacitance transient

st time constant for generation of carriers

TAO time constant for electron trapping

Po time constant for hole trapping
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A STUDY OF THE EFFECTS OF OXIDE TRAPS ON

THE CHARACTERISTICS OF INDIUM PHOSPHIDE MISFETS

1. INTRODUCTION

1.1. Background

In the past several years, there has been a phenomenal growth in the

development of high-speed integrated circuits. This was motivated mainly

by the computer industry with a need to develop super computers having

fast cycle times. Discrete devices were also developed to meet the
demand for high-speed data communication links. If we trace back the
evolution of semiconductor technology to the early 1970's, we find that the

main emphasis at that time was in high level of integration, mainly in g i-

con, to realize the concept of computer on a chip. During that period, sil-

icon technology was developed almost to the level of perfection and high

speeds were achieved by three micron technology and very high level of

integration.

It was realized in late 1970's that the speed potential of silicon tech-

nology had been exhausted and progress could only be made through
higher levels of integration. Based on this inference, other materials were

investigated for high-speed applications.

1.2. Gallium Arsenide MESFET technology

Electron mobilities in gallium arsenide are about six times higher than

that c4 silicon and nearly an order of magnitude larger than typical silicon

NMOS (N-channel Metal-Oxide-Semiconductor) mobilities under inversion

conditions. As a consequence, very high switching speeds can be obtained

in GaAs and the GaAs MESFET (Metal-Semiconductor Field Effect
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Transistor) technology has evolved in recent yeas. The important proper-

ties of silicon, gallium arsenide and indium phosphide are given in table

1.1.

It has been found that GaAs is not a suitable material for MISFET

(Metal-Insulator-Semiconductor Field Effect Transistor) technology

because of its poor insulator-semiconductor interfacial properties and very

high density of surface states. However, it has been possible to make

Schottky gate MESFET's with good control and reproducibility such that

gate delays of 30pS have been reported [1, 2]. To achieve even higher
mobilities and avoid scattering by ionized donor impurities in the channel,

HEMT (High Electron Mobility Transistor) structures have been grown by

MBE (Molecular Beam Epitazy). The idea in these structures is to place

the donor atoms in a wider band gap GaAliAsi_. layer adjacent to an
undoped GaAs channel layer which receives the free electrons from the

wide band gap layer and is free from impurity scattering. Channel mobili-

ties of 32,500 cm2/V.sec at 77°K have been reported [3]. Though very

attractive, MEE is very costly and other less expensive alternatives have to

be investigated.

13. Indium Phosphide MISFET technology

Indium Phosphide is a good alternative to GaAs, and cost effective

compared to MBE grown layers. InP has received considerable attention

for device applications because of its high peak and saturation velocity.

InP also has good thermal conductivity and high breakdown field making

it suitable for high power applications. Though the mobility is lower than

that of GaAs, its peak and saturation velocities surpass those in GaAs,
making it ideal for high speed devices [4 - 11]. A comparison of velocity-

field characteristics of Si, GaAs and InP is shown in figure 1.1. Monte

Carlo calculations [4] show that for the same channel length, InP should

have a higher gain-bandwidth product than GaAs, as shown in figure 1.2.
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In addition, it has been possible to fabricate MISFET's with reason-

able surface states to demonstrate high frequency operation [6], high
speed logic [7] and high power operation [8]. InP is also a suitable
material for integrating opto-electronic devices with MISFET's on the
same substrate [12]. Ternary and quartenary compounds such as In GaAs

and InGaAsP which can be grown on InP have very high mobilities and

MISFET's fabricated on them have shown very high transconductance [13,

14]. It is also possible to fabricate MESFET's on InP, but the small
metal-semiconductor bather height and poor reverse characteristics has

made them unacceptable for circuit applications.

1.4. Scope of this work

Though Le has demonstrated high-speed and high-frequency perfor-

mance comparable to GaAs, there are a number of problems which have

to be solved before it can mature into a meal technology. One of the
major problems with InP MISFErs is the threshold voltage instability and

drift in the drain current [15]. This problem is very severe in enhance-
ment mode devices and makes the circuit design very difficult. The fac-

tors contributing to threshold voltage instability and drain current drift will

be the main theme of this work.

Chapter 2 discusses the various aspects of MIS technology on InP

mainly to fabricate discrete devices. It covers the process steps necessary

to fabricate depletion and enhancement mode devices on semi-insulating

substrate. The various masks needed are outlined and the anomalous
behavior observed in the MISFET's are discussed in detail.

in chapter 3, the InP - insulator interface is dealt with in detail. By

means of capacitance - voltage analysis on a MIS capacitor, it is shown

that the traps in the insulator are the main cause for the threshold instabil-

ity observed in MISFET's. It is also shown that electron and hole traps in
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the insulator lead to hysteresis in the C-V curves of MIS capacitors. A

model is developed which shows that the electrons from the substrate tun-

nel to the traps sites located in the insulator, causing a shift in the thres-

hold voltage. Studies have also shown that characterizing the InP - insula-

tor interface merely on the basis of surface state density distribution will

not provide complete information about the interface.

Chapter 4 extends the concepts derived in chapter 3 to explain the

drain current drift and the agreement between the model and the experi-

ment is excellent. It is also shown that the insulator traps are responsible

for transconductance degradation at low frequencies.

laP integrated circuit technology is considered in chapter 5. Addi-

tional processing steps required to overcome the threshold instability and

isolation between devices are considered. Metal interconnect layers are
included to achieve useful circuit functions and a complete test chip is

designed with flip-flops, ring oscillators and high-frequency FET's. Limita-

tions arising from self-aligned technology arc described with particular

reference to InP.

Chapter 6 provides suggestions for future work and concludes the

study of oxide traps and their influence on the device performance.



5

2.5

2.0

-- ..-.u
.., 1

L5 /
c
..., / \0 / NG° As

`....

1.--

0.5

InP

Si ( BULK )

Si (SUFtFACE )

as LO 1.5 2.0 2.5 3 0

E(104 Vim)

Fig.1.1. Velocity - field curves for Si, GaAs and IxtP.

100t
80-4

60
fT 50
Ghz 4°

30
35 Ghz

20

60 Ghz
MONTE CARLO

77 K
NO -1O17

10

8

InP

GaAs

1}.t

1 I ' I ' i ! I0 4 0.6 0.8 W 2 3 4 5
L ( MICRONS)

Fig.1.2. fT vs gate length for GaAs and InP.



Parameter Si . GaAs InP Units

Bandgap (300°K) 1.12 1.42 1.34 eV

Intrinsic concentration 1.45x1016 1.79x106 9$4x106 cm -3

Electron mobility 1500 8500 4600 cm2 N.sec
Hole mobility 450 400 150 cm2 N.sec
Maximum Drift velocity 0.9x107 1.7x107 2.2x107 cm/sec

Dielectric constant 11.9 13.13 12.35

Schottky barrier height 0.78 0.85 0.5 eV

Breakdown field 300 390 530 KV/cm

Thermal conductivity 1.5 0.44 0.7 W/cmeC

Table 1.1. Important properties of Si, GaAs and LnP.
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2. MIS TECHNOLOGY ON INDIUM PHOSPHIDE

2.1. Introduction

In this chapter, a process for fabricating discrete InP MISFErs will

be described. Developing a process for fabricating discrete devices is

simpler compared to an integrated circuit process, due to the complexity

involved in device isolation, metal interconnect schemes and speed con-

siderations. There are several advantages in fabricating discrete devices,

particularly when the technology is new. This is because, the problems

that arise in this simple process can be learned, corrected and perfected

and this forms a basis for developing an integrated circuit process at a later

stage. In general, most of the device processes have to be tried, evaluated

and perfected because of the several unknown parameters in the process

that affect the device performance.

22. Device structures

Two types of devices are generally required to achieve any circuit

function. One of them is the normally-off device or enhancement device

which is usually connected as the driver. The other is the normally-on

device or depletion device which is used as a load for the enhancement

device to form an inverter. The process should accomplish both the dev-

ices on the same substrate. In the case of indium phosphide, Fe - doped

semi-insulating substrate is often used for fabricating devices.

There are three possible devices [16] that can be fabricated on semi-

insulating InP and these are shown in figure 2.1. Of these, two are
enhancement devices as shown in figures (A) and (B). The device in figure

(A) works on the principle of accumulating the electrons at the surface of

the semi-insulating substrate by a positive gate voltage and it is an accumu-

lation mode device. There is no analog for this in silicon technology. The
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Fig.2.1. Possible device structures on semi-insulating InP.
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device in figure (B) has p-type implant in the channel region and conduc-

tion can take place only by inverting the p-type surface by the application

of a positive gate voltage and hence an inversion mode device.

The device in figure (C) has an N type implant and is nornrnally-on.

It can be turned off by applying a negative voltage to the gate and deplet-

ing the channel region. Using the device in figure (A) would save one
implant and a masking step and this will make the process simpler.

There are several ways of fabricating these devices. In the standard

gate process, the gate overlaps the source and drain and the circuits work

slower due to the Miller capacitance. In the self-aligned process, the

source and drain are formed after the gate metal is deposited and the cir-

cuits are much faster due to the small overlap of the gate with source and

drain. There are several problems with the self-aligned process [17]. One

of the major problems is the degradation of the InP-insulator interface

during the annealing of source and drain implants. To keep the process

simple, the standard gate process will be used. Once the choice of devices

and the process is made, it is relatively easy to design a mask-set if the test

structures are determined.

23. The mask set

To fabricate devices, a consistent set of math is required. The

OSU lA mask set is designed primarily to study the feasibility of fabricat-

ing MISFET's on Fe-doped semi-insulating InP substrates. The various

devices present in the OSUlA mask-set are shown in figure 2.2. It con-
tains (W/L dimensions in microns) a 10/100 depletion transistor (A), a

125/25 short channel enhancement transistor (B) and a 125/125 enhance-

ment transistor (C). It also contains a MOS capacitor (D) of area 325x450

p.2 with an ohmic bar providing contact to the N region underneath the

capacitor. The MOS capacitor is built over a IC implanted region which



Fig.2.2. Layout of device structures in OSUlA mask.
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forms a lightly doped 'substrate' for the capacitor. The N- region is com-

pletely surrounded by an N+ region and the ohmic contact is placed over

the N+ region to reduce the series resistance of the capacitor. A MIN+

capacitor (E) of area 350x250 p.2 is laid out below the MOS capacitor and

it is mainly intended for measuring the dielectric constant of the oxide.

There are two resistors (F, G) of size (11W in microns) 625/25 to monitor

the sheet resistance of N and N + implants respectively. The 125/2.5

enhancement transistor gate overlaps the source and drain by 2.5p, per side

and the 125/125 transistor has a gate overlap of 7.5µ per side. In the case

of 10/100 depletion device, the gate metal overlaps the source, drain and

N implanted regions by 5 microns.

2A. MISFET Process Flow

The steps in fabricating discrete M1SFET's is shown in figure 2.3 and

the process flow is shown in figure 2.4. The process needs six masking

steps. The starting material is Fe-doped <100> oriented semi-insulating

InP wafer with resistivity greater than 106 ohm-cm. The wafer is initially

cleaned in organic solvents and etched in iodic acid to remove about
1000A of the material and any surface contaminants from the polished sur-

face. An initial layer of silox is deposited at 320°C to a thickness of
1000A, to prevent further contamination of the surface and to prevent
"channeling" from implant steps. After a photo resist process, the align-

ment key pattern is etched into the oxide layer. After removing the resist,

the aligment marks are etched into the InP substrate, using 10 % iodic
acid etch to a depth of 500-750A. This helps to align the subsequent
layers.

After this process, an N photo step is used to define the areas whee

the depletion transistor and the MOS capacitor are to be formed. The
wafer is then implanted with Si 28 ions at 130keV to a dose of 3x10 /cm2

which forms the channel for the depletion device and a lightly doped
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Starting material
(100) InP:Fe

Standard Solvent Clean
Surface etch
Iodic acid 10%

Silox Deposition
1000A @ 320°C

Alignment Key Photo
Etch silox
Strip resist
Etch alignment mark

1

N- Implant Photo
3E12 0 130KeV Si
Strip resist

N+ Implant Photo
2E14 @ 200KeV Si
Strip resist

Deposit silox
1000A @ 320°C
Implant anneal cap

Implant Anneal
670°C for 20 min.

Ohmic via photo
ohmic via etch

Ohmic metal Photo
ohmic metal dep
Au/Ge/Ni
okmic lift off

Alloy ohmic contacts
450C for 90 sec
forming gas

Strip silox
Surface etch

4

gate oxide deposition
320 silox 1000A

Contact Photo
Etch oxide to
open contacts
strip resist

Gate metal Photo
gate metal deposition
Ti/Pd/Au
Gate metal lift-off

Probe

Fig.2.4. MISFET Process Flow.
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"substrate for the MOS capacitor.

It should be pointed out that there is a certain implant threshold,
below which the semi-insulating substrate does not respond to the implants

[18]. This is a strong function of the excess Fe present in the semi-
insulating substrate which compensates some of the implanted donors.

Hence, these implants have to be tailored to a particular manufacturer of

InP and sometimes, even to a particular boule.

After a resist strip process, N+ implant is selectively performed using

the N+ mask which forms the source and drain regions and a heavily
doped "substrate' for the MIN + capacitor. The N+ implant dose is
2x1014/cm2 at an energy of 200keV. After this step, the photo-resist is

stripped off and an additional layer of silo: is deposited to a total thick-

ness of 2000A. This additional layer of Cox forms a cap and prevents the

out -diffusion of phosphorus during thermal annealing of the implanted

layers. The implants are annealed at 670°C for 20 minutes in forming gas.

After this anneal step, ohmic vies are etched into the oxide using an
ohmic via masking step. Ohmic metal is deposited by sequentially eva-

porating Au, Ge and Ni to thicknesses of 1000, 500, 400A respectively and

the ohmic metal is lifted-off using the previously defined resist process.

The ohmic contacts are alloyed at 450°C for 90 seconds in forming gas.

After the alloying step, the silox is completely etched off and the sur-

face is prepared for gate oxide deposition. This is done by etching away

130A of InP in iodic acid to remove any thermally degraded surface layer

which might have occured during the annealing and alloying steps. The

gate oxide (silox) is deposited at 320°C to a thickness of 1000A. It is the

quality of the InP-oxide interface which determines the electrical proper-

ties of the device. A contact photo step is now used to open the contacts

for source and drain regions which arc covered by the gate oxide.
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The wafer is now ready for gate metal. A gate metal photo step is
used to define the gate regions and Ti, Pd and Au are sequentially eva-

porated to a thickness of 800,400 and 1000X respectively. The gate metal

is lifted off using the photo-resist from the previous step which forms the

gates for transistors and capacitors.

23. Device Characteristia

The InP MISFET's fabricated using the process described above show

very good characteristics. The characteristics of enhancement and deple-

tion devices are shown in figures 2.5 and 2.6 and a summary of the impor-

tant results are given in table 2.1. Enhancement devices show a transcon-

ductance of 3545 mS/mm and channel mobility between 400 -1000
cm2N.sec. Depletion devices show a slightly higher channel mobility
compared to enhancement devices usually in the range of 1500 cm2N.sec.

This may be due to the fact that in a depletion device the current flow is

mainly in the implanted region whereas in an enhancement device the

current flow is at the surface of the semiconductor and the mobility is
reduced due to surface scattering. These devices clearly demonstrate the

feasibility of InP technology and illustrate their superior performance over

silicon devices. Due to the large series resistance from the N implant,
the C-V results from the MIS capacitors were not useful.

In figure 2.7, the characteristics of an inverter are shown which is

formed by connecting the 10/100 depletion device as a load and using the

125/2.5 enhancement device as a driver. The measurements indicate the

possibility of an inverter but does not reflect the speed because the meas-

urements were done by directly connecting the scope to the output of the

inverter. Further, the inverter aspect ratio has not been optimized for
speed. The transfer characteristics of the inverter are shown in figure 2.8.

These results indicate the potential of InP MIS technology and provide

some hope for improvement.
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125/2.5 Enhancement device. 8 steps. g, = 47mS/mm.

1/5/125 Enhancement device. 8 steps.

Fig.2.5. Characteristics of enhancement devices. (OSULA. run)
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10/100 Depletion device.

(8 steps starting at - 5V)

Fig.2.6. Characteristics of depletion device. (OSU1A run)



Process Parameters

N+ Sheet resistance : 100 ohms /sq.

N- Sheet resistance : 2600 ohms /sq.

Gate dielectric : 320 silox. ( e, = 4.3 )

Device parameters

Structure Threshold

voltage (V)

Drain-source

breakdown (V)

mobility

cm2N.sec
gm

mS/mm,
Enhancement Tr. 125/2.5 1.0 20 940 47

Enhancement Tr. 125/125 2.1 22 1020 -

Depletion Tr. 10/100 -4.7 22 1630 -

Table 2.1. Summary of the results of OSU1A run.
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Fig.2.7. Input and output waveforms of the inverter.
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Fig.2.8. Transfer characteristics of the inverter.
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Despite their impressive behavior, there are several problems which

need an immediate solution. One of the problems is shown in figure 2.9

where the device instability is caused by the application of gate bias. A

positive gate bias-stress causes an increase in device threshold and degrades

the transconductance. Similarly, a negative bias-stress tends to reduce the

threshold voltage and the enhancement device becomes a depletion dev-

ice. When a voltage step of 46 volts is applied to the gate of an enhance-

ment transistor, the drain current drifts as shown in figure 2.10. Similarly,

when the gate of an enhancement transistor is biased at - 8 volts for 20

seconds and the gate voltage is taken back to zero, the device immediately

begins to conduct and there is a slow drift in the drain current as shown in

figure 2.11. There is also instability in the depletion devices but the thres-

hold voltage never changes sign and the drain current drift is small. Insta-

bility of this nature causes circuit malfunction and it is desirable to elim-

inate these problems. Another effect which can be seen from the output

characteristics is the looping and poor transconductance.

It was also found that there was no isolation between devices. It was

possible to modulate the drain current of a FET significantly by applying a

voltage to the ohmic bar of the MIS capacitor. The semi-insulating sub-

strate must have degraded during the high temperature processing steps

leading to leakage current between devices.

2.6. Conclusion

It was shown that MIS technology in In!' is feasible and it is possible

to build enhancement and depletion devices on semi- insulating substrate.

Though the proem has not been perfected, the devices showed better per-

formance than silicon MOS devices. A rudimentary inverter was also
demonstrated by externally connecting a depletion and enhancement dev-

ice. Indium Phosphide MIS technology also has its problems. The

enhancement devices suffer from drab current drift and threshold
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instability. The devices show looping and hysteresis and the transconduc-

tance is lower than what is expected. It is important to understand the
cause for these problems so that a model can be developed to characterize

the instability and eventually find a solution. The main goal of this work

is to understand and interpret the cause for the instability in InP devices.
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3. THE INDIUM PHOSPHIDE - INSULATOR INTERFACE

3.1. Introduction

Surfaces of solids and the interfaces between different materials play

an important role in a wide variety of physical phenomena and interfaces

are particularly important in semiconductor devices. In the case of a MIS-

FET, the interface between the semiconductor and the insulator plays a

dominant role in the device performance and a poor quality interface can

lead to device characteristics that can change with time in an uncontroll-

able manner. It is well known that interface states occur at the interface

between two adjacent materials and these are also called surface states. It

is important to have a low density of surface states for improved device

performance and this involves taking extreme care in the preparation of

the surface and choosing a suitable insulator and the optimum deposition

conditions. In this chapter, the effects of depositing various insulators on

InP will be studied and the interface properties will be evaluated with a

view to choose a proper gate dielectric for MISFET operation.

32. Interface studies from the MIS capacitor

The MIS capacitor has the advantage of simplicity of fabrication and

is widely used in studying the interface properties of the MIS system. The

properties one would like to know about the interface are : a) surface state

density and its energy variation from valence to conduction band, b) the

type of state, whether donor or acceptor and c) the capture cross-sections.

Similarly, the important properties of the dielectric are : a) dielectric con-

stant, b) resistivity c) mobile-ion concentration and d) trap density in the
insulator Elm. Unfortunately, all of the above information cannot be
obtained from a single experiment. Several methods are used to study the

interface [19, 2.0, 21, 22] including the low-frequency as well as high-
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frequency capacitance-voltage analysis (C-V methods) and conductance-

voltage analysis (G-V methods). In this work, only the high frequency

method will be used due to the difficulties encountered in performing the

quasi-static and low- frequency C-V measurements. Further, due to lack

of a conductance bridge, a complete G-V analysis was not possible. To

analyze the experimental C-V curve, ideal C-V curves are needed for
comparison and the deviation from the ideal behavior is attributed to sur-

face states. The theory for low-frequency capacitance of a MIS capacitor

on an n- type substrate is derived in appendix A based on the approach by

Sze [231. The high frequency capacitance of a MIS capacitor is derived in

appendix B based on the method by Brews [24, 25].

33. Fabrication of MIS capacitor

The MIS capacitors used in this study were fabricated on <100> sul-

phur doped n-type InP wafers obtained from Varian Associates. The dop-

ing concentration in the wafer was 1.2x 1016/cm3. Prior to gate insulator

deposition, the wafers were cleaned in trichloroethylene, acetone and

isopropyl alcohol. Subsequently, the wafers were etched in 10% iodic acid

for 2 minutes, removing about 600-800X of InP. This etch helped to
remove any surface contaminants that might have been present from pol-

ishing steps and also helps to expose a fresh layer of InP for gate insulator

deposition. Immediately after this treatment, the gate insulator was depo-

sited to a nominal thickness of 1000X under conditions detailed in the next

section. When performing this deposition, a semi-insulating InP wafer and

an n-type (4 ohm-cm) silicon wafer were also included during the dielec-

tric deposition, to correlate the MIS capacitor and MISFET results. The

n-type silicon wafer was used as a test vehicle to study the integrity of the

insulator and to resolve the anomalies between silicon - insulator interface

and InP - insulator interface. After the gate dielectric deposition, 5000A

of aluminum was evaporated over the whole wafer. Using a photoresist
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step, 400 micron diameter dots were defined by a mask. The evaporated

aluminum was etched in 53:1 ethylene glycol: phosphoric acid: water sys-

tem thus forming 400 micron diameter aluminum gates for the MIS capa-

citor. The ethylene glycol etch is preferred over the conventional alumi-

num etch because the nitric acid present in the conventional etch attacks

InP. After a photoresist strip process, the MIS capacitors were ready for

electrical probing. The substrate contacts for the MIS capacitors were
made by painting the back-side of the wafer with a gallium-indium alloy.

3.4. Dielectric deposition on InP

In this section, the conditions required for depositing various dielec-

trics on InP will be described. The objective is to achieve a good dielec-

tric - semiconductor interface capable of modulation of the surface poten-

tial from accumulation to inversion. It has been found by other workers

[33, 34] that 5102 forms a good interface with InP and the surface poten-

tial can be varied over the band-gap of InP. Since the deposition condi-

tions determine the interface properties, the effect of depositing Si02 at

different conditions, particularly at low-temperatures will be of main con-

cern.

3.4.1. Silo: deposited at 320°C

Oxidation of slime is a process of depositing Si02 and this will be

termed silox in this work. A mixture of slime and oxygen is introduced
into a reaction chamber which is maintained at a constant temperature,

usually between 320 - 450°C, and the reactant gases combine to form
silicon-dioxide. The gas ratio and the deposition temperature can be
varied to optimize the film properties for any given application. The
congruent temperature for InP is 362°C and hence the oxide should be
deposited at a lower temperature to prevent out-diffusion of phosphorus.
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If the temperature is too low, the deposition rate will be very small and

the film thickness may not be reproducible and the film may contain pin-

holes. However, if a higher temperature is chosen, the deposition rate
may be so high that the thickness control may be difficult and the film

may be rich in silicon. In order to arrive at some optimum conditions, the

deposition temperature was chosen to be 320°C. This oxide will be
referred as 320 silox throughout this work. All the silox depositions were

carried out in a modified Applied Materials silox reactor. The flow rate

for silane was 30 cc/minute and it was diluted with nitrogen which was set

to 30 litres/minute. The oxygen flow rate was set to 150 cc/minute and the

deposition time for 1000X of SiO2 was about 6 minutes. The silo: thick-

ness was uniform over the wafer as identified by a clean blue colour and

was confirmed by ellipsometric measurements to be within ±20A. After

the silox deposition, the MIS capacitor was fabricated as outlined in sec-

tion 3.3. A typical 1 MHz C-V plot for this MIS capacitor is shown in
figure 3.1. The C-V measurements were obtained with a Princeton
Applied Research model 410 C-V plotter. The gate was always swept

from accumlation to inversion and the ramp rate was set to 0.1V/sec. It

can be seen from figure 3.1 that the C-V plots show a large amount of hys-

teresis and the hysteresis is always clockwise irrespective of the direction

of gate bias sweep. These results suggest some kind of instability at the

interface.

3.4.2. Silos deposited at 360t

Based on the results of the 320 silox, it was felt that a higher tempera-

ture oxide might yield a better quality film and be free from hysteresis in

the C-V characteristics. In order to create a noticeable change in the pro-

perties of the film, the temperature was increased to 360°C but the gas

flow settings were left unchanged. Due to the increased temperature, the

deposition rate of silox was higher and it needed 85 seconds to deposit
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Fig.3.1. A typical C-V plot showing hysteresis.
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1000X of SiO2. When the MIS capacitors were tested, it was found that

360 silox MIS capacitors showed a larger amount of hysteresis compared

to 320 silox capacitors and again the hysteresis was clockwise.

343. Photo CVD oxide deposited at 225T

From the experimental results of silox deposition, it was concluded

that temperatures lower than 320°C were required to get stable interfaces

with InP based only on the criteria of hysteresis in the C-V plot. At tem-

peratures below 320°C, the silos reactor could not produce stable and uni-

form films and it was necessary to look for alternate methods of dielectric

deposition. Chemical vapor deposition by photolysis or Photo CVD oxide

(Photox) offers another method of depositing SiO2 at lower temperatures.

The reaction is carried out at low pressures (< 1 Torr) and a mercury lamp

supplies the energy for the reaction [26, 27]. To reduce the activation
energy, the reactant gases (silane and nitrous oxide) were passed over mer-

cury for the absorption of energy corresponding to the 253.7 nm line from

the mercury lamp. The deposition temperature was set at 225°C and the

chamber pressure was 0.6 Ton. The flow rates for nitrous oxide and silane

were set at 2 cc/minute and 0.02 cc/minute respectively. The deposition

time for 1000X of SiO2 was 8 minutes. The hysteresis observed in these

MIS capacitors was much higher than the hysteresis found in MIS capaci-

tors with silox insulator. This result was in contradiction to the earlier
hypothesis and there was no physical model to explain these observations.

This will be examined again in section 3.10. However, plasma enhanced

chemical vapour deposition (PECVD) of SiO2 had become accepted and

other workers in this field [28, 29] had some success with InP and it was

decided to pursue this method of depositing the oxide.
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3.4.4. Plasma Oxide

Though PECVD oxides have a distinct advantage over pyrolytic

oxides, facilities were not available at this laboratory to deposit PECVD

Si02. The deposition of plasma oxide needed for the MIS capacitors in

this work was done at Hughes Research Laboratories at Malibu. The
plasma oxide was deposited at 300°C at a power level of 40 watts. The

reaction chamber was maintained at a pressure of 05 Ton and the deposi-

tion time was 6 minutes for an oxide thickness of 1000A. The flow rate

for nitrous oxide was 190 cc/minute and the silane which was diluted in

helium was set to 55 cc/minute. The C-V characteristics for this MIS capa-

citor still showed hysteresis but it appeared to be smaller than the hys-

teresis noticed in MIS capacitors with 320 silos gate insulator.

Three different surface treatments were given prior to dielectric depo-

sition : a) NRL etch [IS] b) Phosphoric acid etch [30] and c) Varian etch

(HBr: Br: water : 8.5: 0.2: 600) to study the influence on interface proper-

ties and there was no significant improvement in the hysteresis of the C-V

plots. It was observed from all of the above experiments, that the hys-

teresis in the C-V plots did not depend on the surface preparation of InP,

but had a strong influence on the deposition temperature and the method

of depositing the oxide. It was also felt that a study of these interfaces
merely on the basis of surface states would not lead to any meaningful

conclusions because of the nature of the instability demonstrated in the C-

V curves.

3.5. General observations on the C-V plots of MIS capacitors

In this section, some of the important properties of MIS capacitors on

InP will be summarised. It was observed that hysteresis was always present

in the C-V plots of InP MIS capacitors whereas no hysteresis was seen if
the same oxides were deposited on silicon wafers. This clearly indicates
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that the problem is peculiar to the InP- Si02 interface and does not occur

in Si SiO 2 interface. In general, the hysteresis was higher for oxides

deposited at higher temperatures. The amount of hysteresis increases if

the gate voltage swing is higher. In other words, the amount of hysteresis

is higher if the C-V plot is obtained by swinging the gate from +10 volts to

-10 volts as compared to a swing of +5 volts to -5 volts. If the ramp rate

on the gate bias is decreased, the hysteresis increases. The hysteresis
depends on the temperature of deposition of the dielectric and the method

of deposition.

The slope of the C-V curve from accumulation to inversion changes if

the gate voltage swing is higher, indicating an increase in surface state den-

sity. It is obvious that such an interface cannot be merely characterized

by a certain distribution of surface states within the band-gap. If a positive

voltage is applied to the gate of a MIS capacitor for a long time, the C-V

curve shifts along the positive voltage axis and this occurs even at room

temperature. This effect is shown in figure 3.2 where the shift in the C-V

curve is shown for a bias of +10 volts applied for different times in inter-

vals of 10, 20, 40, 80, 160, 320, 640 and 1000 seconds respectively. Simi-

larly, if a negative voltage is applied to the gate for different times, the C-

V curves shift along the negative voltage axis as shown in figure 3.3. All

of these results indicate a fairly complex transient phenomena occuring at

the interface and the results have to be carefully analyzed to understand

the mechanisms leading to this kind of instability.

3.6. The positive bias - stress experiment

It was mentioned in the previous sections that the C-V curves show

clockwise hysteresis and that the C-V curves shift along the positive vol-

tage axis under a positive bias-stress. It is important to analyze the cause

for this shift so that relevant experiments could be performed to character-

ize it. Three possible causes for a shift in the C-V curve under a positive
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gate bias strew are shown in figure 3.4. It is clear from figure 3.4 that
mobile-ions in the insulator and polarization of the oxide would cause the

C-V curve to shift along the negative voltage axis, whereas the tunneling

of the electrons from the substrate to the traps in the oxide would shift the

C-V curve along the positive voltage axis. It is also shown in figure 3.4

that mobile-ions and polarization of the oxide lead to counter-clockwise

hysteresis and the oxide traps only will cause a clockwise hysteresis.

If oxide traps are the main cause for the hysteresis and instability, it is

important to characterize these films in terms of oxide trap density. In

order to understand the trapping mechanism, it is important to establish a

relationship between the fiat-band shift in the C-V curve (AV) and the

time t for which the gate bias is applied. In figure 3.5, AV is plotted

against log(t) and it can be seen that a higher gate voltage causes an
increase in AV and under a constant gate bias, the shift increases with

time. If, on the other hand, VAT, is plotted against log(t) , it is possible

to fit a straight line to the experimental data. This was true of all the
oxides deposited on InP, and this is shown in figures 3.7 to 3.12 which sug-

gests that the same mechanism is responsible for the shift in the C-V
curves. This is a very important result and it is for the first time such a

relationship has been established for the oxides deposited on InP [31].

3.7. The electron trap model

It is important to explain the above relationship in a quantitative
manner based on electron tunneling from the substrate to trap sites in the

oxide. Heiman and Warfield [32] were the first to develop a theory for

the electron trapping in silicon - silicon dioxide system but their theory

could not explain many of the experimental observations because the ther-

mally grown Si - Si02 system was relatively free of oxide traps. In the

case of InP - SiO2 system, the traps are the dominant cause for the shift in

the C-V curve and it should be possible to explain the observed results.
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Since a positive gate voltage causes a shift in the positive direction, the

charge state of the traps should be acceptor-like. This implies that the

traps are neutral when empty and are negatively charged when filled by

an electron. Since the deposited oxide is polycrystalline in nature, it is

likely that there will be a number of traps at various energy locations and

the trap density may vary with the distance from the oxide- semiconductor

interface. It is difficult to model this problem and as an approximation, a

mono- energetic trap with uniform trap density may be assumed and this

can be checked against the experimental results to verify the validity of

these simplifying assumptions. Based on this assumption, and using an

analysis similar to Heiman and Warfield, it is shown in appendix C that

the shift in the C-V curve is given by the equation

AV =
9NTA fX. 1 e " twee/.(E)

Co 0 erEA0-4qxEis l I kr dx (3.1)

where NMI EAO and Ea, represent the trap density, trap energy and the
oxide field respectively. The time constant Too depends on the capture

cross- section of the trap, thermal velocity of the electrons and the elec-

tron concentration at the surface of the semiconductor as given by the
relation

1

v n,
(3.2)

The above equations show that AV increases with oxide field. This implies

that it is a field assisted tunneling rather than thermally assisted tunneling

as pointed out by Okamura and Kobayashi [33) in connection with drain

current drift. It is shown in appendix C that it is the electric field strength

in the oxide which bends the bands and brings the trap level close to the

interface for enhanced tunneling. By making approximations to the
integral, it is shown in appendix C that VII/ is linearly related to log(:),
thus explaining the experimental results.
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By varying the trap density, trap energy and capture cross-section, it

is possible to fit the model to the experimental AV versus log(t) curve.

Since there are three parameters to fit the experimental data, there are
several possible combinations. However, if the parameters are chosen to

fit the experimental curves at two different gate voltages, the choice
becomes unique. It should be noted that the trap energy and the capture

cross-section give a unique shape to the AV - log(t) curve and the trap
density merely increases the magnitude of the shift. The calculations are

shown in tables 3.1, 3.2, 3.3 and 3.4 along with the experimental data for

all the dielectrics used in this study. All the trap calculations were per-

formed on a Hewlett-Packard model 85A personal computer and the
results of these calculations are shown in figures 3.13 to 3.16 for all the

dielectrics studied on InP. It is clear from the plots that the agreement
between the model and the experiment is excellent. Most of the trap
parameters appear to be reasonable except for the capture cross-section

which is very small and this will be considered in the next section. Out of

the many insulators studied in this work, plasma oxide seems to be the
most suitable dielectric for InP because of its low trap density. Since there

was no facility for depositing the plasma oxide in our laboratory, 320 silox

was chosen as the best insulator for fabricating MISFET's and this will be

studied further in this work.

3.8. Effect of temperature on trapping

Since tunneling takes place at a constant energy, it should be indepen-

dent of temperature and the shift AV should stay relatively constant with

change in temperature. However, if the bias-stress experiment is per-
formed at a higher temperature, the shift in the C-V curve is considerably

greater. The effect of temperature on electron tunneling for 320 silox is

shown in table 33. When the bias-stress experiment is performed at a gate

voltage of 7 volts for a period of 1000 seconds, the shift in the C-V curve



EXPERIMENTAL DATA

TIME

(SEC)

AV
(VOLTS)

Vg-7V

AN
(VOLTS)

Vg -9V

10 O. 4 O. 6

20 O. 6 O. 8

40 0.8 LI
80 0.9 1.3

160 1.1 1.6

320 1. 3 1. 0

640 I. 6 2.1

1000 1.7 2.3

CALCULATIONS AT Vg-7V

320 SILOX
Oxide thickness: 1000 A
Dielectric const: 4.3
Subst.doeins! 1.2E16 /cc
Temperature; 300 K
Gate bias; 7 V
Acetr.Trae density' 6.4E18 /cc
Eao-Ecol .045 eV
Cross-section! 1.5E-27 cm2

T He
sec /cm2

4s Av
V V

10 9.45E+010 0.163 0.40
20 1.34E+011 0.162 0.56
40 1.76E+011 0.161 0.74
80 2.21E+011 0.159 0.93
160 2.69E+011 0.157 1.13.
320 3.18E+011 0.155 1.34
640 3.69E+011 0.153 1.55

1000 4.02E+011 0.152 1.69

CALCULATIONS AT Vg -9V

320 SILOX
Oxide thickness' 1000 A
Dielectric const' 4.3
Subst.doeine, 1.2E16 'cc
Temperature' 300 K
Gate bias' 9 V
Acetr.Trae density: 6.4E16 'cc
Eao -Eco' .045 eV
Cross sections 1.5E-27 cm2

Ne Is AV
sec /cm2 V V
10 1.41E+011 0.176 0.59
20 1.94E+011 0.175 0.82
40 2.50E+011 0.173 1.05
80 3.10E+011 0.171 1.30
160 3_72E+011 0.170 1.55
320 4.35E+011 0.168 1.83
640 5.00E+011 0.166 2.10

1000 5.42E+011 0.164 2.28

Table 3.1. Experimental data and calculations for 320 silox.

(Electron trapping)

aw
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Fig.3.13. AV vs r for 320 silox. (Electron trapping)



EXPERIMENTAL DATA

TIME

(SEC)

AV
(VOLTS)

Vgn7V

AV
(VOLTS)

Vg-9V

10 0.6 0. 0

20 0. 8 1.1

40 1. 0 1. 5

80 1.3 1.0

160 1. 6 2. 1

320 1. 8 2. 5

640 2.1 2.8
1000 2.3 3.0

CALCULATIONS AT Vg-7V

360 SILOX
Oxide thickness: 1000 A
Dielectric coast 5.16
Subst.doPine: 1.2E16 'cc
Temperature: 300 K
Gate bias' 7 V
Acptr.Trap density: 1.1E19 /cc
Eao-Eco: .05 eV
Cross-section! 1.E-27 cm2

T
sec

He
/cm=

Is AV
V V

10 1.59E+011 0.171 0.56
20 2.26E+011 0.169 0.79
40 2.96E+011 0.167 1.04
80 3.69E+011 0.165 1.29

160 4.42E+011 0.163 1.55
320 5.17E+011 0.160 1.81
640 5.93E+011 0.157 2.08
1000 6.42E+011 0.155 2.25

CALCULATIONS AT Vg..9V

360 S1LOX
Oxide thickness: 1000 A
Dielectric const' 5.16
Subst.dopins:.1.2E16 /cc
Temperature: 300 K
Gate bias: 9 V
Acptr.Trap densitki 1.1E19 /cc
Eao -Eco' .05 eV
Cross-section: 1.E-27 cm2

T
sec

lie

/cm=
Is
V

AV
V

10 2.36E+011 0.134 0.83
20 3.25E+011 0.182 1.14
40 4.17E+011 0.180 1.46
30

160
5.13E+011
6.10E+011

0.177
0.175

1.80
2.14

320 7.08E+011 0.172 2.48
640 8.06E+011 0.169 2.83
1000 8.69E+011 0.167 3.05

Table 3.2. Experimental data and calculations for 360 silox.

(Electron trapping)
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EXPERIMENTAL DATA

TIME

(SEC)

NI
(VOLTS)

Vg-7V

LN
(VOLTS)

Vr8V

10 1.0 1.2

20 1.4 1.7

40 1.7 2.1
80 2. 1 2. 6
160 2. 5 3. 0
320 2. 8 3. 4

640 3. 1 3. 8
1000 3. 3 4. 0

CALCULATIONS AT Vgfl7V

225 PHOTOX
Oxide thickness: 1000 n
Dielectric const 4.36
Subst.doPine: 1.2E16 'cc
Temperature: 300 K
Gate bias: 7 V
Rcptr.Trar density' 2.E19 /cc
Eao-Eco: .045 eV
Cross-section! 1.2E-27 cm2

T
sec

He
/cm2

is
V

AV
V

10 2.40E+011 0.159 0.99
20 3.31E+011 0.156 1.37
40 4.20E+011 0.152 1.74
80 5.07E+011 0.149 2.11
160 5.91E+011 0.145 2.45
320 6.73E+011 0.141 2.79
640 7.51E+011 0.137 3.12
l000 8.00E+011 0.134 3.32

CALCULATIONS AT VT.EiV

225 PHOTOX
Oxide thickness: 1000 A
Dielectric const' 4.36
Subst.dopine: 1.2E16 /cc
Temperature' 300 K
Gate bias' 8 V
AcPtr.Trap density' 2.E19 /cc
Eao-Eco: .045 eV
Cross-section:

Ne.
sec /cm2

1.2E-27

V

rtm2

Av
V

10 2.97E+011 0.165 1.23
20 4.05E+011 0.162 1.68
40 5.11E+011 0.158 2.12
80 6.14E+011 0.154 2.55

160 7.14E+011 0.150 2.96
320 8.10E+011 0.146 3.36
640 9.02E+011 0.141 3.75
1000 9.59E+011 0.138 3.98

Table 3.3. Experimental data and calculations for 225 photox.

(Electron trapping)
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EXPERIMENTAL DATA

TIME

(SEC)

LW
(VOLTS)

Vg.-.7V

LW
(VOLTS)

Vg-9V

10 0.1 0.3

20 0.2 0.4

40 0.3 0.5

80 0.4 0.6

160 0.5 0.8

320 0.6 0.9

640 0.7 L1
1000 0.8 1.2

CALCULATIONS AT Vg-7V

PLASMA OXIDE
Oxide thickness: 1000 A
Dielectric const' 4.64
Subst.dopine, 1.2E16 /cc
Temperature' 300 K
Gate bias' 7 V
Acptr.Trap density' 4.E18 /cc
Eao -Eco' .07 eV
Cross section'

T Ne
SeC /rm2

I.E-27 cm2

V
AV
V

10 4.27E+010 0.169 0.17
20 6.05E+010 0.168 0.24
40 8.09E+010 0.168 0.32
80 1.04E+011 0.167 0.41

160 1.30E+011 0.166 0.51
320 1.59E+011 0.165 0.62
640 1.90E+011 0.164 0.74
1000 2.11E+011 0.164 0.82

CALCULATIONS AT Vg-9V

PLASMA OXIDE
Oxide thickness: 1000 A
Dielectric const' 4.64
Subst.dopine, 1.2E16 /cc
Temperature' 300 K
Gate bias' 9 V
Acptr.Trap density: 4.E18 /cc
Eao-Eco: .07 eV
Gross-section: .I.E -27 cm2

T Ne is
sec /cm= V

AV
V

10 6.68E+610 0.182 0.26
20 9.33E+010 0.181 0.36
40 1.24E+011 0.180 0.48
30 1.57E+011 0.180 0.61
160 1.94E+011 0.179 0.76
320 2.34E+011 0.178 0.91
640 2.75E+011 0.177 1.07
1000 3.03E+011 0.176 1.18

Table 3.4. Experimental data and calculations for plasma oxide.

(Electron trapping)
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varies from 13 to 2.7 volts for a variation in temperature from 9°C to
77°C. These results indicate that temperature has a very strong influence

on trapping whereas equation 3.1 predicts a weak dependence on tempera-

ture.

An examination of the figures 3.13, 3.14, 3.15 and 3.16 reveals that

equation 3.1 correctly predicts the trapping behaviour for various insulators

but the dominant effect of temperature is not explicit in the model. It is

quite unlikely that the trap density in the oxide could vary significantly

over the small temperature range covered in this experiment. Similarly, it

is reasonable to assume that the trap energy EA° remains constant and

does not vary with temperature. The only variable that could cause an
enhanced trapping at higher temperatures is the time-constant t which
depends on the capture cross-section, thermal velocity of the electrons and

the electron concentration at the surface of the semiconductor. The effect

of temperature on thermal velocity and n, is well established. The ther-

mal velocity has a weak temperature dependence given by

v = 3V77' ha (33)

where in is the free electron mass and n, is related to ph which depends on

temperature in the form

ni = VilcAcrt-E* zu. (3.4)

and the band gap depends on temperature [34] according to the relation

E = 1.4206
T + 327

4.906x10-4 T2
(3-5)

The model, even after ircluding the modifications given by equations 3.3,

3.4 and 3.5 still predicts negligible dependence on temperature. This sug-

gests that the capture cross-section should be a strong function of tempera-

ture to account for the experimentally observed results.



TEMP
CO

TEMP
(K)

1000/T (K)

AV
(VOLTS)

Vg -7V

t.-1000sec

CAPTURE CROSS SECTION

TO MATCH AV (cm2)

9 202 3.55 1.3 2.0E -028

17 290 3.45 1.5 7.5E -028

27 300 3.33 1.7 1.5E -027

37 310 3.23 2.0 3.0E -027

46 319 3.13 2.2 8.2E -027

59 331 3.02 2.4 2.0E -026

67 340 2.94 2.5 3.0E -026

77 350 2. 86 2. 7 8.0E -026

Table 3.5. Effect of temperature on electron trapping for 320 silox.
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Using the above model, the capture cross-sections are varied to match

the experimental results obtained at various temperatures and this is shown

in table 33. If the calculated capture cross-sections are plotted against
inverse of absolute temperature, a straight line results as shown in figure

3.17 indicating that the cross-section varies exponentially with temperature.

This is not surprising since a similar result, has been reported by Lang and

Henry [49] for deep levels in GaAs and GaP. Based on the experimental

observation, the capture cross-section at any temperature can be expressed

as

Eb kT
Sac, = Same (3.6)

Using the above relation, the capture cross-section Sam and the bather

energy Eb were found to be 9x 10-16=2 and 0.7eV respectively. This

explains the very small capture cross-sections observed for oxide traps at

room temperature. Based on these observations, a complete picture of the

electron trap model is shown in figure 3.18.

3.9. The negative bias - stress experiment

The effect of a negative bias - stress on a MIS capacitor is to shift the

C-V curves along the negative voltage axis as shown in figure 33. This

can be explained on the basis of donor-like traps in the oxide which empty

when a negative voltage is applied to the gate. The empty trap sites
become positively charged and they shield the gate field from the substrate

which shifts the C-V curve along the negative voltage axis. For the sake

of simplicity, this will be called hole trapping in all future discussions. In

figure 3.19, the shift in the C-V curve is plotted against log(t) and figure

3.20 shows an approximate linear relationship between VAT and log(t).

Using a model similar to the electron trap model, an expression is derived

in appendix D for the shift in the C-V curve. The calculations are shown

in table 3.6 and the comparison between the model and the experiment is
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OXIDE

I direct tunneling

2 thermal excitation over the barrier

3 tunneling via surface states

Fig.3.1S. Energy-band diagram showing tunneling of electrons.
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Fig.3.19. AV vs t for 320 silox. (Negative bias)
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Fig.3.20. V,W vs t for 320 silox.
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EXPERIMENTAL DATA

TIME

(SEC)

AV
(VOLTS)

VT,-7V

AV
(VOLTS)

VT--9V

10 -0.2 -0.4
20 -0.4 -0.8
40 -0.8 -1.2
80 -1.1 -1.5
160 -1.4 -2.0
320 -1.7 -2.3
640 -1.9 -2.7
1000 -2.1 -2.9

CALCULATIONS AT Vg - -7V

320 SILOX
Oxide thickness' 1009 A
Dielectric const, 4.3
Subst.doPine: 1.2E16 /cc
Temperature: 300 is
Gate bias' -7 V
Donor Trap densitr: 8.5E18 'cc
Edo-Evo: .01 eV
Cross-section: 1.E-27 cm2

Nh Is AV
sec /rm2 V V
10 7.63E+010 -1.239 -0.32
20 1.28E+011 -1.236 -0.54
40 1.94E+011 -1.233 -0.82
80 2.66E+011 -1.229 -1.12
160 3.36E+011 -1.225 -1.41
320 4.01E+011 -1.221 -1.69
640 4.63E+011 -1.217 -1.95

1000 5.01E+011 -1.214 -2.11

CALCULATIONS AT VT.-9V

320 SILOX
Oxide thickness' 1000 A
Dielectric const: 4.3
Subst.dopine: 1.2E16 /cc
Temperature' 300 K
Gate bias' -9 V
Donor TraP density' 8.5E18 /cc
Edo -Evo' .01 eV
Cross - section' 1.E-27 cm2

sec
Nh

'c y2
45 AV
V V

10 1.30E+011 -1.255 -0.55
20 2.04E+011 -1.252 -0.86
40 2.90E+011 -1.249 -1.22
80 3.77E+011 -1.246 -1.59

160 4.63E+011 -1.242 -1.95
320 5.47E+011 -1.239 -2.39
640 6.29E+011 -1.235 -2.65

1000 6.80E+011 -1.233 -2.86

Table 3.6. Experimental data and calculations for 320 silos.

(Hole trapping)
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shown in figure 3.21. It can be seen that the model does not fit the experi-

ment when the time t is small and this is due to the time taken for the

holes to form at the surface of the semiconductor. This will be discussed

in greater detail when considering the inversion layer response.

Temperature influences the hole trapping in two ways: 1) at higher

temperatures, the generation of the minority holes will be higher and the

trapping is higher; 2) the capture cross-section may increase with tempera-

ture and this can lead to enhanced trapping. Separation of the two effects

is difficult and it has not been possible to develop a model that fits the

experiment. It appears that some more work is needed in this area.

3.10. Comparison of different dielectrics

An examination of table 3.7 shows that higher deposition tempera-

tures lead to higher trap density. At higher temperatures, indium and

phosphorus out-diffuse from the surface and form a disturbed interfacial

layer consisting of indium trioxide, indium phosphate and phosphorous

pentoxide which act as a source of traps. The Auger depth profile for 320

silox is shown in figure 3.22 and it clearly indicates the movement of

indium and phosphorus from the surface. This does not explain the high

trap density observed in photox. The high trap density may be due to the

radiation damage caused by the ultraviolet light from the mercury lamp or

may be due to trace amounts of mercury in the oxide.

The table also shows the resistivity of the film and it can be seen that

thermal Si02 is the best insulator possible on silicon. The resistivity was

measured as follows: a gate bias of +10 volts was applied to the sample

and the leakge current was measured after 120 seconds and this was used

to calculate the resistivity. The breakdown voltages are measured with the

gate held at a positive voltage which leaves the semiconductor surface in

accumulation. It should also be noted that the dielectrics when deposited



Dielectric Deposition

Temp °C

'Thickness

A

Breakdown

Voltage(V)

Resistivity

ohm-cm

Dielectric

constant

Trap

density cm-3

Thermal S102 1050 1053 80 1.8x1016 3.90 -

Silox 320 1000 50 1.5x1014 4.30 6.4x10"

Silox 360 1000 50 8.9x1014 5.16 1.1x1019

Photox 225 1000 55 1.9x10" 4.36 2.0x1019

Plasma oxide 300 1000 55 6.0x1014 4.64 4.0x10"

Table 3.7. Comparison of various dielectrics on InP.
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on InP breakdown at a lower voltage compared to the breakdown voltage

when deposited on silicon. This may be due to the traps located at InP-

oxide interface.

3.11. Shift in the C-V curve due to slow surface states

It was shown in the previous sections that the shift in the C-V curve is

mainly due to oxide traps and there was a good agreement between the

model and the experiment. Since a semiconductor surface always contains

surface states, a shift in the C-V curve can also occur due to charging of

slow surface states during a bias-stress experiment. This was suggested by

Hasegawa [36] but a model is still lacking. In order to examine the vali-

dity of slow surface state charging, it is necessary to create a MIS structure

where the surface states dominate over the oxide traps. If a dielectric can

be deposited on InP at fairly low temperatures, the interface will be rela-

tively free from oxide traps but it is likely to be dominated by surface
states. This can be achieved with zirconium oxide.

Zirconium oxidizes readily even if minute traces of oxygen are
present and it is possible to evaporate zirconium in a vacuum evaporator

with a small amount of oxygen to get a film of zirconium oxide on In?.

Approximately 1000A of zirconium oxide was deposited on InP. During

the deposition, the wafer temperature was 60°C. The results of positive

bias-stress experiment on a MIS capacitor with zirconium oxide dielectric

are shown in figure 3.23. It is seen that the C-V curves stretch-out and tilt

about the flat-band capacitance rather than shift along the voltage axis

[37]. This implies that the surface states change their occupation as the

surface Fermi-level moves from conduction band to valence band during

the gate bias sweep and this results in a stretch-out of the C-V curve.

Though the zirconium oxide MIS capacitors have shown that the sur-

face states are fast and respond to the gate bias quickly, it is still necessary
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to develop a model for the shift in the C-V curve due to charging of slow

states to establish a relationship between AV and time. Due to the dif-

ferent distribution of surface states within the band- gap, developing a gen-

eral model is rather difficult. To simplify this problem, a step function

surface state density is assumed as shown in figure 3.24(A). Using this sur-

face state density and assuming the oxide to be free of traps a C-V curve

is generated. This is shown in figure 324(B) and from this curve the sur-

face state density is calculated using Terman's method [21] and the result

is shown in figure 3.24(C). The calculated surface state density in figure

(C) does not resemble the assumed distribution in figure (A) because the

Fermi-function is a slowly varying function in energy and it smears the sur-

face state density distribution. The distribution in figure (C) resembles

most of the experimentally observed surface state density distributions if a

minimum detection limit of 1010states/cm2eV is assumed which is typical

for most C-V methods. In appendix E, a model is developed for the shift

in the C-V curve due to charging of surface states. To keep the time-
constant large, a capture cross-section of 10-27CM 2 is assumed and the cal-

culations are shown in table 3.8. The results from the calculations are

shown in figure 325 where AV is plotted against log(t). It can be seen
that the AV - log(t) curve has a shape similar to the charging of a capaci-

tor and a linear relationship does not exist between VEIT and log(t). This

again establishes that surface states are not responsible for the observed

shift in the C-V curves.

3.12. Hysteresis in the C-V plots due to trapping

It has been established that the electron traps shift the C-V curve
along the positive voltage axis and hole traps shift the curve along the

negative voltage axis. Hence, it is reasonable to expect that if a C-V plot

is obtained by sweeping the gate voltage of a MIS capacitor from positive

to negative and retraced it back to the initial condition, hysteresis should
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AV DUE TO CHARGING OF
SURFACE STATES
320 SILOX
Cross-section 1.E-27 cal
Gate bias 7 volts

T NSA-NS0 Is
SeC /Ce2 V

AV
V

0.0 4.75E+010 -0.027 0.00
0.0 4.75E+010 0.165 0.00
.6 6.96E+010 6.165 0.09

1.2 9.06E+010 0.164 0.18
1.8 1.11E+011 0.164 0.27
2.4 1.30E+011 0.163 0.35
3.1 1.48E+011 0.162 0.42
3.8 1.65E+011 0.162 0.49
4.4 1.81E+011 0.161 0.56
5.1 1.96E+011 0.160 0.63
5.8 2.11E+011 0.160 0.69
6.6 2.25E+011 0.159 0.75
7.3 2.38E +811 0.159 0.80
8.1 2.51E+011 6.158 0.86
8.8 2.63E+011 0.158 0.91
9.6 2.74E+011 0.157 0.95

10.4 2.85E+011 0.15? 1.00
11.2 2.95E+011 0.157 1.04
12.0 3.05E+011 0.156 1.00
12.9 3.14E+011 0.156 1.12
13.7 3.23E+011 0.156 1.16
14.6 3.31E4-e11 0.155 1.19
15.4 3.39E+011 6.155 1.23
16.3 3.47E+011 0.155 1.26
17.2 3.54E+011 0.154 1.29
18.1 3.61E+011 0.154 1.32
19.8 3.67E+011 0.154 1.35
19.9 3.73E+011 0.153 1.37
20.8 3.79E+011 0.153 1.40

984.6 4.90E+011 0.148 1.86
985.7 4.90E+011 0.148 1.86
986.8 4.90E+011 0.148 1.86
987.9 4.90E+011 0.148 1.86
989.6 4.90E+011 0.148 1.86
998.2 4.90E+011 0.148 1.86
991.3 4.90E+011 6.148 1.86
992.4 4.90E+011 0.148 1.86
993.5 4.90E+011 6.148 1.86
994:6 4.90E+011 0.148 1.86
995.7 4.90E+011 0.148 1.86
996.8 4.90E+811 0.148 1.86
997.9 4.90E+011 0.148 1.86
999.1 4.90E+011 0.148 1.86

Table 3.8. AV calculations for charging of surface states.
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be seen in the plot. This is indeed true, as shown by the calculations in

table 3.9 and the results are shown in figure 3.26. The experimental C-V

curve for 320 silos is shown in figure 3.27 and it is clear that the observed

hysteresis is much higher than that predicted by the model. Despite these

differences, the model still predicts the general behavior of the hysteresis.

In figure 3.28, the calculated hysteresis results are plotted for a gate swing

from +10 volts to -10 volts and figure 329 shows the experimental curve.

Again, the trend in the hysteresis predicted by the model agrees with the

experiment. Similarly, if the ramp rate is decreased, the gate bias stresses

the oxide for a longer time and a larger hysteresis is expected. This is
clearly demonstrated by the theoretical curve in figure 330 and the experi-

mental curve in figure 331 where the ramp rate was set at 0.05 V/sec.

It is observed from all the experimental plots that the capacitance did

not saturate during inversion and for the ramp rates used in the experi-

ment, the capacitor was actually under deep depletion conditions. The

model assumes equilibrium conditions and it is the reason for the large

discrepancy in the hysteresis. The non-equilibrium situation will be

analyzed in the next section.

3.13. Hysteresis due to inversion layer response

When a large negative bias is applied to the gate of a MIS capacitor

fabricated on n-type substrate, the semiconductor is initially depleted and

an inversion layer forms slowly due to the generation of minority carriers

in the depletion region and the capacitance reaches equilibrium. The
experimental C-t curves for 320 silos is shown in figure 332 for various

gate voltage steps. The capacitance transient follows the models given by

Heiman [38] and Schroder and Nathanson [39] only for small gate vol-

tages. If the gate voltage is higher, holes are trapped in the oxide as they

are generated and the capacitance returns to its equilibrium condition only

after a lon; time. The theory for inversion layer response is given in
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Fig.3.26. Hysteresis calculations for 320 silox. (VG = ±5V )
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appendix F and the modification to this response by the presence of hole

traps is also derived in the same section. It should be pointed out that the

inversion layer response modified by the presence of hole traps [40] does

not match the experimental results and further work is needed. Hence,

the discussion will be limited to small gate voltages. Assuming that hole

trapping is negligible at a bias of -5 volts, a theoretical Cat curve is gen-

erated to match the experimental data as shown in figure 333.

Using the formulation given in appendix F, hysteresis due to inversion

layer response is calculated for two ramp rates of 0.1 and 0.05 V/sec and

this is shown (path ABD) in figures 334 and 335 respectively. It can be

seen that the hysteresis is larger for the case of slow ramp rate. In fact,
the hysteresis is minimum when the ramp rate is too slow that equilibrium

conditions are maintained or too fast that an inversion layer cannot be
formed during the gate bias sweep. There is an optimum ramp rate at

which the hysteresis is maximum [41].

It is shown in figures 334 and 335, that in the absence of any traps in

the oxide, the C-V curve will retrace along the path ABD. In the pres-
ence of oxide traps, the capacitance actually follows the path ABC and it

is readily seen that the hysteresis is now a strong function of ramp rate as

observed in the experimental curves shown in figures 3.27 and 331.

3.14. Surface states induced by oxide traps

The oxide traps shift the C-V curves along the voltage axis and the

amount of shift is also a function of the gate bias. Hence, a calculation of

surface state density using Terman's method would yield a surface state

density distribution due to the oxide traps alone. This is not an artifact

because of the method used for the calculation of surface state density, it

can actually happen due to coulombic centers in the oxide which reside

close to the semiconductor surface, as demonstrated by Goetzberger,
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Heine and Nicollian [42]. By considering the perturbation of the wave

functions by Coulomb potential, they showed that single charges in the

oxide give rise to peaks in the surface state density close to the band edges

and surface states in the middle of the band-gap are due to two charges in

close proximity.

An expression for the surface state density induced by oxide traps Db

is derived in appendix G and the result is

where

Du
rX° [a 8 Hese.] f s(E)11 f b(E)1 dx
j0

f N(E).
1+ el[Ew-Ep-gzE`1

I kr

(3.7)

(3.8)

It is seen from equation 3.7 that the surface state density due to oxide
traps is a function of time and the oxide field. This clearly explains why

the surface state density distribution varies depending on the conditions of

measurement. A result of these calculations is shown in figure 3.36 where

the gate voltage sweeps from +5 to -5 volts. In figure 3.37, the gate bias

varies from +10 to -10 volts and it clearly shows that a higher oxide field

results in a higher surface state density and the shape resembles the meas-

ured surface state density for most oxide-semiconductor interfaces. This

was probably one of the reasons why Meiners [43] observed an increase in

surface state density with the oxide field, but did not have a model to
explain the results.

Since a semiconductor surface always contains intrinsic surface states

Da, it is appropriate to say that the measured surface state density Da is a

sum of D,, and Du. The measured surface state density for 320 silox is

shown in figure 338 and there is an increase in the surface state density at

about 0.8 eV. This may be due to the non-equilibrium conditions
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encountered when a ramp rate of 0.1 V /sec is used. Also a comparison of

figures 3.36 and 338 shows that the intrinsic surface state density is much

higher than that induced by the oxide traps. It may be interesting to cal-

culate the hysteresis in the C-V curve including the effect of measured sur-

face states. It is assumed that the intrinsic surface states are fast enough to

respond to the gate bias but sufficiently slow compared to the a.c. signal

that they do not contribute to any capacitance. When the effects of
intrinsic surface states are to be included in the calculation, a continuous

function is required and hence the distribution of intrinsic surface states is

modified as shown in the inset in figure 339. The hysteresis calculations

are shown in table 3.10 and figure 339 shows the hysteresis including the

effect of surface states. It is surprising that the hysteresis has considerably

decreased and this is because the surface states do not allow for sufficient

band bending as seen from the data in table 3.10.

This dilemma can be resolved in two ways - 1) by making an assump-

tion that the surface states are so slow that they cannot respond to the gate

bias; or 2) by assuming that the measured surface state density in figure

3.38 is completely due to oxide traps and the trap density found from
bias-stress experiment is in error. The available data for silicon indicates

that surface states which are close to the conduction band edge have a
time constant of the order of micro-seconds [22] as shown in figure 3.40.

If this were true for InP, the first assumption is not valid and it should be

concluded that the oxide traps are the major contributors for the hys-

teresis.

The bias-stress experiment can also cause errors in the estimation of

trap density. After each positive gate bias-stress, when a C-V plot is

obtained, it is possible for an electron to tunnel back to the substrate and

there is also a possibility of hole trapping when the gate swings sufficiently

negative. However, to explain the high values of surface state density, the

trap density has to be an order of magnitude higher. The fact that the
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model matches well with the experimental tW log(t) curve indicates

that the trap density is not significantly in error.

If the surface state density can be measured by a different method,

this problem can be resolved. The quasi-static and 10 Hz C-V measure-

ments are shown in figure 3.41. The quasi-static C-V plot clearly indicates

that there is very little change in the surface potential and hence
Berglund's method cannot be used for estimating the surface state density

in the upper half of the band-gap. The 10 Hz C-V plot appears similar to

the high-frequency C-V plot which indicates that the surface states and

traps do not completely follow the 10 Hz signal. All of these measure-

menu suggest that the measured surface state density is probably in error.

This is possible because the Terman's method is based on a numerical dif-

ferentiation procedure. In the next section, the G-V plots will be analyzed

to resolve this problem.

3.15. Capacitance and conductance of oxide traps

Due to the slow nature of oxide trapping, the traps have a frequency

response and they respond to an a.c signal at low frequencies. If all the

traps respond to the a.c. signal, they contribute to a pure capacitance at

the insulator-semiconductor interface. If there is lag between the signal

and the trap response, this will represent a capacitance and conductance at

the insulator- semiconductor interface. The capacitance and conductance

of an acceptor-like electron trap is derived in appendix H, which is given

below:

Cu
472NrA [ 1 ear n 1 -fill

((10 -
kT

tic
( 1 + w212 )

dx (3.9)

Gi,(w) 92NrA rio [ 1 e-t Imse. [1 fa dx (3.10)
w kT (1 + tali? )
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where

fir
=

S ) V it,

91

(3.11)

The above equations indicate that the trap capacitance falls off as the fre-

quency is increased and the conductance peaks as the frequency is
increased and then falls off at higher frequencies. The capacitance and

conductance of a single energy, step function surface state of density
N, states/cm2 has been shown by Nicollian and Goetzberger [22] to be

472Ng f, [ 1 fa
]

Cif (4)) kr ( 1 + coY )

CLI(w) q2N, f [ 1 fa ] ter
to kT (1 + ta2T2

(3.12)

(3.13)

It is interesting to note that the capacitance and conductance of a single

energy surface state resembles that of a single energy trap. The trap capa-

citance and conductance contain an integral and the tunneling function to

account for the bulk trapping in the oxide. Though the equations look
similar, there are some differences in the experimental conductance-
voltage plots of surface state dominated and trap dominated MIS systems.

In figure 3.42, the 1 MHz C-V and G-V plots of zirconium oxide MIS

capacitor is shown. There is a peak in the G-V curve which represents a

surface state dominated MIS system. The peak occurs at a certain gate

voltage because the time constant T of the surface state matches the meas-

urement frequency for a particular value of a,. It can be seen that when-

ever there is a deviation in the C-V plot from the ideal behavior, the G-V

plot shows a peak indicating the presence of fast surface states.
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Similar results are shown for 320 silos MIS capacitor in figure 3A3.

The conductance is considerably small compared to the zirconium oxide

capacitor which shows that the oxide traps are slow and do not respond to

the 1 MHz signal. The G-V plot does not have any peaks and the conduc-

tance increases as the gate voltage goes negative and finally saturates.
This behavior has been attributed to bulk traps in the semiconductor [25j.

This is because, in inversion, the depletion layer width remains constant

and the interaction between the bulk trap level and the Fermi-level is
independent of the bias and hence the conductance saturates. This

strongly supports the earlier conclusion that the InP-SiO2 interface is trap

dominated rather than dominated by surface states. This also suggests that

for a good quality interface, it is necessary to deposit the insulators at low

temperatures.

3.16. Conclusion

It has been shown that during a bias-stress experiment, the C-V curve

shifts along the voltage axis and this is due to oxide traps. It is also esta-

blished that \CM/ is linearly related to log(t). Experiments on the zir-
conium oxide MIS capacitor showed that charging of the surface states will

not cause a shift in the C-V curve but show a stretch-out along the voltage

axis. Hysteresis effects in the C-V curve are due to charging of the oxide

traps and also due to the inversion layer response. The trapped charges in

the oxide induce a surface state density which depends on the oxide field

and time. It is also shown from the G-V plots that InP-Si02 interface is

dominated by traps. Some of these concepts will be used in the next
chapter to explain the behavior of MISFET's.
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4. INDIUM PHOSPHIDE MISFET CHARACTERISTICS

4.1. Introduction

The characteristics of InP MISFErs depend strongly on InP-insulator

interface properties. It was shown in the preceding chapter that the oxide

traps are mainly resposible for the instability observed in C-V characteris-

tics of MIS capacitors. In this chapter, the behavior of InP MISFET's will

be studied and the models developed for MIS capacitors will be extended

to explain the results of the transistors.

4.2. Drain current drift under positive gate bias

The drain current of an enhancement mode MISFET drifts with time

under a positive gate bias. This problem is most severe for enhancement

devices because they are built on semi-insulating substrate and even a
small amount of trapped charges in the oxide can take the surface from

accumulation to depletion. This behavior is undesirable and makes the

circuit design very difficult because the threshold voltage is unstable. The

drain current drift measured on a 125/2.5 enhancement transistor is shown

in figures 4.1 and 42. It can be seen that the drift is enhanced at high
temperatures. It is also seen from figure 4.2 that the drift increases with

gate bias. Okamura and Kobayashi [33] (0-K model) and Li le and Taylor

[15] have attributed the drift to oxide traps and Hasegawa [36] has
explained the drift by charging of the surface states. Recently, Goodnick,

Hwang and Wilmsen [44] have proposed a thermionic tunneling model

which explains the drift by electron tunneling into a conducting In203
layer within the native oxide.

Since there are several possible mechanisms for the drift, it is impor-

tant to identify which of them is dominant in the present devices. It has

been shown in chapter 3 that the electrons tunneling into oxide traps cause
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a threshold shift AV and there is a linear relationship between 'CT/ and

log(t). If the drain current drift is due to the threshold shift caused by the

tunneling of electrons to oxide traps, then a similar relationship should

exist for the MISFET's. It can be easily shown that if a MISFET is
operated in the linear region, the threshold shift AV is proportional to
1 / / I, , where / is the drain current at any time t and /0 is the drain

current at t = o. In figure 43, the aVirri7, is plotted aginst the loga-
rithm of time for all the published results on InP MISFET's including the

devices fabricated in this study. Surprisingly, all the devices show a linear

relationship between NrATI and log(t) suggesting that the tunneling of

electrons to oxide traps are responsible for the drain current drift.

4.3. The drift model due to Okamura and Kobayashi

Okamura and Kobayashi developed a drain current drift model based

on Koelmans and De Graff's model [45] for CdSe thin film FET's. The

basic equation for 0-K model is given in appendix C, equation C.1,

dn
dt

.1(x)v [nANTA n) nin ] (4.1)

Since tunneling is an iso-energetic process it does not depend on tempera-

ture. However, the drain current drift is a strong function of temperature.

To explain this, the 0-K mode; proposes that the electron concentration

a, at the surface of the semiconductor has a Boltzmann distribution tail

from which additional tunneling takes place at higher temperatures. This

is shown in figure 4.4 and with this modification equation 4.1 becomes

dn
dt

Et

- S(x) v [nit kT
(N TA nu) fin:' (4.2)

With the above formulation, the electrons trapped per unit area in a time
interval t to t, is given by
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(4.3)

If No is the electron concentration per unit area at the surface of the sem-

iconductor prior to electron trapping, then the drain current I at any time

t is proportional to N. N. which gives

2E,
N TA lnIt

to
e

Noa to
(4.4)

There are several approximations in this model. In equation 42, only the

capture term is enhanced to account for the increased tunneling at high

temperatures and the emission term is not modified. In the derivation of

equation 43, t is assumed to be large so that the tunneling function can be

represented by a box function, as shown in figure 43. This also implies

that to cannot be smaller than several times T. Also, making the drain

current I proportional to No Ne is valid only if N. is much smaller than

No. This model also assumes that n, is constant and does not vary with

time. This is not true because the trapped electrons shield the gate field

and n, decreases with time. In addititon to the above problems, the model

does not explicitly involve the device parameters such as VT, V Gs and Vas

which makes it hard to correlate with an actual experiment. In fact, equa-

tion 4.4 predicts that the change in the drain current will be smaller at
higher gate voltages, but the experimental data in figure 4.2 shows that the

drift increases with gate voltage. In the next section, a new model will be

developed which will eliminate some of these problems.

4.4. The New Model

In this section, the model developed for MIS capacitors will be
extended to transistors. In trying to do so, one encounters some problems.

In the case of a MIS capacitor, the surface of the semiconductor is at a
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constant surface potential. However, in a transistor, the potential varies

along the channel because of the drain bias. If the transistor is operated in

the linear region, one can assume the surface to be at a constant potential

for simplicity to avoid any rigorous two-dimensional analysis. The drain

current of a transistor operating in the linear region is given by

r 2
DSI it piCoTi Was VT )VAS 9 I (45)

where s, is the electron mobility at the surface of the semiconductor, W

and L are the channel width and length respectively. Since the enhance-

ment transistors are built on semi-insulating substrate, the threshold voltage

of the transistor is the gate voltage at which the surface Fermi-level coin-

cides with the conduction band edge. Hence, the threshold voltage VT of

an accumulation mode enhancement transistor can be expressed as

Ea
VT = ems+ L[NSA Nib] to[Ne Ark 111,

Co
(4.6)

where fills represents the metal-semiconductor work function difference.

If it is assumed that the number of charged surface states N N ID does

not change significantly under a constant gate bias, then equation 4.6 can

be expressed as

VT = Vro + tiNe NhJ (4.7)

Equation 4.7 shows that the threshold voltage of an enhancement transis-

tor depends on VT0 and the amount of trapped charges in the oxide. If

VT0 is assumed to be positive and if N. > Nh, then V. will remain posi-

tive. On the other hand, if sufficient number of holes are trapped in the

oxide, VT could become negative and the enhancement device becomes a

depletion device. This explains why the threshold voltage of an enhance-

ment transistor depends strongly on the history of the gate bias as shown
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in figure 4.6. For the sake of simplicity, assume that Nh is zero at the start

of the experiment and let a positive bias be applied to the gate. In this

case, electrons only will be trapped and the threshold voltage can be
expressed as

VT = Vro + AV (4.8)

where an expression for AV has already been derived in equation C.21. In

this case, instead of an n-type substrate, a semi-insulating substrate is to be

considered in the calculation of AV. The normalized drain current can
now be expressed as

I
14,

=1
VosaV

Vos2
RVGs VTO ) VAS 21

If Vos is very small, equation 4.9 can be further simplified to give

1
AV

o l GS VTO)

(4.9)

(4.10)

The above equation is a simple extension of the trapping in the MIS capa-

citor and this model has all the features needed to explain the dependence

of drain current drift on temperature and gate bias. Also, this model has

the feature of predicting the drain current from t = o rather than from
t =tv.

45. Comparison of model and experiment

Based on the above model, theoretical drain current drift calculations

were done for VGs = 4 V,Vps = 0.5 V and VTO =1 V and the calcula-

tions are shown in table 4.1. The trap density, trap energy, capture cross-

section and the barrier energy were chosen to fit the experimental curves

at different temperatures and excellent agreement between theory and
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experiment is evident from figure 4.7. A value of 7311018 /cm3 is used for

the trap density in these calculations and this compares well with the value

of 3.7x1018 /cm3 used by Lile and Taylor. It was found that the trap den-

sity was higher from what was determined for 320 silo: from the MIS

capacitor study and this is expected because there are additional process-

ing steps involved in the fabrication of MISFET which could have contri-

buted to the increase in trap density. Further, the dielectric deposition

conditions on the semi-insulating substrate may not be the same as on the

n-substrate used for MIS study. There are several reasons as to why the

experiment could not be performed over a wide temperature range. The

devices were packaged to be used in a cryostat but it was found later that

the devices had degraded due to high temperature steps involved in the

packaging operation. The measurements could have been made on the
wafer at higher temperatures, using a hot-chuck, but it was found that the

initial threshold VTO of the device shifted with temperature and it was

difficult to maintain the device at the same threshold at the start of the
experiment. The drain current drift at two different gate voltages are

shown in figure 4.8 and the agreement between the model and the experi-

ment is very good. In all the above calculations, a slightly n-type semi-

insulating substrate with a doping density of 3x 108/cm3 was assumed which

is typical for most semi-insulating InP wafers. The calculations are shown

in table 4.2.

It is also interesting to note that the drain current when plotted
against log(t) as shown in figure 4.9 yields a straight line as predicted by

the 0-K model, but there is a considerable deviation from the linear rela-

tionship for times less than 10 seconds. This clearly shows that the present

model is more accurate and does not contradict the results of the 0-K
model when t is large.
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4.6. Drain current drift after a negative gate bin stress

As shown in figure 4.6, when a negative gate voltage is applied to an

enhancement MISFET for 120 seconds and the device characteristics are

displayed on the curve-tracer, the device shows enhanced conduction.
This is generally not noticed by many workers because most of the
enhancement devices are operated under a positive gate bias in circuit
applications. This enhanced conduction was noticed by Shinoda and
Kobayashi [46] and they termed it as anomalous inversion because they

used a p-type substrate for fabricating their devices. This will be called

anomalous conduction in this work and the mechanism is illustrated in
figure 4.10. This can also be understood from equation 4.7. When the Nk

term becomes large due to hole trapping during the negative bias stress,

the threshold voltage decreases. However, if a large negative bias is
applied for sufficient time, the threshold voltage can become negative and

the device would then become a depletion device. If the gate voltage is

now brought back to zero, there will be a small drain current because the

positively charged traps in the oxide induce electrons in the semi-insulating

substrate forming a channel. Since, the gate oxide also contains electron

traps, which trap the channel electrons, hence causing the drain current to
drift with time.

The model developed in section 4.4 can still be applied to find the

drain current drift after a negative gate bias stress. This is the advantage

of the new model since it is applicable to both the positive bias and nega-

tive bias instability.

4.7. Experimental Results

The experimental drain current drift after a negative gate bias stress is

shown in figure 4.11 for a 125/2.5 enhancement transistor. A negative bias

of 8 volts was applied to the gate for 20 sec and the gate voltage was
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taken back to zero volts. The drain current immediately rises to 200p,A

and then drifts slowly. The theoretical drain current drift for this condi-

tion is shown in figure 4.12 and the donor trap parameters are chosen to fit

the experiment. The calculations are shown in table 43. The trap density

used by Shinoda and Kobayashi is 13x1029 /cm3 which is comparable to

9x 1018 /cm3 used in this model. Again, the correlation between the experi-

ment and the model is very good.

4.8. Channel Mobility and Transconductace

It has been observed that the transconductace 8,, of InP MISFET's

are usually in the range of 35-60 mS/mm which is far below the expected

value of 140-200 mS/mm. If the channel mobility is calculated from the

g,,, values obtained from the curve-tracer measurements, they usually

range between 300 to 1500 cm2N.sec. This is unusually low compared to

the bulk mobilities observed in In? which is 4500 cm2N.sec. Generally,

the depletion devices have a higher mobility compared to the enhance-
ment devices. The surface mobility is generally much less than bulk
mobility due to surface scattering. The surface scattering effect has been

studied by Leistiko, Grove and Sah [47] and from their work, for most
practical purposes, the surface mobility can be taken as one half of the

bulk mobility. This still does not explain why the effective channel mobil-

ity p is much less than the surface mobility.

One of the factors that affects the measured transconductance is the

source resistance (R, ) of the MISEET which reduces the intrinsic tran-

sconductance (gm; ) according to the relation [48]

Smi

gm 1 + g,412,
(4.11)
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T I/10 VT Is
8.0 .080 1.00 -0.808
1.0 .000 0.92 -0.807
2.0 .000 0.84 -0.807
3.8 .000 0.75 -0.806
4.0 .000 0.67 -0.805
5.0 .000 0.59 -0.805
6.0 .000 0.51 -0.804
7.0 .000 0.42 -0.804
8.0 .000 0.34 -0.803
9.0 .800 0.26 -0.802

10.0 .000 0.18 -8.882
11.6 Aloe 0.09 -0.881
12.0 .800 0.01 -0.801
13.0 .000 -0.07 -0.800
14.0 .000 -8.15 -0.799
15.0 .000 -0.23 -0.799
16.0 .000 -0.32 -0.798
17.0 .000 -0.40 -0.797
18.0 .080 -0.48 -8.797
19.0 .800 -0.56 -0.796
20.8 .808 -0.65 -8.795
20.0 1.000 -0.65 0.502
21.0 0.993 -0.64 0.502
22.0 0.988 -0.64 8.502
23.0 6.985 -0.64 0.501
24.6 0.983 -0.64 0.501
25.0 0.981 - 0.63 0.501
26.0 0.979 -0.63 0.501
27.8 0.978 -0.63 0.501
26.0 8.977 -0.63 0.501
29.0 0.976 -0.63 0.501
30.0 0.975 -0.63 0.581
31.0 8.974 -0.63 0.501

84.8 0.957 -8.62 .500
85.0 0.957 -0.62 .500
66.0 0.957 -0.62 .500
67.0 8.956 -8.62 .508
88.0 0.956 -8.62 .500
69.8 0.956 -0.62 .500
98.0 0.956 -0.62 .500
91.0 8.956 -0.62 .500
92.8 0.955 -0.62 .500
93.0 0.955 -0.62 .500
94.8 0.955 -0.62 .500
95.0 0.955 -0.62 .500
96.8 0.955 -0.62 .500
97.0 8.955 -8.62 .500
96.0 0.954 -0.62 .500
99.0 0.954 -0.62 .500

Table 43. Drain current calculations after a negative gate bias.
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Since g, is used to calculate the effective channel mobility, it can be
expected that ise will be smaller than it, by a factor (1 + If an
intrinsic transconductance of 50 mS/mm is assumed and if R, is chosen to

be 5 ohm/mm, which is a typical value for these devices, a mobility reduc-

tion factor of 0.8 is deduced. Assuming the surface mobility to be half the

bulk mobilty, this still gives a channel mobility of 1800 cm2/V.sec which is

much higher than the measured values.

It may be important at this point to investigate the effects of oxide

traps on the channel mobility [49]. If gm is measured at low frequencies

such that the traps can follow the a.c. signal, then it is possible for the
traps to contribute to an interfacial capacitance which prevents the modu-

lation of the surface potential by the gate voltage. This would lead to a

smaller incremental drain current and would result in a reduced g, and
hence a lower effective channel mobility. To show this, the electron trap-

ping model developed in appendix C has to be extended to transistors
operating in the saturation region. The result of such a calculation is given

in appendix I, equation 1.7 which is

We lizE1 Co + + + Ck(0)=
Cif(0)+ Cfr

(4.12)

where Ca (0) is the capacitance due to oxide traps at zero frequency which

is derived in appendix H, equation H.8. The above equation clearly shows

that at low fequencies, the traps follow the signal and cause a reduction in

the small-signal variation of the surface potential, which results in a

decreased effective channel mobility. A simple calculation illustrates this

effect. For an enhancement transistor with 320 silos as the gate insulator,

the oxide capacitance Co = 3.8 x10-8F/cm2. In accumulation, the sem-

iconductor capacitance C, can be assumed to be 50 times the oxide capa-
citance for VG =4V. The sum of Cil(o) + Cis from figure 3.38 is

q x6x1012 = 9.6x10-7F/cm2. Using these values in equation 4.12 gives the
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mobility reduction factor as 0.66. The mobility reduction due to source

resistance has been found to be 0.8. The effective channel mobility will

be reduced both due to traps and source resistance and is only 033 times

the surface mobility. This explains why the measured mobilities are far
lower than expected.

4.9. Variation of transconductance with frequency

As mentioned earlier, the tranconductance of a MISFET degrades as

the frequency is decreased because the oxide traps are able to follow the
signal. If the frequency is lowered sufficiently, all the traps would follow

the signal and the tranconductance reaches a limit of ga(o). Similarly, if

the frequency is increased sufficiently above the response time of the

traps, the transconductance should saturate to 44(0). It should be possible

to predict this response if an expression is derived for the capacitance and

conductance of the traps. At very low frequencies, the traps would
exchange charge with the applied signal and the traps contribute to a pure
capacitance at the interface. At intermediate frequencies, the charge
exchange with the traps is not in phase with the applied signal and the
traps contribute to a capacitance and conductance. Finally, at very high

frequencies, the traps will not be able to follow the signal and the capaci-

tance and conductance of the traps will be zero and the transconductance

reaches a maximum value which is the intrinsic transconductance reduced

by the effect of source resistance alone. A transconductance model based

on the above analysis is derived in appendix I, which is

C (W) j G 0.0) to
g (co) = go, (00)l

Co +C, + Cy + C LAO j G (0.) I CO]
(4.13)

A calculation of the tranconductance from the above formula shows a

possible variation in g, for InP MISFET's. Since a very low-frequency
function generator was not available, there is no data available for InP
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MISFErs. However, the results on GaAs MISFET's by Li le [50] indicate

that ga, degrades as the frequency is lowered. The experimental data

obtained by Li le on GaAs MISFET's is compared with the model in figure

4.13. It can be seen that the general shape of the theoretical trancoduc-

tance curve resembles the GaAs MISFET data clearly indicating the effect

of trapping at low frequencies.

4.10. Conclusion

In this chapter, it has been shown that there are two possible ways by

which the drain current of an enhancement MISFET could drift. In the

first mode, drift occurs when the gate is biased positive and the drift is due

to electron trapping. In the second mode, drift occurs when the gate is
biased negative and suddenly the gate voltage is brought to zero enabling

the hole traps in the oxide to induce a channel and the channel electrons

are again trapped in the oxide causing drift. It has also been shown that

the transconductance of a MISFET is reduced by the oxide traps in addi-

tion to the reduction caused by the source resistance. Based on the trap

model, an expression is derived which predicts the variation of tranconduc-

tance with frequency.



121

S. INDIUM PHOSPHIDE INTEGRATED CIRCUIT TECHNOLOGY

5.1. Introduction

In chapter 2, InP discrete device technology was described and the

possibility of fabricating devices on semi-insulating substrate using silox as

the gate insulator was demonstrated. The devices were fabricated using

OSU1A mask set and the device characteristics were analysed in chapters

3 and 4. The OSU1A mask set contained only a few devices and it was

not possible to study all the problems that would arise in an integrated cir-

cuit process. In this chapter, the problems with the discrete devices will be

reviewed, and a new process will be developed for integrated circuit tech-

nolgy on indium phosphide. A mask set suitable for this process will be

designed incorporating the additional layers needed for implementing cir-

cuits.

5.2. Problems with tallier InP data

52.1. Substrate

It has been shown that Fe-doped semi-insulating InP substrate does

not provide sufficient isolation between devices and leakage currents in

the worst case could be close to 1p.A. Though it has not been understood

clearly, one of the factors that contributes to leakage is believed to be due

to redistribution of Fe at the surface of InP. Redistribution of Fe occurs

at the surface of laP due to high temperature annealing steps, which
exposes shallow donors, causing surface conduction. It has been shown by

Wieder [51] that the surface of a semi-insulating In? wafer is accumulated

even under zero gate bias and the band diagram is shown in figure 5.1. It

is clear from these results that the semi-insulating InP substrate does not

provide the necessary isolation between devices and some other form of
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Fig.5.1. Equilibnum band-diagram for semi-insulating InP.

Fig32. Equilibrium band-diagram for p-type InP. (12E16/cc)
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isolation has to be used. Several workers have reported [52, 531 the use of

proton implants in GaAs and InP to achieve isolation. If a similar
approach would provide isolation in InP, then a mask layer has to be
designated for isolation implant. The isolation implant will be used every-

where except the active device areas and for a positive resist process, this

layer will be a clear field mask. Isolation implant will be surrounding any

active device geometry by 1 micron. This will be layer 6 and the mask set

will be designated R370A.

S.2.2. Enhancement and Depletion devices

In the earlier experiments, enhancement devices were built directly

on semi-insulating substrate with no channel implant and the device Dues.

hold ranged between 1 and 2 volts. Depletion devices had N- channel
implant and the threshold voltage range was between -3 and - 4 volts. At
the first sight, this technology seemed very promising since the process

needed only one critical implant to control the threshold of depletion dev-

ices. It was soon realized that the enhancement transistor suffers from

threshold instability. The threshold voltage can either be positive or nega-

tive depending upon the polarity of the gate voltage and the duration of

application. This is not desirable, since the circuits would malfunction and

it is necessary to maintain a positive threshold voltage for the enhance-
ment device. The simplest possible solution is to introduce a p-type
implant in the channel so that the device has to operate in the inversion

mode, assuring a positive threshold for enhancement devices. This will be

called enhancement implant and this will be designated as layer 4 in the

mask set. Devices with unimplanted channels will be "soft" enhancement

transistors and will be called 'native' devices. Similarly, the channel
implant for depletion devices will be called depletion implant and will be

layer 1 in the mask set.
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5.23. Source-Drain leakage currents

In chapter 2, it was shown that the enhancement transistors have
source to drain leakage currents of the order of 1 to 10p.A even if the gate

voltage is zero. All the measured threshold voltages are extrapolated from

the square-root of drain current versus gate voltage and a positive thres-

hold voltage does not imply zero drain current at zero gate voltage. This

is not acceptable in an inverter circuit, where the enhancement device

might sink the current from depletion load even if the gate drive is zero.

The p-type enhancement implant discussed in the previous section should

alleviate this problem since there are two back to back diodes formed with

N+ source and drain regions. Measurements made by Wieder [51] on p.

type substrates under zero gate bias are shown in figure 5.2. It is clear
from the figure that the surface is heavily depleted and approaching inver-

sion, and there is some doubt whether the leakage current in the transistor

would be small under zero gate bias.

There are other problems to be considered with this p-type implant

for leakage current and threshold voltage control. The speed advantage of

InP over GaAs comes from the high peak velocity which occurs at high

fields. Devices with channel lengths less than a micron should demonstrate

better speeds than GaAs devices. However, some problems can be
expected when a short piece of p-type material joins two heavily doped n

regions which might lead to lateral npn transistor action with large sub-

strate currents. It seems that the enhancement transistor is a difficult dev-

ice to fabricate on InP These are some of the problems one has to
encounter in developing a device technology on a new material.

53. Problems with Field Oxide

In the previous section, it was shown that an isolation implant was

necessary to isolate the devices on the same chip. This approach, provides

isolation between devices but adds capacitance to the first level metal
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which runs over the 1000A of oxide used for the gate insulator and slows

the circuit speed. Providing a thick field oxide is a solution to this prob-

lem, but this amounts to depositing a thick oxide everywhere and etching

it in the gate regions to bare InP and redepositing a thin gate oxide. Wet

etching of thick oxide produces under-cut and convex contours and this is

not desirable for subsequent deposition of gate oxide. Dry plasma etching

is desirable but some experimentation is required to study the etch contour

and the integrity of the oxide when deposited through windows in a thick

field oxide. The mask for this purpose is designated layer 3, which is a

combination of depletion and enhancement implant layers so that it will

open up the field oxide at gate regions.

5.4. Standard and Self-aligned gates

In the standard gate process, the aluminum gate has to overlap source

and drain regions in order to maintain a continuous channel. In the
present mask set, the overlap is 03p, per side. This gate overlap produces

Miller capacitance and slows the circuit. Self-aligned gates are better in

this respect, but the gate metal has to be a refractory metal so that it can

withstand the high temperature annealing steps. It is found that molybde-

num gates satisfy these requirements. There are several problems with this

process which need consideration. Since the gate defines the source and

drain regions, the gate oxide has to be deposited first. This gate oxide will

experience the high temperature annealing steps and the InP-oxide inter-

face is likely to degrade. Previous experiments with silox indicates that

the interface would degrade for any temperature above 360° C, but Cam-

eron and others [10] report that the traps would get annealed at such high

temperatures.

Further, the resistivity of molybdenum gates are high and they cannot

be used for interconnecting devices. This makes the first level metal inter-

connect mandatory for this process. If the mask set has to be compatible
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with the self-aligned gate process, it is necessary to use first level intercon-

nect in the standard gate process as well. This mask will be designated as

layer 9. Since the standard gate has to overlap source and drain regions

whereas the self-aligned gate should equal the channel length, two dif-

ferent masks are necessary for the gate layer. The gates will be defined by

a lift-off process and layer 7 will be used for self-aligned gates and layer 17

for standard gates. Similarly, the source-drain masks will have to have

their counter parts for each process and layer 2 will be used for source-

drain implant in self-aligned process and layer 12 for standard gate process.

A special layer, 001-7 is also included which is the reverse field of layer ri

so that molybdenum gates can be etched instead of a lift-off process. All

other layers needed to complete the process are given in table 5.1.

53. Process compatibility with MESFET's

Though the mask set is designed exclusively for fabricating MISFET's,

it is possible to build MESFET's by merely adding a layer to the mask set.

The purpose of this layer is to etch the gate dielectric and use the first

level interconnect metal (Ti/Pd/Au) as schottky gate. This layer will be
called dielectric via mask(layer 8) and will be used prior to ohmic metal

step. The mask set contains a few MESFET's which would function when

layer 8 is used in the MISFET process. If this mask is not used, the
MESFET's become MISFET's with the first level metal as the gate instead

of the gate metal. MESFET's are useful to characterize schottky barrier
height on InP and also to study traps in the substrate.

5.6. Process Fiow
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Layer Function

1 N- Depletion implant

2 N+ S/D implant (self-aligned process)

3 Gate oxide etch (thick field oxide)

4 P- Enhancement implant

5 Ohmic metal (lift-off)

6 Isolation implant

7 Gate metal (self-aligned, lift-off)

001-7 Gate metal (self-aligned, etch)

S Dielectric via (for MESFET's)

9 First level metal (also Schottky gate)

10 Air-bridge via

11 Air-bridge metal

12 N+ S/D implant (standard gate process)

13 Alignment key etch

17 Gate metal (standard gate process)

Table 5.1. Mask layers in R370A.
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5.6.1. Standard Aluminum gate process

The sequence of steps for standard aluminum gate process is shown in

figure 5.3. First, the semi-insulating InP wafer is cleaned and 1000A of

silox is deposited at 320°C to prevent further contamination of the surface.

A photo resist step is used at this time and alignment key mask(layer 13) is

used to create alignment marks in the oxide. Subsequently, depletion

implant mask(layer 1) is used to pattern the resist for selective N implan-

tation which forms the channel region for depletion transistors. This is

shown in figure 5.3(8). In the next step, layer 4 is used to perform p-type

implant in the channel region of enhancement transistors. If beryllium
implant(p-type dopant) is used, the devices become 'hard' enhancement

and the unimplanted "soft' enhancement devices have the semi-insulating

substrate as the channel. After this step, a N + implant forms the source

and drain regions and the wafer is ready for implant anneal. The initial

layer of silox is not very effective as an anneal cap and an additional
1000A of silox is deposited and the wafer is annealed in forming gas. At
this stage, isolation implant is used to isolate devices mainly by implant

damage. The ohmic metal(Au/Ge/Ni), gate metal(Al), and first level
interconnect metal(Ti/Pd/Au) are evaporated in a sequence of steps using

layers 5, 17 and 9 as shown in figure 5.3(F). If thick field oxide is desired,

the gate region etch mask(layer 3) should be used after layer 6. If
MESFET's are required, layer 8 should be included in the process prior to

layer 5. The completed device is shown in figure 53(G), after nitride
deposition, air bridge via (layer 10) and air bridge metal (Ti/AU/Ti) steps

and has two levels of interconnect.

5.6.2. Self-aligned gate process

Assuming molybdenum as the gate metal, figure 5.4 outlines the steps

for self-aligned gate process. The first step is to deposit device quality
oxide on InP, and process the wafer through the remaining steps assuming
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that the oxide-semiconductor interface does not degrade during high tem-

perature steps. The molybdenum gate is defined either by lift-off(layer 7)

or by etching(001-7) as shown in figure 5.4(D). In the next step, the gate

metal and N+ implant define source and drain regions. Immediately after

this step, 1000A of silos is deposited to form a capping layer and the
implants are annealed. After the isolation implant, the oxide is etched
back to expose the gate metal for contact by first level interconnect metal.

After ohmic contacts and first level metal, the device is completed as hi

the standard gate process.

52. Test structures in the mask set

Various test structures are needed in a process of this complexity to

monitor the device and process related problems. Since the process is

designed for MISFET fabrication, the most important test structure would

be a MIS capacitor. A MIS capacitor is included to study the interface

properties and a MIN capacitor is placed adjacent to it to evaluate the

dielectric constant of the insulator film. Van der Pauw structures are
included to measure the sheet resistance of various implants in the process.

Contact resistance structures for monitoring ohmic contacts and continuity

structures for gate, ohmic and first level metal are also included. The
mask set contains depletion, enhancement and native devices of various

widths and channel lengths. Various high frequency transistor structures

with the three device types are included for studying the high-frequency

behaviour. Ring oscillators and flip -flops are also included to study the

speed performance of InP circuits [54]. A complete list of the structures

in R370A mask set is given in table 52 and the numbers refer to the struc-

tures in the layout shown in figure 53.
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1. MIN+ capacitor 3501250112

2. MIN- capacitor 350x250p.2

3. Van der Pauw's for N+, N- and P-

4. Air-bridge metal continuity & MESFET's

5. Contact resistance measurement structure

6. Gate, ohmic and first metal continuity

7. Back gate structure for enhancement transistor

8. Back gate structure for depletion transistor

9. Back gate structure for native transistor

10. Back gate structure for critic with no isolation implant

11. Ballistic resistors 2/23, 2/2, 2115, 23/13, 2.5/2

12. Master-slave D flip-flop

13. Hex NOR divide by two. fid=10/2, p, =2/8

14. Hex NOR divide by two. fle=20/2, 13i=2/8

15. 21-stage ring oscillator. pd =20/2, 131.4J8

16. Transistors (3 types) W=100µ, L=25, 10, 5, 4, 3, 2, 1p,

17. Transistors (3 types) L=2p., W=100, 25, 10, 5, 4, 3p.

18. 21-stage ring oscillator. pd =20/2, f3i=218

19. 7-stage ring oscillator. N=20/2,14=2/8

20. 7-stage ring oscillator with ballistic load.

21. 7-stage ring oscillator. Pd r=2012, p, =242

22. 7-stage ring oscillator. pd =10/2, p, =2/8

23. 7-stage ring oscillator. pd =20/2, 13/ =2/8

24. Enh. r.f. FET (interdigitated) W=3000., L=2, 13,

25. Dep. r.f. FET (interdigitated) W=30011, L=2, 13,

26. Nat. r.f. FET (interdigitated) W=300µ, L =2,13, 1p.

27. 1p. r.f. FET's with independent source and drains. W=300;1

28. Enh. r.f. FET (interdigitated) W=300µ, L=141

29. Dep. r.f. FET (interdigitated) W=300p., L=lp.

Table 5.2. Test structures in R370A die.
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5.8. Device performance

The process used for fabricating the circuit is the standard gate pro-

cess as shown in figure 5.6. The process is a slight modification of the

standard gate process. Due to some process problems, field oxide was not

used and instead of aluminum gate Ti/Pd/Au gates were used. Two dif-

ferent implant doses were chosen (Si 3x1012 and 5x 1012/cm2 at 130 Key)

to tailor the threshold voltage of depletion devices. One half of the wafer

was implanted with enhancement implant (Be 5x 1012/cm2 at 50KeV ) to

compare the performance of "native' device circuits and hard enhance-

ment circuits. A photograph of the finished chip is shown in figure 5.7.

The 21-stage ring oscillator and 15 p. ri transistor are shown in figures 5.8

and 5.9 respectively.

Due to high temperature annealing and other process related prob-

lems, all the lµ transistors had a punchthrough voltage of 3 volts. The

characteristics of 2µ enhancement transistors are shown in figure 5.10. It is

clear from the figure that the "native" device has a better transconductance

compared to the hard enhancement device. However, both of them have

poor transconductance compared to the devices built with OSUlA mask

set. This is because the gate oxide is deposited prior to ohmic anneal step

and the gate oxide undergoes ohmic anneal and several plasma descum

steps, probably resulting in a pool InP-oxide interface. It is evident from

the characteristics that the "hard" enhancement device has source to drain

leakage and the p-type implanted layer has probably inverted even under

zero gate bias. These results indicate that the threshold control achieved

in this manner is not useful. The inability to control the threshold of
enhancement devices is a serious problem and a major impediment to the

development of InP integrated circuit technology.

The characteristics of the depletion devices are shown in figure 5.11.

It can be seen that both of the depeltion implants are high and it is impos-

sible to pinch-off the channel. This is probably due to the fact that the



Starting material
S.I.InP:Fe doped

Standard clean
Surface etch
Silox dep.3200C

4
Alignment Key Photo
Layer 13

4
N- Photo Layer 1
N- implant
3E12,13OKeV Si
Etch alignment
marks in InP

4
P- Photo Layer 4
P- implant
5E12,50KeV Be

I
N+ Photo Layer 12
N+ implant
2E14,200KeV Si

4

Cap silox dep.
3206C
Final thick:2000A

4
Implant anneal
700°C 20 min.
forming gas

4

Etch off silox
Surface etch
Gate oxide dep.
320 silox 1000A

Isolation Photo(6)
Isolation implant
4E12,190KeV Oxygen

4

Ohmic Photo Layer 5
Plasma etch oxide
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Fig.5.6. Process Flow for R370A run.
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(A) 100/2 Native transistor. 6 steps. (No channel implant)

(B) 100/2 Enhancement transistor. 6 steps.

Channel implant: 5E12, 5OKeV Be.

Fig3.10. Characteristics of enhancement devices in R370A run.
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(A) 100/10 Depletion transistor. 6 steps.

Channel implant: 3E12, 130KeV Si.

(B) 100/10 Depiction transistor. 6 steps.

Channel implant: 5E12, 130KeV Si.

Fig.5.11. Characteristics of depletion devices in R370A run.



142

Irk' 25 Oct 84 R370A 2 A.K Vd=2.5 10=100mA vg=-9.4 I.5u D8fet 6
REF. PL. EXT.= 0.00 CM PORT 1

0.00 CM PORT 2
621 MAX RADIUS = 2
$12 MAX RADIUS = 0.5

gm' 21.69 MMHO
Cgs' 0.206 pF
F1 10.27 CHz
rd 59 OHMS
gmrd 1.3
Rin 17.4 OHMS
RinCgs' 3.58 ps
TT 0.49 ps 0
TI/RinCgs'0.1
Cdg 130 fF
Cds 40 fF

+90

InP 25 Oct 84 R370A
REF. PL. EXT.= 0.00

0.00
FREOUENCY 611

v2 A.P. Vd=2.5 Id=100mA Vg=-9.4
CM PORT
CM PORT 2

521 512 522

1.5u Betel 6

6211D81 K MACID81
2000.0 0.975 -29 1.157 157 .087 71 0.133 -57 1.27 0.20 11.23*
1000.0 0.944 -42 1.104 145 .123 64 0.155 -76 0.86 0.34 9.52*
4000.0 0.906 -53 1.023 133 151 56 0.178 -88 0.20 0.50 8.32*
5000.0 0.867 -65 0.961 124 176 48 0.201 -97 -0.34 0.63 7.38*
6000.0 0.833 -75 0.904 116 .196 42 0.217-107 -0.88 0.75 6.65*
7020.0 0.809 -83 0.848 108 .206 37 0.236-113 -1.43 0.84 6.15*
8000.0 0.767 -Q0 0.829 101 .213 33 0.243-118 -1.63 0.92 5.91*
9000.0 0.753 -97 0.774 95 .224 29 0.254-123 -2.22 .07 3.75
0000.0
1000.0

0.728-104
0.713-110

0.714
0.667

89
82

233
.238

26
22

0.286-126
0.269-130

-2.93
-3.51

.21 2.11

.34 1.01
2000.0 0.694-114 0.643 78 .236 18 0.272-131 -3.84 .48 0.26
3000.0 0.691-118 0.621 74 .242 17 0.283-132 -4.14 49 -0.05
4000.0 0.691-122 0.561 69 .240 14 0.292-135 -4.71 .60 -0.68

16000.0
5000.0 0.661-127

0.666-130
0.546
0.551

67
62

.238
240

13
11

0.302-135
0.308-136

-5.25
-5.17

.84 -1.70

.78 -1.51
17000.0 0.647-132 0.541 59 .241 8 0.312-140 -5.34 .89 -1.93
18000.0 0.675-134 0.489 53 .239 8 0.332-139 -6.21 .93 -2.43

*Msg

Fig3.12. S-parameter measurements on 300/1.5p, r.f. tansistor
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wafers used in this run was supplied by Sumitomo whereas the implant

doses were tailored for Varian wafers.

All of the above problems prevented any circuit from functioning.

The ring-oscillators were latched at logical ser and most of the inverters

did not function because the enhancement transistor could not sink the

current from the depletion loads.

The high-frequency performance of 1.5µ r.f transistor is shown hi

figure 5.12 and the S-parameter measurements indicate that the device has

a gain-bandwidth product of 102 GHz. This is impressive for a standard

gate process where the gate metal overlaps the source and drain by 03p,
per side. Better performance can be expected if self-aligned gates are

used in this process. The transconductance of this device is 72 mS/mm.

High-frequency measurements made on other device structures are given

in table 53 and it can be seen that fT scales with channel length.

In this process, oxygen implant ( 4x1012 190 KeV ) was used to isolate

devices, but the results show that the isolation is not sufficient. The
characteristics of a 'native' transistor with isolation implant in the channel
is shown in figure 5.13. It shows that the device functions as a transistor

indicating that the channel mobility has not degraded due to isolation
implant. In fact, the device performs better than the Be implanted
enhancement transistor. This is one of the problems to be solved in InP
integrated circuit technology.

5.9. Conclusion

It has been demonstrated that a basic integrated circuit technolgy is

possible in InP despite several process and device problems. Major prob-

lems of concern is the threshold control of enhancement devices and a

suitable isolation scheme. In terms of device stability, the traps in the gate
insulator seem to play a major role and this is another area which needs a



Device Channel

length (p.)
fr

(CHz)

Bias

conditions

Depletion FET 2.0 8.7 Vas =2.5V, /p=50mA, Vac= - 6.5V

Depletion FET 15 10.3 Vas =2.5V, 1p=100mA, Vas= - 9.4V

Native FET 2.0 4.1 Vas =2.5V, /p =10mA, Vas =18V

Native FET 1.5 8.8 Vas =23V, ID =20mA, Vas ASV

Enhancement FET 2.0 1.2 Vas =2.5V , /p=13mA, Vas =20V

Enhancement FET 1.5 2.4 Vas =25V, /p =4.5mA, Vas =16V

Enhancement FET 1.0 6.3 V as =2.0V, /p =-42mA, V Gs tOV

Table 5.3. High-frequency performance of various FErs in R370A run.

i
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lot of development. Measurements made on 13µ r.f transistors show the

gain-bandwidth product is 102 GHz, indicating a possibility for future

high-speed devices.



6. SUGGESTIONS FOR FUTURE WORK

6.1. Introduction

147

In the previous chapters, the problems with InP device technology

were outlined and some possible solutions were implemented in the
integrated circuit process using R370A mask set. The experiments per-

formed so far have thrown more light on the problems and provided some

clues to the solution but have not solved the problems completely. In this

thesis, the device instability was traced to oxide traps and it was possible to

explain all the observed effects with a trap model. The trap model has
been very successful in explaining drain current drift and hysteresis in the

C-V plots of InP MIS capacitors in quantitative manner. It is important at

this time, to investigate the possible extensions to this model.

6.2. Current understanding of the oxide traps

So far, the oxide traps have been modeled as mono-energetic single

level centers in the oxide. To keep the analysis simple, the trap density

was assumed to be constant and independent of distance in the oxide. To

explain the positive bias instability, these traps have to be located within a

few kT above the fermi-level in the semiconductor for a reasonable tun-

neling probability. Similarly, to account for negative bias instability, hole

traps have to be present below the fermi-level in the semiconductor.
Treating the traps in this manner has been very effective in explaining the

threshold shift with time. This model is found to be true for most of the
insulators deposited on InP.

The oxide trap model also explains the clock-wise hysteresis seen in

the C-V plots of MIS capacitors. This also explains the surface states
induced by oxide traps and the various surface state density distributions

obtained on the same sample for different bias conditions and sweep rates.
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The degradation of transconductace with frequency is also explained by

this model. It is interesting that a two level trap model can explain almost

all the features of instability in InP devices.

63. Suggestions for future work

In this work, the traps in the oxide have been treated as mono-
energetic with a constant trap density independent of the distance from

the oxide-semiconductor interface. Though this model explains most of the

observed effects, there are very simplifying assumptions. The oxide being

a amorphous material, single discrete trap levels are very rare and multiple

trap levels are most probable. Further, trap density is likely to be high at

the oxide-semiconductor interface and it may fall off with distance in the

oxide. Assuming constant trap density simplifies the analysis, but may not

represent a real situation. In fact, the present model finds an average trap

density and trap energy to fit the experimental results. There may be
situations when this simple model will not be able to explain the experi-

mental results and it may be necessary to use a more involved model
despite its complexity.

In the present work, it has been assumed that the holes are generated

instantaneously during a negative-bias stress experiment on MIS capacitors.

This is really not true, but extracting surface generation and bulk genera-

tion times are difficult when oxide traps are also involved in the inversion

layer formation. An elegant way of solving this problem is very challeng-

ing and is an interesting topic for future work.

In the past, most of the silicon MOS devices have exhibited low- fre-

quency noise with a Ilf noise spectrum. This has been attributed to the
charging and discharging of the surface states and a model based on this

concept is able to explain the llf noise behaviour. In general, in ther-
mally grown oxides over silicon, the oxide is relatively free of traps and

the low-frequency noise is mainly due to surface states. In the case of InP,
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oxide traps are dominant and they overwhelm the effect of surface states.

If this were true, it should be possible to explain the noise behaviour in

InP MISFET's from the standpoint of oxide traps. It will be very interest-

ing to compare the theoretical predictions with the experiment.

6.4. Condasion

The effects of oxide traps on the characteristics of InP transistors was

developed in this work. A simple two level trap model was proposed to

explain the observed effects. It is hoped that this work will inspire others

to extend the concepts to explain other related problems in InP devices.

If the trap density in the oxide is reduced and problems with device isola-

tion are solved, InP will be one of the materials leading the way for ultra-

high-speed electronics.
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APPENDIX A

Low Frequency Capacitance of an Ideal MIS Capacitor

Consider a MIS capacitor on n-type substrate, as shown in figure A.1,

under a negative gate bias. The surface of the semiconductor is inverted

and the potential is considered negative.

EFM

\oxide

n-InP

Ec

X =0

F

EI

Ev x

Fig.A.1. Energy band diagram for a MIS capacitor.

The potential *, which is a function of x, can be found from the solution

of Poisson's equation

a's 2s5.1
ex 2 Foes

where the charge density p(x) is given by

(A.1)

P(x) = q (Nit +PNA rt) (A2)

For a n-type substrate, Nq = 0 and in the bulk of the semiconductor

p(x) = 0. Hence

Nit = n Pa (A.3)
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Since the semiconductor is in equilibrium, the electron and hole concen-

trations n and p are related to the potential 4r by the relation

= ne"

P

where p = qlkT.

Substituting equations A3, A.4 and AS in A.1, we get

a--r--qns 1(041-1- ftpa,e-_d
8x2 '

(A.4)

(A.5)

(A.6)

Multiplying both sides by elitildx and integrating from the bulk to any

point x near the surface gives

+Pm 2

fits n

where Lag is the Debye length

and if we define

and since

1

LB = I
q n,,

(A.7)

(A.8)

u (AS)

= nit

PR =

(A.10)

(All)



equation A.7 can be written as

where

du = i- F(u , uF)

d% LB
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(A.12)

1

F(u, uF) =1(es -u -1)+e-24'(e' +u -1)12 (A.13)

The charge per unit area at the semiconductor surface is given by

fro= -eve", = 4- 'Oil, up)

'34

The semiconductor capacitance is given by

where

dQ, C - C (eTM' -1)+e-2N1-e-c)
fbd, ,

F(u,. uF)

Co=
1.11LB

0 es

(A.14)

(A.L5)

(A.16)

is the semiconductor capacitance at flat-band when $,= 0. The capaci-

tance C of the MIS structure is a series combination of the oxide capaci-

tance and the semiconductor capacitance, which is

Co C,
C -

Cow,

The gate voltage corresponding to the capacitance C is given by

QsV G = tk,e:

(A.17)

(A.18)
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Using equations A.14 through A.18, the ideal low frequency C-V plot can

be generated for a given substrate doping and oxide thickness. The ideal

low-frequency C-V plot for 320 silox on n-InP is shown in figure A2 and

the calculations are shown in table A.1.



1.0

C

Co

0. 5

m.1111.=

Nd=1. 2E16 /cc
xo =1000A

Er =4.3

0. 0
-5 0 +5

GATE VOLTAGE (V)

Fig.A.2. Ideal low-frequency C-V plot for 320 silo: on n-InP.
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APPENDIX B

High Frequency Capacitance of an Ideal MIS Capacitor

The low frequency capacitance derived in Appendix A holds good for

high frequencies as well, but only in accumulation and depletion regimes.

The capacitance calculations have to be modified in the inversion region

to account for the redistribution of minority carriers. The total minority

carrier charge in the inversion layer is fixed by the d.c bias, but the minor-

ity carriers in the inversion layer can move in response to the high fre-

quency signal. We shall assume that the minority carrier distribution in

the inversion layer is governed by a constant quasi-fermi level as shown in

figure B.1 and this will be used to calculate the high frequency capaci-

tance.

oxide

n-InP

Efn

Efp 14F

Ec

EF

Er

Fig.B.1. MIS capacitor under small signal conditions.

The excess hole concentration is given by

P p. = flieltat138*, Re (B.1)
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and the majority carrier concentration is given by

n = ne134' (B.2)

The Poisson's equation in this case is

= -nib/ +p -n] (B.3)ax. co;

Substituting for Nit from AS and using equations A.11, B.1 and B2 gives

5-1-1R-ro O.) +e-Ne1341/41(e-13*-1)] (BA)
ax2 Sic I-

Using a similar approach as done in solving equation A.7 gives

_it r
1

=E = 4-eP*Pet v11.4134,4
flig, L

and

where

f.,c,F(u uo)

F(u,, uo) = V2kes'-u,-1) +e -4.e 0(e +u, 1.)} 2

The semiconductor capacitance is given by

(e " -1) +e-8' e -mg (1ec) +e-mPema(e-as +u
&IQ

dQ, ,-1Xau )
(B.8)F(u,, u0)

(B.5)

(B.6)

(B.7)

=C; r-Cib



When the perturbations are small, uo-tsup, and

Cs Cps F(u u0)

(e " -1) +e-2a1(1-e-c)(1 +aua) u e- a2a, uo

au, au,
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(B.9)

From the condition of constant inversion layer charge, the derivative
auelau, can be found. The charge due to excess holes in the fix case is

Qp = of (p(x)-pads= q fe(nie-ftir° e -Pt -nielik9dx (B.10)

The charge due to excess holes in the d.c case is

Q,,= -nse-6i,) dx (B.11)

Assuming small signal conditions, we can write

us = uss +aus

uo = up +alio

(B.12)

(B.13)

Equating B.10 and B.11, changing the variables and using B.12 and B.13

gives

(e' i -rug) o.. -81 OF -ignr -e

a).112-
da

u

(B.14)

(B.I5)

(B.16)

du
F(u, ue) o

Making use of the identity

d roe th, rq a

du
F(u, up)

f (x, a )fig- -f (p,
da

1 e-22' e7; ±u
F-(u , up)

da er X a sea Jp erect kx, a 'az

gives

au, F(uw, uF)
(e -1)aug (e--k. -1) o F(u, up.)
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Integrating by parts,

au, nue,' uF)[ Palm es -e' -2u +e-21411(u) dul= 1+ B +.1 (B.17)
auf2 (e- -1) ° F3(u, up)

where

and

H (u )=e -' (u +2) +u -2 (3-18)

B = [1 + e-212= 1 (B.19)

.Since e is small, its product with 1/ (u) can be neglected and if we
define

then

au,
ouo

= 1+A (B.20)

F(u,, up) [
+ (es -e-s -2u ) du]

rat -1) 0 F3(u up)

and the high frequency semiconductor capacitance is given by

C
C 1 (11. +e-214, (1e-110.)!L +e-2azid

(u up) 1+A 1+A

(B.21)

(322)

Comparison of 13.22 with A.15 shows that the high frequency capacitance

levels off to a ccnstant minimum in inversion. Equation 13.22 is very ela-

borate and tedious for rapid calculations of high frequency capacitance
and it is necessary to derive an approximate formula which does not need

the integration in /321.



166

If we can find a match point us such that the capacitance remains

constant after that, then it is possible to seek a solution. However, u,
depends on doping and the solution is not trivial. If we make use of the

fact that at a particular point uzathe ionized impurities and the minority

carriers contribute equally to the square of the total surface charge den-

sity, then

esi.-2ar = uL-1 0323)

If we can relate u to uz., the solution is evident. It is found that for any
doping concentration

= 0.75 (B24)

It is found that the error introduced by B24 in the high frequency capaci-

tance is less than 2% and it is sufficient for most practical applications.

The ideal high-frequency C-V plot generated by using equation 9.22 is

shown in figure B2 and the calculations are shown in table 13.1. These cal-

culations were performed for 320 siloz on n-InP.
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APPENDIX C

Shift in the C-V curve due to electron trapping in the oxide

Consider a MIS capacitor on n-type InP substrate with a positive gate

bias as shown in figure C.1. To keep the analysis simple, assume that the

surface states are very small so that their effects can be neglected. The

surface is accumulated and the electrons from the substrate slowly tunnel

into the oxide trap sites. The oxide traps are considered acceptor-like and

they are neutral when empty and negatively charged when filled by an

electron. The energy of the trap at the surface of the semiconductor is
EA° and is situated above the Fermi-level. The gate bias bends the bands

downward bringing the mono-energetic trap level close to the interface for

enhanced tunneling as shown in the figure.

If N7

oxide
n-InP

Eno
N

TA Ec
traps EF

E.

Ev
Evo

x=x0 x o
Fig.C.1. Electron trapping in the MIS capacitor.

is the number of available traps per cm3 and no is the number of

traps that are filled, then

dnn.

dt
S (X) v ;tam taw) 11 ints (C.1)
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where S (x) is the capture cross-section of the oxide trap located at a dis-

tance x from the oxide-semiconductor interface, v is the thermal velocity

of the electrons, n, is the electron concentration at the surface of the sem-

iconductor and n1 is the equilibrium electron concentration if the Fermi-

level were at the trap level. The first term in the parenthesis represents

electron trapping and the second term represents electron emission.

The capture cross-section of the traps falls exponentially with x as

given by the relation

gx)= Snoe (Cl)

where a is the tunneling constant. The inverse tunneling constant has
dimensions of length and is given by

1 -h

a 2 2/ 179cri,
(C3)

where W b is the bather height from the conduction band of In? to the

conduction band of the oxide and me is the effective mass of electrons.

With SiO2 as the gate dielectric on InP, the barrier height is 3.2 eV which

gives a-1 = 2A. The electron concentration at the surface of the semicon-

ductor is given by

and n1 is given by

where

Et° E,
= Nce AT = n 1st

Eco EA (X) EAfrhEF

nt = Nce AT n e tT

(C.4)

(CS)

EA (X) = E40 gxEoz (C.6)



and

Eox

Using equation CS in C.1 gives

dn:,
7t S (X) V rt,

_VG 4I,
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(C.7)

(C.13)

Xo

(NTAnt,)nue kT

Solving the above differential equation gives tit, which will be a function

of x and t

ttgx , t) = Nra.fa) ga(s t) + ns,(x , o) [ 1 g(x , ] (CS)

where no(x , o) is the concentration of trapped electrons at t = o, the time

constant of the trap

1
T = NO eax

v n,

the Fermi-function for electrons

f .(E)

and the tunneling function

1
EA(x)-E,

+ e kr

t
T,oes f (E)

(C.10)

(C.11)

(C.12)

The function g (s , 0 is unity at the oxide-semiconductor interface and
falls with increasing x, and can be thought of as a tunneling probability
function.
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The trapped electrons are distributed in the oxide, and it is not possi-

ble to calculate the shift in the C-V curve directly from equation CS. The

trapped electrons shield the gate electric field from the substrate and in

order to get the same capacitance the gate voltage has to be increased by

an amount AV which shows as a shift in the C-V curve. To calculate the

shift AV, it is necessary to integrate the trapped electrons in the oxide and

find the number of electrons trapped per unit area N and the centroid

from the interface as shown in figure C.2.

Fig.C.2. Step-function approximation to the trapped charge.

Referring to figure C.2 , the shift in the C-V curve is simply

qN, 1

Co xo )

where

and

AV =

IV = J nu(' , t) dx

J. x n(x , t) dx
x=

th,(x , t) dx

(C.13)

(C.14)

(C.15)
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The shift AV can be calculated from equation C.13 and C.14 as a
function of gate bias and stress time. However, there are several parame-

ters that come into play and they are implicit in equation C.14. One of

them, is the time constant Ine which depends on n, (eqn. C.10) and rt, in
turn, depends on surface potential $, (eqn. C.4). Secondly, the oxide field

is not constant as given by equation C.7 , but depends on the trapped elec-

trons PI, and it is given by

VG 41, qN, 1}
E" xo + tax xo

(C.16)

The above equation shows that the oxide field increases due to electron

trapping. Also, the field at the oxide-semiconductor interface is reduced

due to shielding from the trapped charge and it can be shown to be

E, = ear EVGto 4P le I]] F(unsiF)

llEs Xs, Es,Eoz Xs, 134
(C.17)

where the function F is defined in appendix A. Finally, f (E) contains the

surface Fermi-level EF which depends on the surface potential tiJ, and
hence the energy term in f (E) can be expressed .as

EA (x) EF = EAG Eco +
2 nkT lnE--1 q $, (C.18)

The first term EAO Eco is the trap energy with respect to the conduc-
tion band edge and this is usually specified for the calculations.

Equations C.13 and C.14 along with C.15, C.16, C.17 and C.18 com-

pletely describe the trapping process and the voltage shift AV as a function
of stress time t. These calculations are rather involved and certain
simplifications are necessary to get an insight into the problem. A typical
plot of n (x , t) is shown in figure C.3 for t = 100 sec.
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1.0-

0.5-

. 0 !bin, .....
0 5 10 15 20 25

Distance in oxide ill

Fig.C3. A typical plot of n (x , .

It has been found that the centroid is usually less than 15X under normal

tunneling conditions and compared to an oxide thickness of 1000A, this

small correction

and C.17 simplify

and

can be

to

Ear

neglected. With

9Ne

this modification, equations

siF)

C.I3

(C.19)

(C.20)

AV =
Co

V G s qN,

ex xe Co Ear ALB

respectively and equation C.16 goes back to its original form in C.7. If the

flat -band voltage Vn is non-zero, it can be taken into account by merely

substituting VG VV for VG.

It is desired to calculate the shift in the C-V curve after the applica-

tion of a gate bias VG for a time t. The steps involved in the calculations

will be described now. Assuming Pie = o at t = o, equation C.20 is solved
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iteratively for the surface potential fir,. Using this surface potential, n, is

found from equation CA and s,, is calculated from C.10. Knowing

LAO Eco and the surface potential, f1(E) in C.11 can be calculated using

C.18. At this time, all the parameters in equation C.9 are known and
nw(x , t) = o for all x since Ne is assumed to be zero at t = o. Depending

on 11,0 , a suitable time step dt is chosen so that equation CS would be

valid during this interval. Next ni,(x , dt) is calculated from CS and N. is

found from C.14. Again, this value of N. is used in C20 to solve for 4,

and the procedure is repeated. During the second iteration, nw(x, o) in
C.9 is replaced by n(x , dr) and the procedure is continued till the time t

is arrived at after a summation of several time steps dt. At this time, the

shift AV is found from equation C.19. Thus, a plot of AV versus t can be

generated for a given gate voltage, oxide thickness and substrate doping.

Plots of AV and \PAT/ versus log(t) are shown in figure C.4 and it can be

seen that \CV has an approximate linear relationship with In (t). This

relationship will be established now.

Neglecting s has simplified the problem considerably, but the calcula-

tions are still time consuming and does not lead to any simple and explicit

relation between /1V and t. However, some approximations are still possi-

ble if the gate voltage is kept constant during the trapping process. To this

end, assume 4, is constant. This would force n r,,, and Ene to be con-
stant as seen from equations CA, C.10 and C.7. Since, Ne is the parameter

that changes the value of ill, in equation C.20, making 4, constant implies

that the second term in the parenthesis of C.20 is negligible compared to

the first term. Similarly, equation C.18 shows that EA (x) -EF is a function

of x only, since 4), is a constant. All the above approximations, have com-

pletely decoupled the trapping problem from the Poisson's equation.
Further, if n (x o) is assumed to be zero for all x, the problem is
simplified to that of a single integral over x as shown below:

AV
el TA (zo 1 e-1 Ts'enfdr)

Co 'Po 1 + elEArE, -firEa] I kr dX (C21)
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Integrating the function in C21 analytically is still a problem, since the

tunneling function depends on the Fermi-function. It can be seen that
f 4(E) is a slowly varying function of x compared to ea, and without loss

accuracy, f (E) in the tunneling function can be assumed to be unity.
With this simplification, g(x, r) and f 4(E) are independant of each other.

The Fermi-function can be approximated crudely by a linear function

f 4(E) = X

Xs
(C.22)

where x4 is chosen such that the error involved in using C.22 for f (E) is

small compared to the exact expression. Such an approximation process is

shown in figure C3 and the area lost in the initial portion of the curve is

gained in the falling portion of the tunneling function.

It is seen that the tunneling function remains constant over a wide

range of x and suddenly drops to zero. The function falls by Ile at a dis-

tance x,,, given by

" a
= 114 } (C.23)

and the tunneling function can be approximated by a step function mak-

ing a transition to zero at x = x4 as shown in figure C5. The expression

for LW in C.21 now reduces to

2
QATTA On 11 I t 11

AV =
C0 f dx = In
_0 o Xs Lt. XA a 7.

and it is evident from C.24 that

(C24)

VAT/ a In (t) (C.25)
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APPENDIX D

Shift in the C-V curve due to bole trapping in the oxide

A MIS capacitor on n-type InP is shown in figure D.1. The surface of

the semiconductor is inverted because of a negative bias on the gate. The

oxide traps are considered donor-like and they are neutral when filled by

an electron and positively charged when empty. The electrons in the
oxide traps tunnel into the substrate capturing holes and leaving the trap

sites positively charged. The energy of the trap at the surface of the sem-

iconductor is ED0 and it is situated below the Fermi-level. The negative

gate bias tilts the bands upwards and brings the trap level close to the
interface and tunneling from the oxide traps to the semiconductor
becomes possible.

STDtraP
--

oxide

4-5

a\
Evo

n -InP

Ec

EF

ED° -

Ev

Fig.D.1. Hole trapping in the MIS capacitor.

If Nm is the number of traps that are filled with electrons and pt, is the

number of traps that are empty and positively charged, then

dp
tit S (x) v [Pa TD Pa) Pt Pa
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where S (x) is the capture cross-section of the trap given by

S (x) = Spot -4X (Di)

and p, is the concentration of holes at the surface of the semiconductor,

which is given by

and

where

and

Ps = Pve-Pt

Ev(x)--Evo EE(x)-E.
= Nve kT =pie kT

(D.3)

(D.4)

ED(X) Epp -grE,,, (Di)

V0
ED,

xt,

Substituting equation D.4 in DI gives

441-4dp
Six) v p, (NTD -p) -owe kT

dt

Solving equation D.7 gives pr, as a function of x ant t

(D.6)

(D.7)

p(x , = Nrof p(E) gp(x t) + pt,(x , 1 gi,(x , (D.8)

where p(x , o) is the concentration of trapped holes at t = o, and



the time constant of the trap

1

P S (X) V p,

the Fermi-function for the holes

4(E)

and the tunneling function

- Poea

1
E,-e(z)

1 +e kT

-1
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(D.9)

(1110)

gp(x,t) = 1 eTPeinfa) (D.11)

The function f4(E) contains an energy term EFED(x) which can be
expressed as

n
EFED(X) EVOEpp

Es
kT In + TO, + qa,,x

2 ni (112)

The term EvcED0 is the energy of the donor trap with respect to the
conduction band edge and this is specified for the calculations.

Using the same approach as done in appendix C, the shift in the C-V

curve is given by

AV -
qNh

Ca

where N h is the number of holes trapped per cm2, which is

x.
Nh pfr(x , t) dx (D.14)



and the field at the oxide semiconductor interface is given by

ca v0 111, 9N r, F(u, up)
E,

es Xs, Fro cox OLD
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(D.15)

The steps involved in the calculations are similar to the case of electron

trapping as discussed in appendix C. Using the same method as used for

electron traps, it can be shown that

where

qNTD x Ora [I. tAV = f dr = ln
Co XD 2Cpsi, a f Tpo

1 1 t.1r =
1*a

PO

12

and x0 is chosen such that f p(E) can be approximated by

f p(E) =
.1rD

(D.16)

(D.17)

(D.18)
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APPENDIX E

Shift in the C-V curve due to dow surface staters

It is also possible to explain the shift in the C-V curve by the charging

of slow surface states. Again, a MIS capacitor on n-type substrate is con-

sidered and the shift in the C-V curve is calculated for a positive gate bias.

Since the surface states are distributed in energy over the band gap of the

semiconductor, the calculations are difficult and the calculations do not

lead to an explicit relationship between the shift AV and the time t. How-

ever, the surface states in a semiconductor will be modeled as two delta-

functions located close to the band edges as shown in figure E.1.

Ns

states/cm2

Ev ESA
Energy (eV) ES D Ec

Fig.E.1. Approximation to surface states in a semiconductor.

The surface state density is N, states per cm2 and is located at energies

EsA and Esp. The surface state density Ns need not be equal at the two

energies EsA and Esp. Nevertheless, making them equal keeps the
analysis simple and there is no loss of generality because of this assump-

tion. The states located at EsA are considered acceptor-like because they

are neutral when empty and negatively charged when filled by an elec-

tron. Similarly, the states located at Est) are considered donor-like
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because they are neutral when filled by an electron and positively charged

when empty. The oxide is assumed to be free of traps so that the effect of

surface states alone can be studied.

Since a n-type semiconductor is considered, the Fermi-level will gen-

erally lie above the mid-gap and most of the acceptor states would be
filled and some of the donor states would be empty. If the equilibrium

Fermi-level at the surface is EF, the number of positively charged donor-

states Nib will be given by

Nib = N, 1
(E.1)11

1 1+
8D

E sp -41- N, -Ni,
LT

where Nu is the number of states filled with electrons and go is the spin

degeneracy factor. In the case of InP, gi) = 2. Similarly, the number of

negatively charged acceptor states N will be given by

Na N,
1

Est

1 + gAe kr

(El)

where SA is the degeneracy factor which is 4 for acceptors. Since 4 is
well above EL,, the exponential term in the denominator is very small and

equation E.2 can be approximated as

NSA N, (E.3)

The net negative charge at the interface due to surface states is

NSA s+D

N,
Ew-E,

+
2

IS

Nu (E.4)
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Equation E.4 shows that the net negative charge at the interface is merely

equal to the number of filled states which are neutral at energy EsD

oxide n-InP
Ec

EcoY
EsD

EF

Ei

E,

Fig.E.2. MIS capacitor with surface states.

It can be seen from figure El that the energy term in equation D.4 can be

expressed as

EsD EF = EsD ECG +Ec EF-4411 (ES)

which indicates that N is a function EsD, doping and the surface poten-

tial. Usually, EsD 40 is specified for the calculations.

The electric field E, at the surface of the semiconductor is given by

equation C.20

tax IVG "PsE =
xi,

qNiii F(11, ,up.)

color Kt (E.6)

The equations developed above will be helpful in solving for the initial

surface potential when the gate voltage is zero. Assuming 4,, is zero,

EsD EF is calculated from equation ES and Na is calculated from E.4.

From this value of Nu, and making VG = o in E.6, 4,, can be found by
iteration. This new value of 41, is used again in ES and the procedure is
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repeated till tlt, and Nu converge to $,, and Nfr(o) respectively. Thus, 41,,

gives the initial surface potential when the gate voltage is zero at the
beginning of the experiment. When a positive gate bias VG is applied, the

surface potential suddenly changes to *Jo) but the surface states do not

change their occupation and remain at Nao) since they are assumed to be

slow. The negative charge at the interface Nu is now a function of time

and the surface potential changes with time. The filling of the surface
states is governed by the equation

where

dNu

dt
S v [nasN)n1Nu]

ni= Nce

(E.7)

ECO

kT = n,e kT (E.8)

ns = nnerist (E.9)

and S is the capture cross-section of the surface states.

Using equation E.8 in E.7 gives

dNi,

dt
I

EspEF

= S v ns (NsNu) Nue kT (E.10)

and the time constant of the surface states can be recognized as

1

S v n,
(Ell)

The differential equation E.10 has to be solved for Nu(t). Since n, and
the Fermi-function depend on the surface potential, it has to be solved
iteratively between E.6, ES and E.10.



The shift in the C-V curve due to the filling of the surface states is

AV =
C

[ Nat) Nts(0)]
,
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(E-12)

The calculations are performed in the following manner. Assuming Nu(o)

does not change immediately at t = o, equation E.6 is solved for 4',,(0) for

a given VG. Using 4i,(o), rt, and T are found from equations E.9 and E.11.

The energy term Est) -4 is found by using $,(o) in equation ES.
Depending on T, a suitable time-step dt is chosen to solve E.10 for Nu(dt).

This is used again in equation E.6 and the procedure is repeated till the

total time t is accumulated and then E.12 is used to calculate the shift AV.
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APPENDIX F

Hysteresis in the C-V curve due to inversion layer response

In this section, it will be shown that hysteresis can can also occur in

the C-V curve due to inversion layer response independent of the oxide

traps. This type of hysteresis is a strong function of the sweep rate of the

gate bias.

Consider a MIS capacitor on n-type substrate, under a negative going

gate bias. As the gate voltage goes negative, a depletion layer is formed

in the semiconductor and an inversion layer slowly builds up. The holes in

the inversion layer can be formed in various ways. Usually, at room tem-

perature, the generation of electron-hole pairs in the depletion region and

generation from the surface states dominates, whilst the diffusion of car-

riers from the bulk is negligible. Under these conditions, the rate of build

up of holes per unit area P, is given by

dP, ni
(w wf ) +

dr
(F.1)

where Ts is the generation time of minority carriers for a mid-gap bulk

trap, s is the surface generation velocity for surface states located near the

mid-gap, w is the depletion layer width and wf is the maximum depletion

layer width corresponding to the high frequency inversion capacitance
given by

Cf
Co

1

I 1 +
Es xo

(F2)

The high frequency inversion capacitance Cf. is calculated as described in

appendix B.
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The gate voltage is the sum of the voltage drops across the oxide and

the semiconductor. If the voltage drop in the inversion layer is neglected

in comparison with the voltage across the depletion layer, then

oN w2
o

VG = V, + R t = -2- [Nnw + Pa] +
C 2eve. (F3)

where the first term represents the voltage drop across the oxide and the

second term represents voltage drop across the depletion layer. The gate

voltage is assumed to start at V. and sweeps at a rate of R volts /sec. Due

to the slow response of the inversion layer, the capacitance of the MIS

structure will not be in equilibrium with the gate bias, and the depletion

layer width w and capacitance C will be a function of time. The capaci-

tance is related to the depletion width by

C 1

Co

Es X

Cox W

JI
o

(F.4)

If an expression for w as a function of time is found, it is possible to calcu-

late the capacitance variation with time. Differentiating equation F.3 and

substituting for ay& from equation F.1 gives

eox 1+ (Inv RC,, his
dt ei OD ND

(F.5)

Before proceeding with the solution of w (r) from the above equation,
some insight into the problem can be obtained by making simple assump-

tions. Instead of a steady ramp voltage, if a negative voltage step is
applied to the MIS capacitor, then R = o and if the surface generation
velocity is small, equation F.5 reduces to

dw taiW dt
(eV f

1
Es Xo I Tc

(F.6)



where

ND
Te
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(F.7)

It is clear from equation F.7 that the time constant of the capacitance
transient is larger than 71 by a factor No/n; and even nano-second genera-

tion times will yield time constants of the order of seconds which are
easily measurable. This also shows that even moderately slow sweep rates

will not be able to maintain a MIS capacitor in equilibrium under inver-

sion conditions. It is also evident from F.7 that the time steps dt needed

for solving the differential equation F.1 need not be as small as Ts and can

be several orders of magnitude larger than +1 without sacrificing accuracy

in the calculation of transient capacitance.

The procedure for the calculation of capacitance under a ramp gate

bias will now be given. Under a moderate negative bias such that V. < o,

assuming P, = o in F.3, the depletion width w can be found. Using this
value of w , C can be found from F.4. Knowing the values of Ts and s
and using the fact that T. is much higher than Ts, a suitable time step dt is

chosen to solve euation F.1 for P,. Using this value of F,, equation F3 is

solved for w but under a new gate voltage V. + R dr and the process is
repeated until the capacitance reaches Cf..

Inversion layer response modified by the presence of oxide traps

When donor-like oxide traps are present, the inversion layer response

is modified. As the inversion layer is being formed, there is also trapping

of the holes by the oxide traps which modifies the shape of the hysteresis

in the C-V curve. The rate of build up of holes per unit area is given by

dP, ni d
--(w wf)+ nrs j: dt[ Pr @ dx (F.8)di Tit



and the rate of hole trapping is given by

dp,,
dt
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= S (sr) V [Ps( NTD nr, PI Pa (F)

where p, is the volume concentration of holes at the surface of the sem-

iconductor. The boles are confined in a thin inversion layer and without

introducing much error, a constant inversion layer thickness can be

assumed, which gives

Ps
PS I

where ti is the inversion layer thickness.

(F.10)

Since the capacitor is under non-equilibrium conditions, the Fermi

level splits into quasi-Fermi levels as shown in figure F.I.

oxide

n-InP

e
Fig.F.1. MIS capacitor under non-equilibrium conditions.

The quasi-Fermi level for boles is given by

Efp = kT In[111 (F.11)



and

where

and

where

ED(x)

Pt =Pre tT
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(F.12)

ED(X)= ED° qxku (F.13)

VG 41,
Ear

3/4

4NDw2

tits
206,

and the quasi-Fermi level for electrons is given by

N}
Eft, =E; +4,, + kr In1

The boundary condition imposed by the gate voltage is

VG
lc

Pirfr t) dx = --2[N
D

w + Pr + 17NDw2- o

(F.14)

(F.15)

(F.16)

(F.17)

These calculations are performed until Efri E fp when the carriers reach

equilibrium and the capacitance approaches Cf . Beyond this point, only

hole trapping need to be taken into account and the calculations are car-

ried out as outlined in appendix D.
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APPENDIX G

Surface states induced by traps in the oxide

The effect of surface states on the high frequency capacitance is to

cause a lateral shift AV of the ideal C-V curve along the voltage axis.
When surface states are present, the electric field at the semiconductor

surface is reduced and a larger voltage on the gate is required to maintain

the same surface potential and capacitance which results in a shift AV of

the C-V curve along the voltage axis. It is also found that the shift is a
function of the gate voltage. This is because, the occupation of surface

states depends on the surface Fermi-level, which in turn, depends on the

surface potential and hence the dependence on gate voltage. The net
charge in the surface states at any surface potential is given by

Q,, = COM' (GI)

and the surface state density in the units of states /cm2 /eV is obtained by

differentiating equation G.1

D 1 as2 11,
j (0.2)

This method of finding the distribution of surface states over the band gap

of the semiconductor is known as Terman's procedure.

In appendix C, it was shown that the shift in the C-V curve due to
electron trapping in the oxide is

4N TA
fx.

e-t Ta'ear
AV dx

Co 0 S + sE EA° -Er CE al I IT
(0.3)
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after making the assumption that f .(E) is unity in the tunneling function.

It is also clear from equation G3 that the shift AV is a function of gate

bias as seen from the Eat term. It appears that the shift produced by the

oxide traps behaves in the same way as that produced by surface states.

If Qu is defined as the net charge in the interface traps, then

Qi, = CO M/.

and the interface trap

1

xv 1 e-t es
(G.4)

by

(0.5)

(G.6)

(G.7)

(G.8)

(G.9)

= 47- N TAf
° 1+ e[ E"-Er-fil`xE] I kT

density Da in units of traps / cm2 /eV is given

a e-1 Hisear(ViaD = -q

changing the variables

ex.
Di, = NTAJ

and simplifying equation

qNTA

(IX
NrAf ej E, / kr

gives

d dEF
[ 1 e r. d4,dEF'

0.6 yields

x [ 1 e
t_ e°) f [ 1 f it(E)) dx

1

kT fo

where

f

and

EA (X) E., =

(E) 1 + E4(x)-E, / kr

.
-gxE,EA° co +

2
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It has been shown in equation G.7 that a mono-energetic trap in the oxide

gives raise to a surface state density distribution in the band gap of the

semiconductor and to differentiate this from the actual surface states on

the semiconductor surface, this has been termed interface trap density.

The above relations show that the interface trap density depends on the

surface potential, the oxide field and the time for which the gate bias has

been applied. This also explains why different surface state densities are

observed for the same sample under different gate voltage swings and

ramp rates.

In general, the measured surface state density Da is the sum of sur-

face state density from the semiconductor surface and that induced by the

oxide traps. This can be expressed as

Da = Di, + Du (G.10)
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APPENDIX H

Frequency response of oxide traps

In this section, the small signal a.c response of an acceptor-like elec-

tron trap will be derived. The differential equation for electron trapping

derived in appendix C, equation C.1 is used again

dnn.

dt
(x) v [ TA rt..) nets, J (H.1)

If an a.c signal is superimposed on the gate bias of a MIS capacitor, the

electron concentration at the surface of the semiconductor, the density of

trapped electrons and the Fermi-function are all modulated sinusoidally

over their d.c conditions and they can be expressed as

nt, = no. + ninth" (Hi)

rt, = na, + nnel

(H3)L. =1,,, +J ads' (H.4)

Substituting equations Hi, Hi and H.4 in H.1 and collecting the a.c.
terms gives

ntr 1 =

where

nil (Nm., ao noo)
(1 + jorr)nal

S(X) v na,

(H.5)

(H.6)

The small signal trap response calculated in equation H3 shows that it has

a capture and emission term modified by a term involving to in the
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denominator. This factor can be used to find the response of the trapped

charges Qu calculated in equation 0.7 of appendix G, which is

dQu q2NrA rxo [ 1 'Creel [ 1fai
dx (11.7)

d4,, kT Jo [1 + hos J

where fR is used to represent f ,,,, for simplicity.

The derivative of Qa with respect to lb, has a physical meaning. If

the derivative is real, it means that small changes in surface potential are

in phase with changes in Q. suggesting the derivative is a pure capaci-

tance. However, if the derivative is imaginary, it would represent a
energy loss and would correspond to a conductance. The derivative in this

case is complex and represents a conductance in parallel with a capaci-
tance. The capacitance due to acceptor-like electron traps is given by

oeNTAx 8: fnCUM = els
kT o (1 + 0212 )

and the parallel conductance is

Gu(w) 92NTA /'SO SR fl, [ 1 f ] on
dx

kT o ( 1 + (0212

where

t

SR =1 e7pem

(11.8)

(11.9)

(H.10)

The expression for trap capacitance shows that at higher frequencies, the

traps cannot follow the signal and the capacitance drops off. At low fre-

quencies, all the traps will follow the signal and the capacitance of the
traps might exceed the semiconductor capacitance. Similarly, equation
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H.9 shows that the conductance at low frequencies is very small and
slowly increases as the frequency is increased because the traps cannot fol-

low the signal. Similar expressions hold for donor traps in the oxide.
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APPENDIX I

Effect of oxide traps on channel mobility and tranaconductance

The drain current of an accumulation mode MISFET in saturation

region can be described by the relation

= pisCo--(Vos VT )2
2L

where p., is the surface mobility, W is the channel width, L is the channel

length and VT is the threshold voltage. It has been shown in appendix C

that the threshold voltage changes due to electron trapping and V. can be

expressed as

qN,
VT =VTG + AV =Vro

Co

where Vro is the threshold voltage at the start of the experiment.

The transconductance of the device in saturation region can be found

from equation I.1 using equation 12 for VT which gives

alD MV
gm = AsC,,T(VGS VT )E1 SVGSavers

(I3)

The derivative of AV with respect to Vas can be found by changing the

variables which gives

my asv $, c;,(0) Co

was as, was ce, co c, + CL(o)

where Ca (o) is the capacitance due to oxide traps given by equation H.8

and CL, the capacitance due to surface states. In the derivation of equa-

tion 1.4 it is assumed that the frequency is low enough for the traps to



follow the signal. Substituting equation 1.4 in 1.3 gives

gm(o) = C.(VGS VT )Nill CL(o)
Co +C, + + C.(o)I
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(1.5)

The expression for transconductance clearly shows that g,,, degrades with

time since VT increases due to electron trapping. It is also seen from

equation 1.5 that the surface mobility ;I., is reduced due to electron trap-

ping and the effective channel mobility is

Pie =NaI1 +C, + + C.(o)1
C.(o)

(1.6)

This explains how the reduced mobility observed in InP MISFET's is due

to electron trapping. If slow surface states also take part in the threshold

shift with time, it can be shown that

Cit(0) Co
Ise = 13/411 + C, + C + C;$(0)

(1.7)

It is clear from equation 1.7 that surface states and oxide traps generally

degrade the effective channel mobility of a transistor. To improve the

performance of InP MISFET's, it is necessary to reduce the density of

oxide traps and the density of surface states.

It is also possible to modify equation 1.5 so that the frequency

response of transconductance can be calculated. The basic idea is to

replace C;, (o) with C;, (w) and G. (co) calculated in equations H.8 and H.9.

Since the effect of traps is of main concern, the frequency response of the

surface states will be ignored. With these modifications, equation 1.5

becomes

g,(w) = g,(02)11 Co + C, + + C.(co) j G.(co) I w
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Ent(r) = Co 21-11:1Lx( VGS VT ) (L9)

The expression for g,,, (a) shows that the transconductance starts at a low

value of g,,, (o) given by equation 1.5 and slowly rises to ga (co) as the fre-

quency is increased indicating that the traps do not follow the signal at

high frequencies.


