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In this thesis work, an effort was made to characterize the electron

emission process from silicon into silicon dioxide. Three types of de-

vices were fabricated, diffused injection structure (DIS), partially ion

implanted shallow n
+
-p junction (D229) and inverted bipolar injection

device (IBID) that was also partially ion implanted. Injection of elec-

trons into silicon dioxide could be detected as oxide current in DIS

structures. Current densities, as high as 611A/cm
2
were detected, before

the oxide breakdown occurred. There was no electron injection observed

in the ion implanted D229 and IBID devices. The charge trapped in the

oxide can be detected by a shift in the C-V plot. No such shift was

observed for any of the three devices.

The injection of electrons into silicon dioxide for the DIS struc-

ture was attributed to the microplasma effects present in the reverse

biased shallow n
+
-p junction. This was evident from the spotty light

emission during breakdown, "soft" reverse breakdown and a. lower break-

down voltage ref the junction as compared to the theoretically predicted

value for such unctions. Breakdown voltage was about one half of this

predicted value, which is typical of the microplasma dominated junction

breakdown. The microplasma effects were absent in the ion implanted



D229 and IBID devices. This was confirmed by uniform light emission

from the p-n junction during breakdown, "hard" reverse junction charac-

teristic and a junction breakdown value that was very close to the

theoretically predicted value. The microplasma effects in DIS devices

were attributed to non-uniform diffusion process, contamination during

processing and dislocations due to mechanical handling. Enhanced dif-

fusion occurs along the dislocations due to high diffusion coefficient

along such a stressed direction. This causes enhanced fields at dis-

locations, which result in microplasma effects in p-n junctions. Ion

implantation is a technique that dopes the junction uniformly. Due to

this reason and excellent processing, the ion implanted D229 and IBID

devices were dislocations free. Thus, no microplasma effects were ob-

served in these devices. The electron emission process is a direct re-

sult of the electrons that gain enough energy from the high fields in

the microplasmas to cross the Si-Si02 barrier. It was concluded that

microplasmas or a junction breakdown at or very near to the interface

is required to get injection of electrons into oxide.

It is very difficult to characterize the emission process due to

highly localized electric fields in microplasmas of unknown geometries.

The degradation of semiconductor devices, caused by carrier injection

into the oxide and thus charge trapped in the oxide, could be eliminated

by using uniformly doped guarded p-n junctions. The author feels that

this could greatly improve the reliability of semiconductor devices,

e.g. hFE and VT stability in bipolar and MOS transistors respectively.
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INJECTION OF ELECTRONS INTO

SILICON DIOXIDE FROM PLANAR SILICON STRUCTURES

I. INTRODUCTION

Silicon-silicon dioxide is one of the most extensively studied

solid-state systems, largely because of its importance in silicon inte-

grated circuit technology. Silicon is a well known and widely used

semiconductor material and silicon dioxide is used both as an insulator

and a passivating material in integrated circuit technology. Silicon

dioxide is best suited as an insulator, or passivating material, for

silicon integrated circuits due to its ease of deposition on silicon,

excellent dielectric properties, well characterized interface and uni-

formity of thin layers on silicon.

One of the physical phenomena in the silicon transistor technology

that is gaining considerable attention in the last decade is the emis-

sion of hot carriers from silicon substrates into silicon dioxide layer.

This injection phenomenon has been investigated by many authors as a

direct cause for several degradation effects in planar transistors.

It has also found useful applications in electrically reprogrammable

memory devices. A list of phenomena where charge injection is a direct

cause of the effect or has been used to construct new devices is given

below.

1. Electrically programmable memory devices. [12,18,44,49]

2. Degradation of hFE in bipolar transistors. [13,14,27,45,46,47]

3. Drift of breakdown voltage in p-n junctions. [40,52]

4. Threshold instability in IGFETs. [1,16,22,32]
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5. Charging effect of thermal Si02. [29,31]

6. Hot electron emission as a phenomenon. [34]

The injection of electrons from silicon into silicon dioxide in a

controllable manner is of interest in several devices including a de-

vice under investigation within the Department of Electrical and Compu-

ter Engineering at Oregon State University. At the outset of this

thesis work, the technological possibility of silicon based heterostruc-

ture displays with logic built into the substrate and emissive material

added as part of the wafer processing chain was proposed [43]. The

following is a brief summary of how this investigation of the light

emitting device led to the thesis work on injection of electrons from

silicon into silicon dioxide.

In recent years, a number of innovations in display devices have

occurred, but relatively few have involved conventional semiconductor

materials technology. There have been excellent review articles written

on the display devices of today and those proposed for the future [5,7,

9,26]. By far the most common materials used for LED's are GaP and its

derivatives, although the indirect energy band gap of GaP precludes

high quantum efficiency. Direct band gap materials are inherently

better, GaAs for example has a 20% quantum efficiency in the infra-red.

When LED's are used in alphanumeric displays the problem of interfacing

the address logic and the light emitting device arises, since integrated

address logic is only possible at the moment in silicon, while III-V

technology although fairly advanced for discrete devices falls well

short of providing an address matrix within the emissive device. The

most obvious advantage of any display device capable of direct integra-

tion with silicon is the elimination of this interfacing problem.
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However, silicon cannot be used as a light emitting device since

its indirect band gap of 1.1 eV is both too small for visible light

emission and incapable of efficient radiative recombination. Hence, we

examine the possiblity of using a silicon based heterostructure as a

light emitting device. The emissive material would be added as part of

the wafer processing chain. This requires a material which would be an

appropriate light emitting material and which would be "compatible" with

silicon. The following are the requirements of the material to convert

effectively electrical energy to light.

a) It should be a direct band gap material to convert effec-

tively electrical energy to light.

b) The energy band gap should be greater than, or equal to,

2 eV. This is necessary for visible radiation.

c) It should be relatively easy to produce in pure form as a

film on silicon.

d) It should form an interface with silicon with least prob-

lems. This means small lattice mismatch.

e) Amphoteric doping is preferred, although this is not a

strict requirement.

f) The material should be stable at room temperature.

g) It should not be too expensive to produce with the re-

quired electrical and optical properties.

Figure 1.1 shows the forbidden energy gap and its equivalent photon

wavelength for band to band emission for some of the more readily avail-

able materials. The visible portion of the spectrum, 0.4 um to 0.75 um,

is indicated for comparison. It is immediately apparent that many semi-

conductors have an insufficient band gap to allow visible radiative
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recombination. Here it is worth noting that the band gap equivalent

wavelength does not necessarily coincide exactly with the wavelength of

the peak of the emission spectrum in any material, particularly in in-

direct band gap materials such as GaP where inter-impurity radiative

recombination occurs.

Tansley and Owen [42] have studied the problem of finding a suit-

able material as an efficient emissive material for display application.

We shall not discuss this investigation in any details but we will men-

tion the final result of the extensive studies of various possible

materials. Most of the wide gap materials are unsuitable for light

emission applications due to various reasons, such as, instability, in-

ability to produce in pure form or being unipolar. Zinc oxide and zinc

orthosilicate differ somewhat from other materials in that both are

known as phosphors in large screen applications. Unfortunately, neither

is ambipolar although a degree of semi-insulating p-typism may be in-

duced in the oxide by ion-implanting phosphorus. As discussed previ-

ously, there is a growing interest in the use of thin layers of these

phosphors excited from silicon substrates. The value of such a device

is obvious, the luminescent component can be integrated directly into

the drive and address circuits and can be fabricated at some point in

the silicon processing chain. We shall briefly discuss here the suit-

ability and material properties of zinc oxide and zinc orthosilicates.

Zinc Oxide

Zinc oxide is a luminescent material which has been used as a

cathode ray tube phosphor for a long time. However, a unique feature

of this phosphor is that it can be excited with only a few electron
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volts to give out visible luminescence. Because of this feature, it

may be possible to excite zinc oixide layers on silicon with electrons

injected from a silicon substrate. Energies of this right magnitude

can be obtained from silicon substrates either by avalanche or non-

avalanche means.

Zinc oxide can be prepared successfully using R.F. sputtering [25,

39,53]. Due to its high coupling coefficient for compressional waves

(K
t
= 0.28) it is widely used in surface wave convolvers. The typical

sputtering conditions are listed in Table 1.1 [25].

TABLE 1.1. TYPICAL SPUTTERING CONDITIONS

Substrate temperature

r f input power

Sputtering atmosphere

Deposition Pressure

Substrate bias voltage

Deposition rate

Target to substrate distance

Magnetic field across plasma

200-350°C.

160 W

80:20, Ar:02

4-4.5 pm

560 v dc

100-130 A°/min.

3.81 cm.

65 G

The high quality of ZnO layers in terms of stoichiometry, transparency

and uniformity is comparable with the Si02 on Si layers. The ZnO layers

have a fine grain (100 A °) polycrystalline structure. Detailed analysis

of ZnO deposited upon Si02 on Si < 111 > shows that the ZnO layers have

a preferred orientation with the c-axis of the hexagonal cell oriented

perpendicular to the Si < 111 > surface. Examination of layers by means

of SEM and Auger spectroscopy suggests that a thin layer of silicon

dioxide of unknown composition resides at the interface.
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Zinc oxide is inexpensive because of its widespread industrial and

medical use. It has been exploited in electro-photography which in

turn, has revived interest in its properties as a semiconductor. It has

been recognized that chemisorption and desorption of excess oxygen ions

at the surfaces of ZnO crystallites is responsible for the phenomenon

of high conductivity in powder layers and probably for the low (1, 1 eV)

cathodo luminescence too.

Zinc Orthosilicate

Commonly known as "willemite" in powder form, Zn2SiO4 is one of

the brightest cathado-luminescent materials and it has a broad emission

spectrum centered at approximately 5200 A°. Willemite is usually made

from the reaction between a zinc compound and silicon dioxide. Morant

and Edwards prepared high quality zinc orthosilicate films by evaporat-

ing and then reacting zinc fluoride on to the silicon dioxide [28]. The

reaction is carried out by heating the samples to 900-1100°C. for about

10 minutes in oxygen ambient.

2 ZnF
2
+ 2 SiO

2
= Zn

2
SiO4 + SiF

4

The resulting film shows the bright green cathodo-luminescence charac-

teristic of willemite. The advantage of this type of processing of

willemite is that the process does not require complete removal of the

oxide on silicon and also impurities can be co-sputtered so that no

extra activation is required.

Three requirements need to be satisfied before a monolithic dis-

play device with silicon as base material is feasible.
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Firstly it should be possible to grow a relatively pure phosphor

film on silicon. This has already been established for ZnO and Zn2SiO4

thin films.

Secondly the interface should be such that it should allow the

electrons to excite the phosphor without large reduction in numbers

through trapping and recombination or in energy through scattering. It

is thus essential to characterize in full the crystallographic, elec-

tronic and optical properties of grown material. This is a pre-requisite

for understanding of interface states. To this end following methods

are available such as Auger, LEED, ESDA, SEM, double beam spectrophoto-

meter, X-ray and micro probe equipment. Due to the lattice mismatch

between the two materials forming heterojunction, there exists a dangl-

ing bond density at the interface. These interface states act either

as charge traps or as recombination states with effects on current trans-

port and photoresponse, or both. Here two important issues are to what

extent the lattice mismatch is taken up by the strain in one, or both,

of the crystals and what fraction of dangling bond density is electri-

cally active. The lattice mismatch, even though it may be small, re-

sults in unpaired valence bond electrons or dangling bonds. This causes

energy bands to bend at the interface in a direction dependent on the

polarity of the interface changes. There is also extensive recombina-

tion of excess minority carriers in the interface region. If the

interface state densities are 10
13

/cm
2 or less, the expected effect on

the junction becomes much less severe. Thus conduction band bending

and discontinuity of interfacial thermalization and recombination rates

are likely to be the most important parameters.
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Finally the silicon substrate must be able to provide controlled

amount of electrons with sufficient energy to excite the phosphor. A

review of the work on injection of electrons into silicon dioxide shows

that the problem is very difficult to analyze, both theoretically and

quantitatively, due to the very high fields and large field gradients.

The barrier for electrons to overcome the silicon-silicon dioxide inter-

face is about 3.1 eV. Electrons must gain this energy from some high

field region within the silicon substrate near the Si-Si02 interface.

This usually implies local electric fields of greater than 10
5
volts/cm

in regions of net doping concentration, much greater than 10
15

/cm
3

.

Nevertheless, the extensive experimental studies have led to a few

phenomenological but quantitative models for the emission process. In

addition, the emission process from silicon into silicon dioxide has

been developed into a powerful tool for studying electron and hole traps

in thermal SiO
2

films.

The problem of modeling the emission process is further complicated

in certain devices due to two and sometimes three dimensional nature of

the process. Thus, we felt that to properly understand the process of

emission of hot carriers from silicon into phosphor, we must first look

into injection of hot electrons from silicon into silicon dioxide in a

controllable manner [35]. This will give us insight into the nature of

the injection process from silicon into a wide gap material. It will be

desirable to direct the injection of electrons in one dimension to sim-

plify the characterization of the emission process. After fully under-

standing the mechanisms of the injection process of hot electrons from

silicon into silicon dioxide, it may be possible to extend it to the

silicon-phosphor system. At any rate, a review of all the recent work
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on charge injection into silicon dioxide leaves no doubt in our mind

that further work is required to fully characterize the injection pro-

cess and build a device where the many complexities and multi-

dimensional nature of the emission processes are either eliminated or

reduced to negligible amounts.

The reasons for selecting Si-Si02 system rather than anything else

are obvious. Silicon-silicon dioxide is one of the most extensively

studied solid state system due to its constant occurrence in silicon

integrated circuit technology. Silicon dioxide is easy to produce in

pure thin films and forms an interface with silicon that is well charac-

terized and well investigated. It does not require any special process-

ing technique, such as CVD, r f sputtering etc., and has excellent

masking properties against impurities diffusing in silicon. This work

will be extremely useful in the possible development of the much de-

sired silicon-phosphor heterostructure LED. It will also be useful in

further improving the electrically programmable charge transfer memory

devices due to the controllability of the injection process.



10

II. A REVIEW OF RECENT WORK ON ELECTRON INJECTION

As discussed previously, considerable amount of work has been pub-

lished on hot-electron emission from silicon into silicon dioxide. The

experimental devices include gated diodes, MOS capacitors, MOSFETS,

MOSFETS with underlying p-n junction, gated npn transistor and memory

devices such as FAMOS and ATMOS. All these methods of injection could

be divided into two categories avalanche and non avalanche injection.

Avalanche multiplication at high fields can be caused by reverse biasing

a p-n junction to breakdown or driving a MOS capacitor structure into

deep depletion, thereby causing the silicon substrate to avalanche. Non

avalanche injection does not necessarily mean absence of avalanche mul-

tiplication. It simply means that the sources of hot carriers are sup-

plied independently rather than derived from an avalanche plasma. The

injection phenomenon was studied not for the sole purpose of injection

of carriers but rather to study its effects on degradation of hFE, break-

down walk-out, threshold instability, memory devices etc. In the pre-

sent investigation the intention was to investigate a method of inject-

ing a controlled amount of electrons at a certain energy from a silicon

substrate into silicon dioxide.

Avalanche Injection

2.1 Gated p-n Junction

D.R. Collins [13] first described the degradation of hFE with re-

verse bias p-n junction stress in silicon planar transistors. The

emitter-base (E-B) junction was stressed by reverse biasing it for a

certain time and at a certain current. Shallow junctions degrade the
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most while the deeper junctions must be biased into avalanche before

degradation occurs. The degradation may be reversed (though not com-

pletely) by either heating the device or forward biasing the E-B junc-

tion. There is no change in Ic versus VBB characteristics, while there

is an increase in IB. This indicates that the degradation occurs at or

near the E-B junction. The degradation was found to be a perimeter

dominated effect rather than an area stress effect. Collins predicted

that the degradation is a surface effect located at the E-B junction

perimeter and suggested that further work is required.

Further investigations [14] showed that the degradation is rela-

tively unaffected by the ambient temperature at the time of the stress.

Ionic drift, as a cause of degradation, can be ruled out due to lack of

this temperature dependence. Surface motion is also unlikely since no

difference in degradation was found between junctions which had a grounded

field plate completely covering the junction and similar junctions with-

out field plates. The fact that the degradation does not occur during

injection when no E-B junction voltage is present indicates that ther-

mal carriers are not responsible for the degradation. Collins concluded

that hot carriers rather than voltage appear to have an appreciable

effect on the degradation since the amount of current flowing through

the E-B junction while the junction is reverse biased at a constant

voltage influences the degradation. It is possible that the hot car-

riers generated by high fields in the heavily doped material cause an

increase in the surface state density.

Verwey [45] studied the same phenomenon of degradation by fabri-

cating an n-p-n transistor with a field electrode on top of the E-B

junction. The measured I
B
versus V

a
at a constant VBE

under different
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stress conditions showed a maximum when LIB (difference between the

base current before and after the stress) was plotted against V . This

can be explained by the movement of the intrinsic point of the junction

along the surface. When this coincides with the degraded point, sur-

face recombination is high and base current will be large. Verwey

also studied the effect of applying V r during the stress. He concluded

that the breakdown at positive gate voltages gives rise to negative

charge in oxide and the maximum in Al
B
versus Vg is a strong function

of reverse current density.

McDonald [27] in his paper, studied a gated transistor with little

or no ionic contamination in the oxide. With zero voltage on the field

plate during the stress condition, I
B
versus Vg was plotted after the

transistor was stressed for various times. The second peak always oc-

curs at V = 0 volts and the magnitude of the peak increases with in-
g

creasing stress time. It was concluded that the stress affects only the

space charge component of base current. He proposed a model to explain

the effect of the gate bias upon the surface space charge region.

N1-1-

(a)

Figure 2.1. Movement of intrinsic point for different gate voltages.
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The dashed line in Figure 2.1 represents the intrinsic point, p = n.

With a negative gate voltage (Figure 2.1b), NI- side is depleted and the

P side is accumulated. This shifts the intrinsic point at the surface

towards the N
+

region. Conversely, with a positive voltage applied to

the gate (Figure 2.1c), the intrinsic point shifts to the p side. The

model assumes that avalanching the E-B junction greatly increases the

density of fast surface states within the space charge region. These

fast surface states are shown by crosses on the diagram.

log
IB

0 vg

Figure 2.2. A typical I
B
versus Vg curve.

At V
G
= 0, the region of increased surface states coincides with

the intrinsic point, resulting in maximum recombination rate. Hence,

I
B

is maximum. Negative gate voltage shifts the intrinsic point

towards the emitter and I
B

returns to its normal value. The same

thing happens for positive gate voltage. A typical plot of TB versus

V
G
is shown in Figure 2.2. The avalanche degradation could be an-

nealed at high temperature (300°C for 5 minutes). The activation

energy was found to be 1.6 eV. If the stress is applied under non-zero

gate bias, the peak of I
B
versus V characteristics shifts to negative

g
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V (if V r was negative) or positive V (if V r was positive). Due to

the field in the perpendicular direction, trapping of either holes or

electrons will occur.

The plot of V (gate voltage at which the I
B
vs.V characteristics

has a maximum) versus V r (gate voltage during avalanche stress) is

shown in Figure 2.3.

VG

Figure 2.3. VG13 versus V
G

r
.

r
VG

The sequence of processes occurring during and after stress are

shown in Figure 2.4. Under a positive gate bias, electrons are injected

into oxide (where they are trapped) and also fast surface states are

formed when hot carriers, created during avalanche, bombard the surface

(a). A negative space charge is quickly built up in the oxide which

sets up a field equal and opposite that of the gate (b). This brings

the intrinsic point back to equilibrium position. When V is removed,

field caused by oxide charges remains unchanged. This shifts the in-

trinsic point towards the N type emitter (c). The base current re-

turns to equilibrium value, because the region of fast surface states

no longer coincides with the intrinsic point. As we make the gate



Vr(+)

+ -I- +

(a)

Vg o

( c)

Vr(+)
4- +

b)

V11-=0

N

(d)

P

14a

Figure 2.4. Sequence of processes occurring during and after stress.
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voltage more positive, the net field at the surface decreases. Thus

bringing the intrinsic point back to coincide with the region of sur-

face states. Thus I
B

increases. As long as there exists a space

charge in the oxide, peak for IB will occur at a non-zero gate vol-

tage. Under UV light, oxide charge is annealed and the peak again

occurs at V = 0.
g

The degradation phenomenon in planar transition has been studied

by Verwey [46]. Again a gated n-p-n transistor was used for the in-

vestigation. The breakdown of the E-B junction could be modulated by

the gate voltage. A negative gate voltage would deplete the N
+

emitter

and accumulate the p-base. This would constrict the space charge re-

gion and surface breakdown would be preferred. A positive gate bias

would deplete the base region and thus eliminating surface breakdown.

These two conditions are shown in Figure 2.5 (a) and 2.5 (b) respec-

tively. These considerations are complicated by the fact that boron,

the p-type dopant, tends to diffuse into oxide and hence the maximum

occurs a few tenths of microns from the surface. In highly doped struc-

tures W
s

is small, so hot carriers in the avalanche plasma in the de-

pletion region of the E-B junction (width W) may reach the interface.

SiO

N+

(a)

P N

Si02

\N[ P

( 6)

Figure 2.5. Effect of gate bias on depletion region.
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B

Figure 2.6. LB versus Vg, 1) before and 2) after stress.

A typical plot of IB versus V , before and after stress is shown in
g

Figure 2.6. At V = 0 we have onset of depletion. I
B

peaks in the un-

stressed condition, because the majority carrier concentration ps at the

interface is about the same as the minority carrier concentration ns,

when we have large depletion condition. This favors recombination at in-

terface states of the electrons emitted from the forward biased E-B junc-

tion and maximum results. At still larger values of V , the surface

inverts and I
B

decreases. The parameters, AV m and AI
B
m are plotted

against V r (gate voltage during breakdown) in Figure 2. 7 and 2.8

respectively. The influence of the reverse current density and the

breakdown time on AI
B

m
and AV was studied. Both AI

B

m
and AV have

g

the same dependence on breakdown time and breakdown current. Hence

AI
B
m and AVm were plotted as a function of flux F = I EBO

x t as shown
g

in Figure 2.9 and 2.10 respectively. The height AIBm is the contribu-

tion of the created centers to the recombination current and the place

AV m corresponds with an amount of positive charge induced in the oxide



I
B

VU

Figure 2.7.LIBm versus V r,
I
EBO

and t constant.

near the created centers. The author suggested that the heating due to

\ r (7- )

Figure 2.8.0 V m versus V r, -
It130

and t constant.
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avalanche can be neglected, otherwise the dependence on Iav and that on

time would have been different. Finally, the author concludes that the

creation of interface states is associated with a penetration of posi-

tive charge into the oxide in agreement with the previous model.

F

A V

F

Figure 2.9.AIBm versus dose F, Figure 2.10.AV m versus dose F,

r

gr
V constant.
g

Vg constant.
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The injected current into Si02 was measured by Verwey [47]. It was

already known that during E-B junction breakdown under positive gate

bias negative charge was trapped in the oxide. Hot electrons from the

breakdown region (which is very close to the interface) can travel

through the space charge layer and can be injected into the oxide. The

device under investigation was again a gated transistor. It was found

that after application of reverse current IEB0, the average current

flowing through the oxide, Iav, reached a maximum and then decayed to

a saturated value. The variation of I
t
with positive gate bias Vgr

(during stress) is plotted in Figure 2.11. For double diffused transis-

tors the variation is exponential, whereas, for a heavily doped base

transistor the variation was linear. The decay time is a function of

V
r.

g

fay

0

Figure 2.11. Variation of Iav with respect to time.

The variation of IB versus V (Figure 2.12) before and after the
g

stress has already been discussed, and heavily doped base transistors

showed more sensitivity to the stress. Under positive gate bias, nega-

tive charge is trapped in the oxide, as is apparent from the shift
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B

1

2

Vg ve
g g

Figure 2.12. I
B

versus V , before and 2) after stress.g,

AVge which is a function Vgr and varies linearly for highly doped base

transistors. For conventional double diffused transistors the varia-

tion is exponential. The current flowing through the oxide reached a

maximum within a few seconds of the application of the reverse current.

This maximum value I
t
was a function of the amount of hot electrons

located near the interface and the field at the interface. The varia-

tion of I
t
with V r depends on the location of the avalanche plasma

with respect to interface. In the highly doped structure the field in

the silicon near the interface is proportional to V r. The number of

hot electrons coming from the avalanche plasma is proportional to

e
-L/Lo

, where L is the distance from the interface to the plasma loca-

tion. Now L is inversely proportion to V
r

, hence the amount of ava-
g

lanche breakdown near the interface is an exponential function of V
r

.

For the very highly doped structures, there is probably a sufficient

amount of plasma available always. Then the total number of electrons

injected would be proportional to the field perpendicular to the
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interface and thus V
r

. The creation of interface states is more in
g

the highly doped devices due to the close proximity of the avalanche

plasma. For heavily doped devices both I
t
and AVge are linearly pro-

portional to V
r
, whereas in a conventional double diffused transistor,

the variation of both these parameters is exponential. Thus the trap-

ping of the electrons in the oxide must be proportional to the amount

of hot electrons crossing the interface.

It is possible to calculate the injection efficiency n of the

trapped charge in the oxide.

Q. = charge injected during avalanche =
o

I
av o
dt' = I I

t
e
-t' tde

Q = Amount trapped in the oxide =
S AVge

C
ox

S = Area of the charge trapped = perimeter of E-B junction times the

depletion width.

C
ox
= oxide capacitance

Then n = Q

+ Qi .

It turns our that n is relatively small and independent of boron concen-

tration.

Following this work, interest in electron injection phenomena in-

creased and Pepper [36] investigated the dependence of injected current

on the gate voltage and the reverse biased current. The device under

study was a p -n diode with a gate on the top as shown in Figure 2.13.

As soon as the reverse voltage was increased to induce avalanche break-

down, both IA
and I

ox
decreased and a walk-out of the breakdown charac-

teristics was observed. After prolonged avalanche, stable values of

I
A

and I
ox

were observed. A plot of I
ox

versus I
R

is given in Figure

2.14.
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Figure 2.13. Schematic of gated Figure 2.14. I
ox

versus I
A'

V
g

p+-n diode.
as parameter.

The breakdown voltage of the gated p
+
-n junction is considerably

lower than in the bulk p
+
-n junction. This is due to the fact that at

the corner of the P+ region the field in the silicon is dominated by

the field across SiO
2
between p

+
region and the gate. Thus any in-

crease in VP must equal the decrease in V to maintain a constant ava-
g

lanche current. The "walkout" in the avalanche characteristics indi-

cates that the trapping of electrons in the Si02 is reducing the effect

of the gate field and tending to turn off avalanche. To a good approxi-

mation the field in silicon due to the gate can be represented by

VR - V'

(6 6 )d
F -

S OX OX

d

---where V' V - + QVg
g ms ss

sox
ox

I consists of those electrons who have gained enough energy to cross
ox

the interface barrier (I). The minimum distance X for an electron (to
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gain energy 0 is

X =
m Fq

At energies below the pair-production threshold the principal scatter-

ing is via phonons; above threshold the mean free path decreases due to

pair production. The distance traveled by an electron to gain the

minimum energy required for pair production is y/Fq where y = threshold

for pair-production. The probability of an electron acquiring this

ellergYisexp[ Fql
]. The probability of an electron arriving at

1

Si-Si02 interface without scattering is exp [-(
1

(x -
Fq1

x = distance from the interface where e commences transit

11 = phonon scattering mfp.

12 = combined mfp for both phonon scattering and pair production

Hence the probability of an electron acquiring the energy for pair pro-

duction and then travel to the interface without scattering is

exp [
x

Fql 1
2

Fql ) ]

21

Integrating this equation between Xm and the boundary of the avalanch-

ing region gives

Iox a exp [-
1

(y-
y + -

y
)]

q 1 2
1
2

with Qss = -3.2 x 10-7 conc/cm2

cl) = 3.25 eV

= -2 Eg = 1.65 eV
2

1
1

= 110 A°

1
2

= 400 A°

The fit between theory and experiment was excellent.
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A simple model to explain the injection of electrons into silicon

dioxide has been proposed by Verwey [50]. The dependence of It (peak of

I
av

flowing through the oxide) was measured on various parameters, such

as I
R

(reverse current), V
G

(gate voltage) and 1 (temperature). The

experimental structure used was a gated p
+
-n diode. Typical plots of

the I
t
measurements are shown in Figure 2.15 (a), (b) and (c).

log
It

Vg= cg

log Ir

log
It

log
It

Figure 2.15. Variation of I
t
with respect to Ir , Vg and T.

1

T

A model was proposed to explain the experimental results and is shown

in Figure 2.16. The various assumptions are listed below.

1) Current is not bulk limited but is governed by electron

injection.

2) The hot electron distribution is exponential.

3) Avalanche occurs at a distance W, which is the thickness

of the depletion region in p
+

region.

4) It is assumed that sufficient high energetic electrons

are present at X = W.

5) Energy loss is the same for all electrons, irrespective

of their energy.
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6) Only one dimensional model is presented, even though the

problem is clearly two and possibly three dimensional.

\I( SiO2

A.

12,

P+

N

1

Figure 2.16. Schematic diagram of the model of a gate p
+
-n diode.

1) Avalanche region 2) Physical junction.

Electrons are extracted from the avalanche region and drift to the

interface after which they are either emitted into the Si02, provided

they have enough energy, or they are reflected at the interface. The

avalanche region is not exactly at the interface itself but at some

distance W from it because the p
+
-region is depleted from majority car-

riers in a layer of thickness W due to applied gate voltage. The elec-

tron distribution is assumed to be exponential and is given by

N(E) = (N/KTe) exp (-E/KTe)

N = concentration of hot electrons in the depletion region.

T
e

= electron temperature.

The electron distribution and the Si-Si02 interface band scheme is shown

in Figure 2.17.
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Figure 2.17. The electron distribution and the interface band diagram

for Si -SiO 2.

The cross hatched area in the figure represents the electrons that

have enough energy to cross the Si-Si02 barrier. Therefore the peak

avalanche injected current is given by

co

It = Ae s N(E) P(E) v(E) dE

P(E) = surface transmission probability

v(E) = drift velocity of hot electrons

Assuming P(E) = (E-S)C for E > S

= 0 for E < S

v(E) = vd = saturated drift velocity and performing the necessary inte-

gration, I
t
can be found as

where

2
log It= const + aw

2
+ 3 aw

3
- + y

eN
o (dE/dx) KV

1/2

,

a 4.6 eKT 2.3 KT ' Y 2.3 KT
Si e e
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A reasonable fit between the theoretical and experimental results was

obtained. The most extensive analysis of avalanche injection from

gated p-n junctions into silicon dioxide is by Bulucea [10,11]. He is

also one of the few workers who found a close correlation between

theory and experimental results. This analysis for avalanche injection

is now presented in greater details.

Bulucea quite aptly recognized the difficulties associated with

the theoretical characterization of the avalanche injection, due to the

two dimensional nature of the depletion region and due to the difficul-

ties associated with hot-carrier emission physics such as barrier re-

flexion and schottky barrier lowering. The typical situations of ava-

lanche injection in planar devices are shown in Figure 2.18 (a), (b),

(c) and (d). Case (a) gives rise to majority electron injection. There

is a surface accumulation due to positive gate bias and depletion region

extends into heavily doped p
+

region. The heavily doped side is depleted

(and finally inverted). The breakdown occurs on the heavily doped side.

The crowded field configuration favors majority carrier injection. A

similar situation of majority hole injection is given in Figure (b).

In Figure (c) and (d) depletion (and finally inversion) occurs on the

low doped side. This favors minority carrier injection. Since there is

no field crowding, injection is uniform but requires higher reverse bias.

It is not hard to visualize that the majority-carrier injection in-

volves very localized regions of unknown area. The barrier for holes

(3.65 eV) is greater than for electrons (3.25 eV) which implies that for

either majority or minority carrier injection hole injection is weaker

than electron injection. Bulucea has presented his analysis for majority

electron injection using a p
+
-n diode as shown in Figure 2.19.
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Figure 2.18. Different types of emission from gated p-n junction.
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Figure 2.19. p-n+ gate controlled diode.

The biasing is such that the n substrate tends to become accumulated,

thus narrowing the space charge. The field is maximum at the metallur-

gical junction intersection with Si-Si02 interface. Thus breakdown

occurs at x = o. Below breakdown, electrons are generated in bulk

within the dashed line, are collected at the surface and flow along the

interface. This specific flow due to barrier limitation is called po-

tential gutter.

Figure 2.20. Variation of ML (x) and I
n

(x) along the interface.

At breakdown condition I
n
(x) -4- co when M

nL
cc (Figure 2.20) along

one of the field lines L. The high electric field raises the K.E. of

electrons (hot) and some of them can overcome the Si-SiO, barrier. This
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gives rise to the oxide current.

Damaged Area Estimate in x - Direction

This is the area over which significant multiplication occurs. The

terminology comes about due to the fact that avalanche injection actually

damages the surface by charging the oxide and by introducing fast sur-

face states. Bulucea has taken into account the bi-dimensional struc-

ture of the field distribution. He comes up with the width of damaged

area in x direction as

= Cn L
5

here C
n
= 2.25 --- 0.45 (N

B
= 10

14
--- 10

17
/cm

3
)

10

L
8
= 0.42p for 0.3p gate oxide

= 0.38p for 1p gate oxide.

Thus I5 = 0.1 --- 0.02p (N
B

= 10
14

- 10
17

/cm
3
).

The other dimension to estimate the damaged area is of course the peri-

meter of the p
+
-n junction. Practically all the electrons created due

to avalanche hit the surface at x = o.

Evaluation of Hot Carrier Injection Ratio

This ratio in a gate controlled diode structure is defined as

I
G oxide injected current

n.
I
R

junction reverse current

It is reasonable to assume that this ratio equals the injection prob-

ability Pi

n .

n. = P. [E E (0)] -
si

i 1 B s n
s
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This probability is a function of Schottky lowered barrier EB and the

field at x = o. E
s
(0) = E .

scrit

n
si

= Density of electrons crossing the barrier /cm
2

n
s

= Total electron density /cm
2

.

Hot Electron Distribution

According to Bartelink [43], a one dimension avalanche plasma from

a p-n junction can be represented by

where

Eo
KT -
e 1 1 Eo 1/2

+ e- +
2 4 rEr

(q Elr)
2

E
o

- rE

1
r
= m.f.p. for phonon emission

E
r
= Energy of the zero-wave-vector optical phonons

r = 11/1r where li = m.f.p. for ionic interaction.

If we assume the same values as Bartelink does for E
r
= 0.063 eV, 1

r
=

60 A°, then a plot of KT
e

versus electric field E, looks as shown in

Figure 2.21. The most uncertain parameter is r in the equation. The

range of r, as estimated by various authors is from 0.1 to 17.5. As can

be seen from the plot that for r < 1 the distribution is less sensitive

to r. (This is'the case when ionization is most probable.) The plot

shows a strong dependence on r for r > 1 (ionization less probable).

Bartelink estimated a value of r = 3.2 for his work. Bulucea assumed

in his paper that m.f.p. of electrons are energy independent, since

oxide current is dominated by electrons arriving at Si-Si02 interface
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KTe

E

Figure 2.21. Effective temperature versus energy.

with energy close to the barrier energy. We are now at a position to

calculate the distribution function in the energy space. First, momen-

tum space distribution function is given by

dn
s

(p ,8) = f (p,8) dV = f (3,e) 27p
2

sin e dpde

Assuming nearly spherical distribution function

Here

dn
s

(p,8) = [f
o

(p) + f
1 (

p) cos 8] 27p
2

sin e dpde, f
1

< f
o

.

2

f
o

(p) = const exp
E(p)

where E(p) =
KT

e
2m

1
r
E

1
and f/ (p) 1 + lir KT

e
/4

Now f
E

(E) = Energy distribution function

=
dn

s
(E)

=
dn

s
(P)

dE dp dE

but dns (p) = f f(P,e) 2.Trp
2
sin e dpd8 = f (p) 4 orp

2
dp

0

s1.2.

fE(E) = fo(p) 4Trp
2

dE
= const ATI exp [-

KT
1

e-
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Hot Carrier Injection Efficiency

11i = P. (E
B'

Te) = P. (EB, Te) S(EB, T
e
)

Here P. essential injection probability; probability that a carrier

striking the Si-Si02 interface will have an energy > barrier

S - scattering factor, probability that a carrier striking the

Si-Si02 interface with energy > barrier will be able to escape

over it, avoiding barrier reflexion.

Bartelink considered the multiple reflection mechanism which increases

the P. by 1.75 times.

Now

Here

00

f (E) dE E
B

P. (E Te) -
sE

E
B

E
= 1- f rf7 exp ( -c) de

10 B' e
s

r7r 0
7 f (E) dE
0 E

E
B

e -
KT

and E
B

-

e
KT

For large value of E
B

> 4 P
io

= a exp b e ]

-

Here a = 1.874

b = 0.926

A plot of Pio versus eB is shown in Figure 2.22. As far as the scatter-

ing factor is concerned, only those electrons (given E > EB
) with a

direction of momentum in a cone (normally oriented to the Si-Si02 inter-

face) of half angle 60, given by

E

cos 8 = e--B )
1/2

o E

escape the barrier.
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log
Pi0

Figure 2.22. Injection probability versus normalized energy.

We will only consider the normal emission scattering factor, since that

is going to be the case in our devices.

S
o

(E
B'

T
e
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n
sE

7 f (E) S
oE

(E) dE

si
. E

B
E

7 f (E) dE
E
B

E

Where S
oE

(E) = Energy dependent scattering factor

Thus

0o

o
(f

0
+ f

1
cos 8) sin e d 8

f (f
o
+ f

1
cos 8) sin 8 d 8

1
E
B 1/2 1

f
1

= 2 [1 (T) + [1 EB)1/2}
0

r-- 6B 1
f
1\ oo 6

S = [1 +
I 613 e -2- fo'

B E
CB Ef de

0
E 1
B 2 2 f

0
CO

17 e-6 de
E
B

The scattering factor was numerically plotted for eB = 1 --- 10 and for

f
1
= 0 --- 1 which cover the whole range. The plot is shown in Figure

2.23. It is clear from the graph that scattering factor decreases
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substantially by barrier reflexion. Schottky barrier lowering is given

by

A (1)

q E
471. K c0 0

log
So

EB

Figure 2.23. Scattering factor versus normalized energy.

This concludes the discussion and review of the work done on ava-

lanche injection from silicon into silicon dioxide using a gated p-n

junction. It is desirable to have controlled injection and one dimen-

sional normal flow of electrons relative to the Si-Si02 interface, to

understand the phenomenon of avalanche injection. In our device to be

discussed later these features have been incorporated.

2.2 MOS Capacitor Structures

The work on avalanche injection into Si02 using a MOS capacitor

structure was pioneered by Nicollian and Goetzburger [20]. Here simple

MIS capacitors were subjected to high voltage pulses and thus avalanche

phenomenon could be studied without the use of p-n junction. The capa-

citor is driven into deep depletion by rapidly applying pulses to the

device. Typical time constants for the build-up of inversion layer due
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to thermal generation are usually between 0.1 and 1 second for silicon.

If the voltage pulses applied are large enough in amplitude, then ava-

lanche breakdown will occur. A typical C-V plot is shown in Figure 2.24.

C (
JA

- VG- 0

Figure 2.24. A typical C-V plot.
A - Avalanche point.

q NDW

V G VFB V
ox

Here W = space charge layer width

V
FB

= flat band voltage

q

s (2 ED) W2

Then tPs = [Va 2 + V
'

- a]
2

where

a -
1

(

q ND
1/2

2
OX

E
s
= surface field =

q N
D s

E
s

COX

I Vg I

Figure 2.25. (C
ox

/C)
2

versus Vg.

A - Avalanche point.

(1)

(2)

Also
ox)2 V

--2- . This equation is plotted in Figure 2.25. Linear
a

portion corresponds to the depletion region, whereas, constant portion

shows avalanche region.
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2 C
2

The slope -1
ox

2 = can be used to measure ND. EA and 11)
s

are then
a q NDes

obtained by using equations (1) and (2).

Further extension of this work involved the avalanche injection

effect over a wide range of doping densities [21]. Again, applying a

train of voltage pulses rapidly to avoid inversion layer, the sample was

driven into deep depletion. This can be seen clearly on a C-V plot of

a typical MOS capacitor subjected to low and high frequencies as shown

in Figure 2.26.

C

V

Figure 2.26. C-V plot for (a) low frequency (b) high frequency
(c) depletion case.

The authors divided their data in three ranges

1. High resistivity - The breakdown voltages are lower than in

plane junctions. The doping range is < 10
16

/cm
3

. The reduction

in breakdown voltage is explained by the well known "edge

breakdown" mechanism.

2. Bulk avalanche range - 5 x 101
6

< N
I

< 10
18

. In this range

the edge breakdown effect is unimportant due to very narrow

space charge region.

3. Tunneling Range - N
I

> 10
18

, no light emission.
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Measurement of the average oxide current injected due to avalanche in

silicon substrate indicated that there was an increase in the interface-

state density after injecting carriers into wet oxides, whereas there

was no such increase in dry oxides [29]. The average d.c. current was

found to be dependent on frequency and magnitude of the applied field

see Figure 2.27.

log

J
dc

Figure 2.27. Jdc versus Fo characteristic.

ff/2w
1

J

F
o

= I J
ac

sin wt dt -
6 E
OX 0 OX

ox
= dielectric permittivity of SiO

2

With a p-type substrate, we have electron injection and vice versa. The

average injected current is emission limited rather than oxide space

charge limited, because it is independent of the oxide thickness from

500 A° - 2000 A°. Also J
dc

varies linearly with frequency of ac drive,

for fixed F
o

, in the range 10 K Hz - 1 M Hz. There was significant

charging effect in the oxide, positive for n-type substrate and negative

for p-type substrate, if large currents were passed through oxide for

extended periods. For electron injection, charging effect saturates at
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approximately 10
12

- 10
13

/cm . By using selective etching technique,

the spatial distribution of oxide charge was obtained by measuring

AV
FB

.

N(X) = No exp
, X ,

0

For dry oxides X
o
= 125 A° and N

o
= 4.4 x 10

18
cm

3

For wet oxides X
o
= 148 A° and N

o
= 2.2 x 10

19
/cm

3
.

For dry oxides, the only charges produced are located at air-oxide inter-

face. But for wet oxides, there is a charge located near the Si-Si02

interface in addition to the air-oxide interface. The negative charging

effect depends on the presence of water in the oxide. This is true be-

cause the effect can be eliminated by heating the oxides in vacuum at

600°C for 10 minutes. The authors give a possible explanation for this

negative charging effect. There are normally defect centers in oxides

and they have no net charge, but hydrogen ions are incorporated in them.

When an electron current is passed through oxide, the hydrogen ion cap-

tures these electrons and become neutral. This neutral hydrogen diffuses

rapidly to the interface and either reacts or escapes. Thus, there is

a negative charge left behind in the defect which is observed.

A quantitative analysis was next presented by Nicollian and

Berglund [30]. A model was presented to explain the direct current

which flows through oxide when a large amplitude a.c. signal, sufficient

to produce avalanche breakdown, is applied to the MOS capacitor struc-

ture. They used a MOS structure with a p-type substrate and dry oxide

as the dielectric material to avoid charging effect. The authors assumed

that there is no long term trapping of carriers in the Si02 film due to
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the dry oxide. Also work function difference and residual oxide charge

is neglected. The energy band diagrams of the MOS capacitor during

various times of the a.c. cycle are shown in Figure 2.28. At t = o

the bands are assumed to be flat. At t = t1, deep depletion is achieved

due to the rapid bending of the bands. The band bending increases fur-

ther as the field increases till avalanche breakdown occurs. Electrons

are excited from valence band to conduction band by impact ionization.

There are some electrons who are excited to energies above cp
B

, the

barrier height. These electrons drift towards Si-Si02 interface under

the influence of the space-charge region and then enter the Si02. In

the oxide they get thermalized and drift towards the gate under the in-

fluence of the field in the oxide.

When the oxide field passes its peak, avalanche is extinguished.

Thus there is a pulse of electrons injected into the oxide once per

cycle during the time interval t
A.

At time t2, electrons in the inver-

sion layer, formed during the avalanche breakdown, are injected back

into silicon where they combine with holes. At time t = t3, silicon is

in accumulation. No injection of holes can take place due to a barrier

greater than 3 eV. Finally, at t = t4 flat band condition is restored

and the cycle repeats.

Mathematical Model

Assume that the minority carriers have a Maxwellian energy distri-

bution, with characteristic temperature Tm. Thus, ignoring diffusion,

the minority carrier current at any instant

J = I q v
m

E - Co
e,F) N(e) exp {- q

K Tm(F.} de)
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t t t4

2.28. Energy band diagrams for
Mpg

capacitor.-Figure
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F = time dependent field

v(E,F) = Drift velocity of carrier of energy E in the field F.

N(E) = Density of states in the silicon conduction band

E
0

= Constant energy to adjust properly the density of e s.

If P(e) is the probability that an electron with energy E striking the

Si-Si02 interface will enter SiO
2

then injected current density

J. = I q P(c) v(e,F) N(e) exp - q 01 de
K T (F)

Assume that P(E) = P
o

for E >
B

where

= o otherwise.

n CbT1
£ E

01,4
J. = P exp -3----==1 I q v[(e + cpB), F] N (c + (PB) esp [- q K T

m1 0 K Tm o

(P131
= J

m
S exp. [-

K T

= P 7 v[(e + ), N(c + (1)
B

) exp [ -
K

dePo
0 T

m

X [7 v(c,F) N(e) exp [_ _LEH del-1
K T

m

Note that if P
o
= 1 and both v and N are approximately energy independent

or if
K T

m is »
B'

s = 1.

Now,

q

7/2w 7/2w
J
dc

=
27 27

f J.dt = I J
m

-21-
T

S exp [- 11] di-
K0 0

in
1

Assume for the sake of simplicity that Jm 0 only during avalanche.

Then, during this time interval Jm = JD, which is the displacement



current in the oxide. Also, since the band banding constant during

avalanche, s and T
m
will be constants having values s and T . Also,

o mo

cOB can be assumed constant during to =
mo

but

7/2w
j So

°BO/ r dtexp L- K T ' 2dc 0 mo 7 7/240-tA

J
D
=wK

o
F
o

cos wt since F= F
o

sin wt and D = K
o at

g LIBo w 7/2w
J
dc

= S
o K T 27

exp [- f
F

-1 B -1
w K

o
F
o

cos wt dt

mo
[sin e--)] w

0

11)

= K
o

(F
o
- FB) f So exp [-

K T
Bo/

ir

MO

f is the frequency corresponding to w
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This expression is expected to be accurate over a limited range of

frequency and oxide field. From the experimental measurements, the

authors concluded that the model fits very well with the test results.

The effective temperature of the avalanche plasma was found to be 5550°k.

This concludes the discussion of avalanche injection of electrons into

SiO
2
using a MOS capacitor. Even though the injection can be very effi-

cient, it is not a suitable tool for studying the transport of hot

electrons in silicon because both the silicon surface potential and the

electric field in the SiO
2
layer are rapidly changing functions of time

during injection. The time dependence makes modeling of the emission

process very difficult. The advantages of this kind of injection are

uniform emission area, to determine trap concentration, and that it's a
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powerful tool for studying electron trapping properties of thermal

Si02.

Nonavalanche Infection

Nonavalanche injection does not imply the absence of avalanche

multiplication during injection. It simply means that the sources of

hot carriers are supplied independently rather than derived from an ava-

lanche plasma. Avalanche multiplication could still be present in non-

avalanche injection, and the electron-hole pairs generated by avalanche

multiplication simply add to the source of hot carrier supply.

2.3 Channel Current in IGFETS

It has been shown that an insulated gate-field-effect transistor,

when biased on, the free carriers in the surface channel flowing from

the source to the drain gain kinetic energy from the high-field region

near the drain junction. At sufficiently large drain voltages, espe-

cially for short channel devices, the carriers may gain enough energy to

be emitted into the SiO
2

layer near the drain junction. Cottrell and

Troutman [15] measured electronic gate current of 10
-13

to 10
-9 amps/cm

of device width in an IGFET biased in normal operating region. See

Figure 2.29. The electron emission rate increases when bias conditions

and the geometry of the device structure increase the electric field in

the silicon, thereby increasing the number of energetic electrons.

Cottrell and Troutman characterized the gate current as a function of

bias voltage and channel length for a wide variety of IGFET structures

and technologies and I,, has the form
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IVG

r

p

Figure 2.29. A schematic of IGFET in ON mode.

-C
3
V

IG = q W Cl exp [C
2

L ]

here W and L are channel width and length, V is the common gate and

drain to source bias and C
1,

C
2

and C
3
are a set of technology dependent

parameters. They also found a maximum allowable drain and gate voltage

of 4 to 8 volts to limit gm degradation in a 21.t device to 5% in 10,000

hours.

Abbas and Dockerty [2] analyzed this problem as a design limitation

due to hot electron trapping. This phenomenon occurs if the device

dimensions are lowered without lowering the operating voltage. When an

n-channel IGFET is biased on, the electrons, flowing from the source

to the drain, gain kinetic energy from the electric field. They lose

energy via phonon emission and, if they exceed the ionization threshold,

via impact ionization. Impact ionization generates electron-hole pairs.

The electrons are accelerated toward the drain and holes flow to the

substrate, appearing as substrate current. Some of the hot electrons

undergo direction randomizing scatterings which cause them to move toward

the Si-Si02 interface. Those arriving at the interface with sufficient
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energy to overcome the Si-Si02 barrier will be injected into the gate

material. A fraction of these injected electrons are trapped in the

gate insulator, causing degradation of the device. The amount of charge

trapped is a function of the number of injected electrons and the trap-

ping efficiency of gate insulator. Abbas and Dockerty proposed a model

which is used to predict long-term behavior based on short-term stress

data. They found that the charge trapping increased by reducing the

channel length or junction depth, and by increasing the applied bias,

substrate doping, or insulator trapping efficiency.

Phillips et.al. [37] presented a two dimensional phenomenological

model to predict emission levels of electric-field-activated hot elec-

trons from the Si-surface of IGFET. To calculate the current emitted

from an IGFET, the device is divided into a number of small regions in

which the fields and currents are practically constant. The current

emitted from each region can then be calculated on the basis of assump-

tions about the emission process. Contributions from each region then

can be summed up to determine the total current emitted from the device.

The key idea of this model is that the emission current can be calculated

from emission probability and current density. The probability that an

electron will gain the barrier height energy from the semiconductor field

E is

E

E
o

- E
1

P4 = exp [- e-- + on
qE XP

= Threshold energy of impact ionization

X
P'

X
I
= m.f.p.of optical phonon scattering and impact ionization,

respectively.
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This equation implies that phonon collisions are effective for energies

up to Eo but the impact ionization process becomes dominant for greater

electron energies. The probability of an electron having a collision

that is a phonon collision is XI/X, + X. The probability that an

electron can travel the distance from a point in the bulk to the inter-

rk
face without any impact ionization collision is given by exp [-

X "
I

The probability of emission into the direction of k
th

segment is

A 8
k
/27. See Figure 2.30.

xk-1 xk xk+1

N AeK
I

yi

x-
i

Figure 2.30. Schematic of the emission model.

Let's define

1
E
o

(1) - E
o

P
(1)

= exp [- (-- + )] for E = E(X., Y.)
jqE

P
X
I

XI

P -
1 XI + XP

A
k

P
2 27

for A ek = A ek (X
i'

Y
j

)

P = exp [- for r = r (X, Y)kk i j3 X
I

M M M E (X., Y.)
1Ie= E E E [q ] Pcp Ax. P1 P2 P3 AJ(Xi, Yj)

k=1 j=1 i=1
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A more accurate model would have to consider

a) electron momentum

b) reflection at the Si-Si02 interface

c) energy changes caused by electrons interacting with E-field.

2.4 Thermally Generated Leakage Current in IGFET

Threshold instability in IGFET due to emission of leakage electrons

from the silicon substrate into SiO
2
was investigated by Ning et.al [32].

The thermally generated leakage current is the source of hot carriers in

n-channel IGFET. The source and the drain were grounded and the gate

was maintained at a positive bias as shown in Figure 2.31. The p-sub-

strate was meanwhile at a negative potential. There is no channel cur-

rent in this case because S and D are at the same potential, even though

the surface may be inverted. Thus the observed hot electron emission

was solely due to leakage current or multiplication current initiated by

leakage current. Although avalanche multiplication enhances the emis-

sion current it is not necessary for hot electron effect to be obser-

vable. The emission current is far too small to be observable but it

can be detected by threshold shift due to charge trapping of emitted

electrons in the gate insulator. Leakage electrons are thermally gen-

erated within the depletion region or diffuse into the depletion region

from the bulk neutral region. As these electrons drift towards the

Si-Si02 interface, they gain energy from the electric field in the

depletion region. Those arriving at the interface with enough energy

to surmount the Schottky-lowered barrier may be emitted into the Si02

layer. In this type of emission process the type of carriers injected

is minority carriers. See Figure 2.32.
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Figure 2.32. Energy band diagram
Figure 2.31. Schematic of the IGFET to illustrate the emission

for leakage electron injection. process.

Let g(x) be the electron-hole pair generation rate at a distance x from

the Si-Si02 interface and let J
diff,

be the diffusion component of the

leakage current density

where

then

where

then,

d J = [q g(x) + J
diff.

d (x - x
m
)] dx

d J
L

is the leakage current density

dJemission=P(V) d J
L

P(V) is the probability of emission of electron

V dx
J
emission

= P(V
m
) J

diff.
+ fm q P(V) g(x) dV dV

0
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The first term in the above equation is the emission current due to the

diffusion component of the leakage current and the second term is that

due to the generation component of the leakage current. The number of

leakage electrons per unit are emitted into the Si02 layer is

N. = f
emission

(t )/q) dt
0

= t/q
emission

nethresholdshiftAVTisproportionaltoNinfThe emission current

and thus A V
T
is a strong function of temperature. P(V), J

diff
and g(x)

all depend on the temperature. P(V) decreases relatively slowly with

temperature, because of decreasing m.f.p. Jdiff and g(x) increase ex-

ponentially with 1/T. Therefore, the threshold shift rises rapidly with

temperature as shown in Figure 2.33. The threshold shift is linear with

time as expected. A semilog plot of A VT versus 1/T gives an activation

energy of about 0.8 eV. It was concluded that the emission phenomenon

could be a serious threshold instability problem at high operating tem-

peratures where the leakage current level is high.

LA VT

Figure 2.33. Threshold voltage shift versus stress time with temperature

as a parameter.
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2.5 Nonavalanche Infection Using Underlying p-n Junctions

Many of the drawbacks in avalanche injection and in the emission of

thermally generated carriers are overcome by using IGFET or gated diode

structures with an underlying supplying junction. Bosselaar [8] studied

the mechanism of excitation of carriers from a p-n junction, reverse

biased below breakdown. The reverse biased junction was supplied elec-

trons from an underlying foward biased p-n junction. The reason for

this additional junction is to increase the amount of hot carriers cross-

ing the silicon-silicon dioxide barrier. The experimental structure and

the energy band diagram under the operating conditions are shown in

Figure 2.34 and 2.35 respectively.

VEB 1VG

fr//
F)-11r-

N

rVCB
Figure 2.34. Schematic of bi-

polar injection device.
Figure 2.35. Energy band diagram for

the device.

The dependence of injection on VEB is shown in Figure 2.36. The trap-

ping of negative charge in the oxide is deduced from the shift A V
G

in

the base current versus gate voltage characteristic plotted before and

after the injection. Bosselaar drew two conclusions from the experimen-

tal data.
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O VG

Figure 2.36. Shift in gate voltage due to injection versus VEB.

1) Negative charge can be injected into the oxide at voltages

far below the junction breakdown.

2) There exists a threshold for V
EB

somewhere between 3 and 4 V.

He also measured the electron current through the gate oxide as a function

of VEB by rapidly increasing VEB and recording Ic. The plot is shown in

Figure 2.37.

VBE

Figure 2.37. Gate current versus VBE.
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The saturation in current is attributed to negative charge trapping.

The steep rise of IG is due to avalanche breakdown of the E-B junction.

The trapping efficiency of 4.5 x 10
-5 was calculated on the assumption

that the trapping area is a zone with the width of the bulk depletion

region around the emitter perimeter.

Nonavalanche injection quantitatively by studying electron injec-

tion in n-channel MOS transistor with an underlying p-n junction has

also been analyzed [48]. Electrons are accelerated from the forward

biased junction in the depletion regions of the source and drain region

and in the depletion region induced by the positive voltage on the gate

electrode as shown in Figure 2.38.

GI

Ni+
_ -J pl

C t--s--
N+

Figure 2.38. Schematic of a MOSFET with underlying p-n junction.

The energy band diagrams for the cases VDR > VTR and VDR
= V

TR
are

shown in Figure 2.39. e(Pd represents the energy loss due to scatter-

ing processes. In the depletion approximation (above) following rela-

tion exists for V
GR

esieNAcps

V
GR

=
s
+ V

FB
+

ox

V
FB

= flat band voltage.
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VDR- VTR

Figure 2.39. Energy band diagrams for the Si-Si02 interface.

Inversion means that

Ec EFn f- EFp EV'

When VDR, reverse drain and source voltage, is less than VTR, threshold

voltage for drain, injection virtually ceases. From the energy band

diagram for VDR =
VTR

s
= V

TR
+ 2 cp

F

Then the threshold voltage for gate voltage VGR is

\d/2 Esi q NA (VTR + 2 y
V
GT

= V
TR

+ 2
F
+ V

FB
+

ox

Also to a good approximation, it can be derived that

VTR (i)c 2 (I)f (I)d



Then

Esi q NA (4)c (i)d)

VGT (Pc (1)(1 VFB
ox

There are two small corrections to VTR. The first one is the Schottky

barrier lowering and the second one is the shift of the Fermi level at

the surface due to an increase of the charge in the inversion layer.

q Vox
A = Schottky barrier lowering =

1

Z 7 6 . d
si ox

2 j Tr e . d
si ox

1
q V

GR

Fermi level shift is symbolized by A q)f.

VTR 1)c 2 (f'f (6 ci)c 15f).

Determination of V
TR

52

The threshold reverse voltage on source and drain for injection

into the SiO
2
was determined by two ways. First, by measuring number of

electron trapped in the oxide and second by measuring the oxide current

I
G.

The trapping of the electrons was measured by comparing threshold

voltages VTH before and after injection (Figure 2.40). Injection con-

ditions are specified by time, VGR, VDR (= VSR) and IsR + IDR. VTR was

then measured by plotting A VTH as a function of VDR (= VSR) and then

extrapolating it to zero as shown in Figure 2.41.
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Figure 2.40. JDs versus VG, before Figure 2.41.AVTH versus VDR for

(1) and after (2) injection. certain injection parameters.

Another way of determining VTR is to plot IG versus VDR and then extra-

polating it to find V
TR.

See Figure 2.42.

11/3
G

VTR V
DR

Figure 2.42. I
B

1/3
versus V

DR
for a constant V

GR
and V

F.

The reason for plotting I
G

1/3
rather than I

G
is the similarity of this

experiment to the photocurrent measurements of Si-S102 system. The ac-

curacy of measuring VTR with measuring IG is better than the previous

method of measuring V
FB.

This value of V
TR

was a function of VGR
during



injection and is plotted in Figure 2.43.

VTR

V
GR

Figure 2.43. VTR versus V
GR

.

54

The decrease in V
TR

with increasing V
GR

is due to Schottky barrier lower-

ing and shift of Fermi level.

6' VTR 6 (Pc 6

Theoretically, V
TR

could be determined as follows

,W
e clod

X
) ER

A = m.f.p. between collision

E
R

= energy transferred/collision = 0.063 eV

but

Then

w
2 E

si s

q NA
therefore "d

VTR= cpc - 2
(I)

- 2 4)

F
+

F
+

(Pd = (Pc

2 E
si (Ps

2
E
R

q NA
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Substituting for (Ps and rearranging, we get

c
si

E
R
2

2 (1) e
3

X
2
N 1/2

V
TR

= 1 + (1 + EC 2
A

)
(1)c 2 ()F

e3 X2 NA si R

In the literature, several values of A (ranging from 50 A° to 200 A°)

are calculated. The value of X that fits the experimental points

(solid line) is 125 A° (Figure 2.44). In avalanche breakdown processes

A depends strongly on the actual value of pair-formation energy. This

difficulty is not encountered in nonavalanche injection.

VTR

Figure 2.44. V
TR

versus N
A

for various values of X.

Determination of V
GT

V
GT

can be determined by measuring the trapped charge (A VTR) as a

function of the gate voltage VGR. See Figure 2.45. It can also be

found out by plotting IG
1/3

versus VGR. The theoretical and experimen-

tal values of V
GR

are in excellent agreement. It is also possible to

inject holes into Si02 by the same mechanism, but it's beyond the scope

of this discussion.



A V TH

VGT
V
GR

Figure 2.45. AV
TH

versus V
GR

for certain injection conditions.

Structures similar to Verwey's n-channel MOS transistors with an

underlying p-n junction were used by Young [40]. He used a Schottky-

emission model to predict the current-field relationship.

2

KT
- B,srf

JG = A T exp [-
ox]

where B
e

e

3

4Tr K E
OX o

56

Thus plot of 2n J
G

versus E
ox

should give a straight line as shown in

Figure 2.46.

In
JG

os=

Eox

Figure 2.46. In JG versus qrFox for constants.



It can be seen that for smaller values of E
ox

the experimental points

depart from linear relationship. Alternate approach is to find the

energy distribution of hot electrons.

JG = q 7
I

NO
13

1) d c)

B '

()

B
= Si-SiO

2
barrier height

A

= 3.1 BJ E

d JG
N(cp B1) = -

q d
B

OX
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Departures from the expected linear relationship occur at higher values

of 413'. See Figure 2.47.

In N

13/

Figure 2.47. In N versus962, for constant Os.

Scattering in the oxide is a possible mechanism for these departures.

Effect of oxide scattering is given by

X
O

JG = q exp [- -T1 I, N(c1513 ) d (PB

B

where X = scattering length = 32 A°

X
o

= - distance to the potential energy maximum.
16Tr Ks E

o ox
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NOB' =
J

+
X

(B)
-2)

1 exp (Xo/X)

(3.1 -
4)13

When the data is corrected with the use of this equation the curves for

in N versus 4)
B

' gives a straight line. Also, plot of J
G

1/3
versus (0

s

does not yield a straight line, as suggested by Verwey. According to

Pepper, the relationship between JG and scattering mechanisms is

J
G
a exp [-

2 (15

EsN
q

X
+

B

Ts a

where X = pair formation energy = Eg = 1.6 eV.

Z = m.f.p. for phonon scattering = 100 A°

1
=

1 +
1

where II = m.f.p. for pair formation
ZT ZI ZP

= 400 A°.

Young plotted in J
G

against
1 and found out that the relation was

q's

indeed linear as predicted by the above relationship.

In conclusion, the electron energy distribution at the Si-Si02 in-

terface is Maxwell-Boltzman like in the energy range 2.55 - 2.9 eV, if

we correct the apparent distribution for scattering in the oxide. The

results are more consistent with Pepper's work than with Verwey's work.

Cooling the sample to liquid N2 temperature increases the current by

two orders of magnitude.
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Memory Devices Based on Charge Injection

2.6 FAMOS

The floating gate avalanche injection MOS structure (FAMOS) is a

p-channel silicon FET in which no electrical contact is made to the gate.

The device was first fabricated by Dov Frohman-Bentchkowsky [18]. Non-

volatile semiconductor storage devices rely on charge storage in a di-

electric which forms part of the gate of essentially a p-channel Si-

gate MOS insulated gate field effect device in which no electrical con-

nection is made to the Si-gate. Operation of the FAMOS device depends

on charge transport to the floating gate by avalanche injection of elec-

trons from either the source or drain p-n junctions. A schematic draw-

ing is given in Figure 2.48.

Si I

116111110 116,1k

;INInMEIM.r.l.n.NIX,1 Aih

n

Figure 2.48. Schematic of the FAMOS device.

Floating gate is formed by deposition of a poly-Si layer over 1000 A° of

SiO
2
and is isolated from the top surface by lu vapor deposited oxide.

The substrate doping is 5-8 Q-cm. Application of -30 V to the drain

results in the onset of avalanche and high energy electrons from the

p-n junction surface accumulate on the floating gate. The amount of

charge transferred to the floating gate is a function of the duration
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and amplitude of the voltage pulse at the drain. Once the pulse is re-

moved, there is no conduction path for the charge to discharge. This

will result in a change in VT by

QG' °G1 (0)- [VT
C
o

Q
G

= charge transferred to the floating gate

OG1(0) = initial charge on the floating gate.

The operation of the device can be described in three distinct modes.

Charge accumulation. The oxide current densities for a p-type sub-

strate were of the order of 10
-4

A/cm
2 for oxide field of 3 x 10

6
v/cm.

The nature of variation is given in Figure 2.49.
t1

ti>> t2

t
2

Figure 2.49. Iox versus VD for different injection times.

The rapid increase in current density and the gradual saturation is due

to avalanche multiplication followed by an avalanche breakdown. In the

carrier multiplication region, increase in applied voltage enhances elec-

tric field in the depletion region, thus increasing the number of hot es
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over Si-Si02 barrier. After onset of breakdown, any increase in applied

voltage will appear across the oxide, thus saturating the oxide current.

The amount of charge transferred to the floating gate as a function of

duration and amplitude of pulse is given in Figure 2.50.

VG

Jog t

Figure 2.50. A V
G

versus injective time for different amplitudes of

pulse.

Attempt to correlate the current density with the charge accumulated

becomes difficult due to different field distributions in the drain re-

gion of MOS and FAMOS device. It was also observed that saturation of

charge transfer occured at a gate to drain voltage of 8-10 volts, inde-

pendent of applied charging voltage. The low threshold points to the

possibility that initial charging takes place by way of thermally

generated electrons from the reverse biased surface depletion region.

Charge Retention. Once the applied voltage is removed the electric

field in the structure is solely due to accumulated electric charge.

This field is not sufficient to cause appreciable charge transport.

Estimated discharge current is of the order of 10
-40

A/cm
2

at 300°C.

While the voltage and temperature dependence of both charge loss
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mechanisms is similar, the magnitudes are considerably different.

Charge Removal. Since the gate is not electrically accessible,

charge cannot be removed by application of electric pulse. The charge

can be removed by irradiating with UV light or exposure to X-rays. The

exposure to UV will impart sufficient energy to the stored electrons

to excite them over the barrier. This energy for a highly doped p
+

silicon is 4.3 eV. Exposure to X-rays generate hole-e pairs in the

oxide.

2.7 ATMOS

An adjustable threshold MOS (ATMOS) offers the attractive feature

of erasing the charge by electrical means. Verwey [49] proposed this

memory device to overcome the difficulty of electrically erasing the

FAMOS device. The electron injection is done by nonavalanche means,

as described by Bosselaar. The hole injection (erase) is from ava-

lanching source or drain junction. A schematic drawing of the ATMOS

device is shown in Figure 2.51.

G

S

G2

MEMPUMOMMWWWU

n+

e

n

Figure 2.51. ATMOS device. Gi and G2 are metal and floating gate

respectively.
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In the injection (write) mode, electrons originate from the forward

biased p-n
+

junction. They diffuse through epi-layer to the top deple-

tion layer and accelerate in this layer. They gain sufficient energy

to overcome the Si-Si02 barrier to enter the oxide. The top depletion

region is caused by a positive metal gate voltage and a positive voltage

on source and drain. The latter (reverse bias) is much below the break-

down voltage and thus this type of injection is nonavalanche. The erase

operation in the ATMOS device is performed by avalanche breakdown of the

drain or source junction. Hot holes are injected into the oxide. They

drift to the floating gate and thus neutralize the electrons. The

threshold shift is now in the reverse direction to that during injection.

Typically erase time is about a second.

The ATMOS device has the following features:

1) an electrically alterable readout memory device.

2) no need for thin-oxide technology.

3) moderate voltages are used for write and erase steps.

4) the charge retention properties are very good - about 90 per-

cent of the charge on the floating gate is retained after

storage for 1000 hours at 125°C.
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III. MODELS FOR HOT-ELECTRON EMISSION

Holes have a larger interface barrier than electrons, which makes

it difficult for hot hole injection into silicon dioxide. Aside from

this fact, they have very high trapping efficiency in thermal Si02,

which makes it very hard to measure emitted hole current directly. As

a result, only hot electron emission has been studied extensively. As

discussed previously, the quantitative and unambiguous analysis of hot

electron injection is possible only for those device structures having

the emission surface perpendicular to the applied field so that the

transport of hot electrons inside the silicon substrate is one-dimen-

sional. Modeling the injection processes in two dimensions have met

with varying difficulties. Important parameters, such as effective

temperature and the collision mean free path, have been left as adjust-

able parameters. Although avalanche injection in MOS capacitors, as

analyzed by Nicollian and Goetzberger, is a one-dimensional problem,

separate control over oxide field and silicon depletion region field is

required. So far an IGFET, with or without underlying supply junction,

is the only suitable device to study hot-electron emission process.

This is so because it allows the oxide field and the field in silicon

depletion region to be controlled separately. Also avalanche multipli-

cation is not a necessary condition.

In the following pages, we will briefly discuss the various models

proposed so far to explain the injection phenomenon from silicon into

silicon dioxide.



65

3.1 Emission Probability

Reentrant IGFET geometry is usually used to measure emission prob-

abilities. This particular geometry eliminates unwanted surface cur-

rents by having the source completely enclose the gate and drain. This

allows absolute, rather than relative emission probabilities measure-

ments. Ning et.al. [23], have studied the absolute emission probability

by optically inducing hot electron injection. Schematic diagram of the

device is shown in Figure 3.1.

1D

,7777-7

it
UV

Figure 3.1. Reentrant IGFET geometry to measure emission probability.

I

Emission Probability = P
2 ID + IG

I
G

2 I
D

The measured probability gives absolute rather than relative measure of

the emission characteristics. The emission probability is a function of

substrate doping, lattice temperature and the applied voltages, as shown

in Figures 3.2 and 3.3. For a fixed hot electron flux, the emission

current I
G

is proportional to the emission probability P, so that IG
or

P can be used to illustrate the dependence of emission process on

various parameters.
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S

P Vs3

Vs1)Vs2 > Vs3

VG

Figure 3.2. Emission probability Figure 3.3. Emission probability
versus substrate bias. versus gate voltage.

(P as parameter) (V
s

as parameter)

3.2 Schottky Emission And Hot Electron Distribution

The average electric field in the oxide is related to the applied

gate voltage by

V
G

-
ms

E
ox

- (As long as the surface is inverted.)
t

OX

In hot electron experiments, VG to maintain inversion is much larger than

ems.
Hence, E

ox
can be approximated by V

G
/t

ox
. The Schottky barrier

lowering is given by

3

4)13 'Fox
where S =

147r K
ox o

The energy band diagram of Si-Si02 interface is given in Figure 3.4. If

electrons with high enough energy to surmount Schottky lowered barrier

are emitted, then the barrier-lowering effect can provide a mechanism

for probing the high energy tail of the distribution of hot electrons
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Figure 3.4. Energy band diagram of Si-Si02 interface.

Ev

close to Si-Si02 interface. The practical energy range that can be

probed in this manner is 2.5 - 2.9 eV. The lower limit is set by Fowler-

Nordheim tunneling, and the upper limit is set by gate voltage needed to

invert silicon surface. The gate current is of the form

I a exp [

4)13

KB
T

The slopes of these curves in Figure 3.5 could be used to find out effec-

tive temperature T. At low fields and low substrate voltages there is

P

15g

Figure 3.5. Emission probability versus At. (V
s

as parameter)
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considerable deviation from the straight-line behaviour. Young has at-

tributed this to scattering of electrons in the image-force potential

will in the SiO
2

layer.

Berglund and Powell [6] analyzed the scattering in the image-force

potential in their photo injection experiments. In addition to barrier

lowering the barrier maximum is moved by a distance X0 from the inter-

face. This distance, X0, is given by

X
o

-
161T K e E

ox o ox

Thus scattering in the oxide, reduces the emission probability by

X
exp [- 79-] where Q = scattering m.f.p. in Si02.

Since X
o
increases as E

-1/2
this effect is more important at low oxide

ox

fields.

= 34 A° Berglund and Powell [6]

= 32 A° - Young [55].

3.3 Emission By Tunneling

Hot electrons arriving at the Si-Si02 interface (see Figure 3.6)

with energy close to but less than interface barrier may be emitted by

tunneling. The tunneling probability (TP) for electrons arriving at

the interface with an energy W below the top of the barrier is

Where

C W
3/2

TP = exp [q ]

4 (2m*)C- 3(h/27)

1/2

OX
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M I t s

Figure 3.6. Si-Si02 energy band diagram for tunneling.

Thus tunneling probability decreases rapidly with increasing W, and in-

creases rapidly with increasing E. In principle, tunneling occurs

even when Schottky emission is allowed for the more energetic electrons.

Schottky emission dominates at large substrate bias, whereas tunnel

emission becomes appreciable or even dominates only at very low sub-

strate biases.

3.4 Effective Temperature

The effective temperature T
e
which characterizes the high energy

Maxwellian tail of the hot electron distribution may be determined using

A (1)

B
I
G

a exp
K T

e

T
e
is expected to increase with substrate bias. But it is unclear how

T should be related to other parameters. The surface field E
s

is re-
e

lated to doping concentration by
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2

2 V
q

N
E
s B

)
K . c

07
suo

4-

Si o

V
B
= difference between the intrinsic Fermi level and the bulk fermi.

It can be seen from Figure 3.7 that substrate doping profile (gradient)

plays an important role in determining effective temperature. At pre-

sent, there is no model to relate Te to both the field and field gra-

dient.

KTe

Figure 3.7. Effective temperature versus field. (,Pas parameter)

3.5 Lattice Temperature

As electrons drift towards the Si-Si02 interface, they gain energy

from the electric field in the depletion region and lose energy by col-

lision with optical phonons. The phonon occupation number, N is given

by

N
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Thus by decreasing temperature, N decreases. Therefore the emission

probability should increase with decreasing temperature. See Figure 3.8.

p

< < T2

Figure 3.8. Emission probability versus Vs. (T as parameter)

Assuming that mean free path due to phonon absorption is proportional to

N, and that due to phonon emission is proportional to (N + 1), the com-

bined mean free path is

E
R

R
=

o
tanh (

2 KB T
)

3.6 Lucky-Electron Models

"Lucky electrons" are those that have escaped collision with optical

phonons. This concept has been used by many workers to explain hot-

electron emission from silicon. All of the models have the emission

probability approximately the same form

P = A exp [-
X

X = collision mean free path and d = some critical distance.
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Lucky electron models do not require the knowledge of the energy distri-

bution of the hot electrons. Their validity can only be confirmed by

comparison with experimental results. The critical distance d can be

calculated in three ways, depending on the approximation used. The sig-

nificance of distance d is given in Figure 3.9.

EFM

Figure 3.9. Energy band diagram for lucky electron model.

a) q V(d) =
B

(No barrier lowering or tunneling.)

Ec

EF

Ev

This model was used by Pepper and Verwey. They explain the depen-

dence of emission current on substrate voltage but they fail to

explain the dependence on gate voltage.

b) q V(d) =
B ox

- (No tunneling.)

This was developed by Abbas and it explained both the dependence

on substrate and gate voltages.

c) q V(d) = (]3 qiox a E ox213

a E
ox

2/3
is the additional barrier lowering to account for tunnel-

ing probability. a = 1 E-5.
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Calculations of X mean free path depend on whether or not impact ioniza-

tion is included as an energy loss mechanism. Two parameters describe

this process namely the impact ionization mean free path X
I
and the

impact ionization threshold energy tI, besides the phonon scattering

mean free path X
R*

The reported parameter values vary widely and hot

electron exponents do not allow an unambiguous determination of all

three parameters simultaneously. If energy loss due to impact ioniza-

tion is considered negligible, then the m.f.p. X = AR. Ning et.al found

that the observed emission probability could be described well for

X
o
= 108 A° and E

R
= 0.063. We will include a brief discussion of de-

termination of m.f.p. of hot electrons.

3.7 Mean Free Path of Hot Electrons

The charge carriers lose energy to lattice atoms by inelastic col-

lisions and subsequent generation of phonons. This process can be de-

scribed in terms of a mean free path of the carriers and the energy lost

per inelastic collision. It is also possible that carriers gain enough

energy to ionize lattice atmos. This also can be described by m.f.p.

and energy loss. These ionized holes and electrons can further ionize

lattice atoms. This process is essentially same as that of avalanche

multiplication.

X = 200 A° Assuming X » X
I

Wolf [54]

Xp = 50 A°, XI = 880 A° - Shockley [41]

X = 60 A" X
I

= 190 A' - Bartelink et.al [4]
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X = 44 A°, X = 270 A° - Baraff [3]

Xp = 135 A°, XI = 270 A° - Verwey [51].

Such a large spread of values for A stem from the peculiarity in the

values of ionization coefficient.
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IV. DEVICE AND PROCESS EVALUATION

Design Considerations

As discussed previously, the injection device under consideration

should fulfill the following requirements:

a) It should be able to provide sufficient density of electrons

at correct energy from silicon into the oxide.

b) The injection process should take place in one dimension to

simplify the quantitative analysis of the experimental results.

c) The oxide field and the field in the silicon substrate should

be controlled independent of each other.

d) It should be possible to extend the processing sequence, with

minor modifications, to the silicon-phosphor system.

Three kinds of devices were fabricated with different features

incorporated in each one of them.

1) All diffused injection device, processed at the Solid State

Laboratory, Oregon State University. The device will be re-

ferred to as DIS (Diffused injection structure).

2) Partially ion implanted injection device, processed at the

Tek Labs, Tektronix Inc. The device will be referred to as

D229.

3) Partially ion implanted inverted bipolar device, processed at

the Tek Labs, Tektronix Inc. The device will be referred to

as IBID (Inverted bipolar injection device).
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4.1 Diffused Injection Device (DIS)

The purpose of this device was to make preliminary qualitative in-

vestigation of the electron injection process from shallow n
+
-p junc-

tions in silicon into the oxide. It was desired to locate the junction

breakdown parallel to the Si-Si02 interface to reduce the multi-dimen-

sional nature of the injection process to a one dimensional electron

flow. This was achieved by incorporating a guard ring around the shal-

low n
+
-p junction to avoid the edge breakdown phenomenon. The schematic

diagram of the device is as shown in Figure 4.1.

G n4-

Figure 4.1. Schematic diagram of the shallow n+-p -p unction. Geometry

is circular.

The processing guidelines of the device are described in Appendix I.

Three differently doped substrates were used for the sake of comparison.

p = 10, 1 and 0.01 c2 -cm.

Sample Calculations of Processing Parameters (For p = 1 0-cm)

a) Guard ring diffusion -

Predeposition conditions are as follows:
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Temperature = 1100°C.

Time = 15 minutes.

This gives surface concentration

C
s
= 1 x 10

21
/cm

3
.

But due to lattice strain at very high dopings, the maximum surface con-

centration of phosphorus in silicon cannot exceed 5 x 10
20

/cm
3

. There-

fore, surface concentration of phosphorus in silicon after predeposition

is

C
sl

= 5 x 10
20

/cm
3

.

This gives the total charge, Q, of phosphorus per unit area

Q ,/ D C (0.65 x 10
-4

5 x 1020
sl 4

= 1.83 x 10
16

/cm
2

.

This calculation assumes complementary error function distribution of

phosphorus in silicon.

The drive-in conditions are as follows:

Temperature = 1100°C.

Time = 7 hours.

The final distribution of impurities is assumed to be Gaussian. Then,

the final surface concentration of phosphorus in silicon will be

Cs2=
1.83 x 10

16

1717 (0.65 x 10-4) 17

= 6 x 10
19

/cm
3

.
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The junction depth can be calculated as follows:

C
B

16

x.
2

=
-
4 D t in () - -4 (0.65)

2
7 in (

1.5 x 10

C
s2 6 x 10

19

x. = 9.9 U.

Also, the concentration gradient at x = x, is given by

x.

dc/dx = 3 C
B

= 2.45 x 10
20

/cm
4

2 Dt

This diffused layer will have a conductivity of p = 4 x 10
-3

a-cm. and

a sheet resistance of

R
s

= = 4.04 S2 /square [23] .

J

This value of R
s

compares well with the experimental spread of values of

R
s
- 2.66 to 6.4 a-cm. The sheet resistance measurement is a good method

to check the semiconductor processing. The spread in the measurements is

expected due to some non-uniformity of the wafer processing. The range

obtained is considered good, because the wafer is subjected to a variety

of processing conditions and it is impossible to obtain the same para-

meter value consistently.

b) Shallow n
+

diffusion -

The object of this run was to diffuse a shallow junction into sili-

con. It is desirable to minimize the junction depth so that the elec-

trons generated during the avalanche will have shorter distance to travel

to cross the Si-Si02 barrier. As electrons drift through the semicon-

ductor, they undergo energy losses due to collisions with the atoms.

This results in the mechanisms of phonon emission and ionization of the

atoms. These processes can be characterized by an energy loss per unit
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wavelength in the semiconductor.

On the other hand, shortening the junction depth means lesser avail-

able energy for electrons, when the junction is biased below breakdown.

Thus, there is a optimum junction depth to excite the electrons through

a maximum energy that is characteristic of the background concentration,

C
B

[43].

Predeposition conditions for the shallow n
+
-p junction are as

follows:

Temperature = 850°C.

Time = 15 minutes.

The resulting surface concentration is

C
sl

= 10
19

/cm
3

.

The total number of atoms/cm
2
can be calculated, assuming complementary

error function distribution

2
[D \Q rt C = (0.055 x 104)/ x 1019

./Tr sl 4

= 3.1 x 10
13

/cm
2

.

The drive-in conditions are as follows:

Temperature = 850°C.

Time = 10 minutes.

There are two considerations that have to be accounted for before we make

any attempt to calculate the junction depth.

1) Redistribution of boron during oxidation -

This effect is very critical in doping of shallow junctions. Boron

has a segregation coefficient of 0.1 for the Si-Si02 system. Thus, some
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boron at the surface of silicon will diffuse in the oxide, thereby de-

pleting the boron concentration at the surface. For the wet oxidation

at 1100°C. the surface concentration of boron drops by as much as one

tenth.

C

= 0.1
Cs

This redistribution effect is apparent over four diffusion lengths, i.e.

417"1.3.2 p. The effect has to be considered in calculating x. by

appropriately finding the effecting CB.

2) Due to short drive-in time, comparable to the predeposition

time, the final impurity distribution will be somewhere in between the

Gaussian and the erfc profiles. The factor that determines the shape

of the final profile is

= 1.22

For a = cr) , the final profile is purely erfc.

For a = 0, the final profile is purely Gaussian.

For intermediate values of a, the shape of the profile will be in be-

tween the two profiles.

The final concentration of phosphorus

Q 3.1 x 10
Cs2

D t
(0.055 x 10-4)/1/6

13

= 7.8 x 10
18

/cm
3

.

Due to the redistribution effect, the base concentration of the sub-

strate near the surface will be approximately 1.6 x 10
15

/cm
3

.
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CB

= 2 x 10
-4

`'s2

This gives a junction depth of

x. = 0.2 p.

During the drive-in process, approximately 600 A° silicon dioxide is

formed. A fraction of the oxide thickness is taken up from the silicon

substrate, i.e. about 45%. Thus the final junction depth will be

x. = 0.2 - 0.45 (0.06) = 0.173 i.

The final impurity profiles of both guard ring and shallow diffusions

are plotted against the distance from the Si-Si02 interface in Figure

4.2

Theoretical Computation of Breakdown Voltage

1) Guard ring junction - The processing parameters for this junc-

tion are

x. = 9.9 p
'

C
B

= 1.5 x 10
16

/cm
3

,

dcdx
2.45 x 10

20
/cm

4
at x = x..

This gives a breakdown voltage of

V
BD

: 80 volts

There is some reduction in the breakdown voltage due to the curvature

of the junction at the edge. This gives a reduced breakdown voltage of
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Figure 4.2. Impurity profiles for guard ring and shallow n
+

diffusions

for DIS device. 1 - Guard ring 2 - shallow
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V
BD

= 0.93 V
BD

= 75 V.

2) Shallow n
+
-p junction - For this junction, the curvature effect

at the edge can be ignored due to the presence of the guard ring. The

processing parameters are

x. = 0.17 p C
B

= 1.5 x 10
16

/cm
3

x.
dc

dx 2Dt C
B

= 8.4 x 10
20

/cm
4

.

This gives a breakdown voltage of

V
BD

= 60 volts.

It is extremely difficult to compute the breakdown, voltage exactly due

to non-uniform doping profile of the background concentration owing to

the redistribution effect.

The breakdown voltage of the shallow n
+
-p junction was found to be

in the range 28-34 volts according to the experimental tests. The break-

down characteristic is very soft, indicating "microplasma" effects are

present. It was further supported by the non-uniform spot light emission

during breakdown. This particular phenomenon is discussed in greater

details in Chapter V. At this point, it is worth mentioning that the

"microplasma" effect may be a probable cause of injection of electrons

into silicon dioxide.

4.2 Partially Ion Implanted Injection Device (D229)

This device was processed at Tektronix Inc., due to the availability

of the facility of ion implantation. The technique of ion implantation
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was used to fabricate the shallow n
+
-p junction. This processing tool

is well known for doping the silicon surface uniformly with great ac-

curacy. The deep guard ring junction was made using the diffusion

technique.

a) Deep guard ring diffusion -

Predeposition conditions are as follows:

Temperature = 1000°C.
'

C
sl

= 3 x 10
20

/cm
3

.

Time = 15 minutes.

C
B

= 5 x 10
17

/cm
3

+ p = 0.1 a-cm.

This gives,

Q = total number of atoms/cm
2

C
sl 4i

= (0.2 x 10-4),(1/4 (3 x 1020)

= 3.38 x 10
15

/cm
2

.

This calculation assumes complementary error function distribution for

impurities in silicon.

The drive-in conditions are

Temperature = 1125°C.

Time = 3 hours.

Since the Dt for the drive-in process is much greater than the

pre-deposition process, the final distribution will result in Gaussian

distribution.

3.38 x 10
15

= 1.83 x 10
19

/cm
3

c
s2 171-757

5-(0.6 x 10-4 ) 113-
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Thus, the junction depth can be calculated as

C
B

x.
2

= 4 Dt 12,n
C

= 22.5
s

Therefore, x. = 4.74 u.

This compares well with the experimental values of 4.7 u and 4.45 u for

the junction depth measurements on the two test wafers. The junction

depth measurement was done by ball and bevel method. A sample of the

ball bevel method measurement is shown in Figure 4.3.

The concentration gradient at x = x. is given by

dc
x. C

B 4.74 x 10
-4

x 10
17

= 2.10 x 10
21

/cm
4

.

dx 2 D t
2 (0.6)

2
x 10

-8
x 3

b) Shallow n
+

ion implantation -

Arsenic was used as a n-type dopant. The reason for choosing ar-

senic over phosphorus is because As is a slow diffuser in silicon. It

is well suited for fabrication of very shallow junctions. A low ion

energy is desired to reduce the junction depth. Arsenic ion bombardment

forms an amorphous layer at 2 x 10
14

/cm
2 and above, at room temperature.

This layer has to be annealed to activate most of the arsenic ions im-

planted. This is done by a two step annealing process. The first low

temperature anneal at 600°C. for 1/2 hour will activate most of the im-

planted As ions. The second high temperature anneal at 950°C. for 10

minutes will further anneal the As ions and also bring the ions in sub-

stitutional positions.

With the given implantation conditions, i.e. E - 25KeV, = 1E15/

cm
2

at room temperature, the following processing parameters were mea-

sured.
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A 78.5X

B 78.5X

A

B

Figure 4.3. A sample of ball level method to measure junction depth.
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R
s
= 170 VD

x. = 0.08 11

Assuming a Gaussian distribution, this gives a surface concentration of

C
s
= 2.5 x 10

20
/cm

3
for CB = 1 x 10

17
/cm

3
.

The concentration gradient at x = x. is

x. C
dc

dx

j B
= 7.8 x 1023/cm4.

2 (a /4)

This gives a breakdown voltage of 10-12 volts [24]. The experimental

value of the breakdown voltage was 11.5 volts. The breakdown was abrupt

and uniform, indicating that umicroplasma effects" were not present.

Impurity profiles for the guard ring and the shallow n
+

junctions are

given in Figure 4.4.

4.3 The Inverted Bipolar Injection Device (IBID)

This device is very similar to the previous two devices, except

IBID has a underlying p-n junction. A p-type epi-taxial layer is grown

on a very heavily doped n-type substrate, < 0.01 2-cm. The p-type epi-

layer is doped to give 0.1 Q-cm resistivity.

a) Guard ring diffusion -

This was done exactly the same way as the guard ring diffusion of

D229. In addition to the 3 hours drive-in at 1125°C., the wafers were

subjected to a variable drive, 0-2 hours at 1125°C. The later drive

was due to the drive-in of the shallow n+ junction. The reason for

different drive-in conditions for different wafers was to achieve
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Figure 4.4. Impurity profiles for guard ring and shallow n+ junctions

for D229 device. 1 - Guard ring 2 - shallow
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different junction depths for the shallow n
+
junction to study its effect

on injection characteristics. The junction depth calculations is similar

to the one described for D229 device. Following junction depths are

obtained for wafers 1 to 5.

Wafer #1 = x. = 3.65 4, 3 hours drive-in
J

Wafer #2 = x. = 3.75 p, 3 1/6 hours drive
J

Wafer #3 = x. = 3.92 p, 3 1/2 hours drive
J

Wafer #4 = x. = 4.16 p, 4 hours drive
J

Wafer #5 = x. = 4.6 p, 5 hours drive-in

Again, Gaussian distribution is assumed. The surface concentrations at

the end of the drive-in cycles are

C
sl

= 1.83 x 10
19

/cm
3

C
s2

= 1.78 x 10
19

/cm
3

C
s3

= 1.69 x 10
19

/cm
3

C
s4

= 1.58 x 10
19

/cm
3

C
s5

= 1.41 x 10
19

/cm
3

b) Shallow n
+

ion implanted junction -

The following were the implanting conditions:

Energy = 60KeV

Dose = 1E15

The wafers were annealed according to the two step anneal process

as described previously for D229. The five wafers then were subjected

to different drive in conditions, to get various junction depths. The

drive-in was performed at 1125°C. in dry oxygen. Following are the
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various junction depths obtained after the drive in process. They were

measured by the ball bevel method.

Wafer #1 = x. = 0.22 p, No drive
J

Wafer #2 = x. = 0.27 4, 10 minutes drive
J

Wafer #3 = x. = 0.42 p, 30 minutes drive
J

Wafer #4 = x. = 0.54 p, 1 hour drive
J

Wafer #5 = x. = 0.79 p, 2 hours drive.
J

The breakdown voltage for these junctions is about 15 volts. The

breakdown characteristics is soft for wafer #1 and becomes harder as the

drive-in time increases. Even though the junction shows a little soft

characteristics for wafer #1 and to certain extent wafer #2, the micro-

plasma effects are absent and the breakdown is uniform. This was con-

firmed by the uniform light emission during the breakdown of the junction.

The impurity profiles for both guard ring and shallow n
+

junctions are

shown in Figure 4.5. The D229 and IBID devices are shown in Figure 4.6

on a magnified scale.
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1E16 L
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Figure 4.5. Impurity profiles for guard ring (1) and shallow 114- junc-

tions (2) for IBID-5 device.
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V. RESULTS AND CONCLUSIONS

The following devices were tested for I-V, C-V and injection char-

acteristics.

1) Diffused injection structure (DIS).

2) Partially implanted shallow n+-p junction (D229).

3) Inverted bipolar injection device (IBID).

5.1 Experimental Results

The experimental schemes to make the required measurements are

given in Figures 5.1, 5.2 and 5.3. A Keithley log-picoammeter was used

to measure the very small currents in silicon dioxide layers. A micro-

manipulator was used to probe the devices and a Tektronix 576 transistor

curve tracer was used to make the pictorial I-V measurements. All the

measurements were made at room temperature.

a) I-V Characteristics -

The reverse current voltage characteristics for the DIS devices

are shown in Figure 5.4. The junction behaviour was "leaky" and the

breakdown was very "soft". There was light emission observed from

shallow n+-p -p unction. The light was emitted in spots and there were

occasional spot emission from the oxide area. Overall the light emis-

sion picture was very non-uniform.

The reverse I-V characteristics of D229 and IBID devices is shown

in Figures 5.5 and 5.6 respectively. As can be seen from these pictures,

the breakdown behaviour of these devices was "hard" and the breakdown

was very abrupt. There was light emission observed but the emission was

+
juniform over the entire shallow n -p junction. There was no spot
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Figure 5.1. Experimental set up to measure I-V characteristics.
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Figure 5.2. Experimental set up to measure C-V characteristics.
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Figure 5.3. Experimental set up to measure injection characteristics.
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Figure 5.4. Reverse I-V characteristics for DIS devices.
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Figure 5.5. Reverse I-V characteristics for D229 devices.

Figure 5.6. Reverse I-V characteristics for IBID -i devices.
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Figure 5.6. Reverse I-V characteristics for IBID-2 devices.

Figure 5.6. Reverse I-V characteristics for IBID-3 devices.
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Figure 5.6. Reverse I-V characteristics for IBID-4 devices.

Figure 5.6. Reverse I-V characteristics for IBID-5 devices.
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emission, as can be seen by a naked eye, either in the junction or

oxide areas. There was no emission from the oxide. Overall the light

emission picture was very uniform. The forward bias characteristics of

these devices and the inverted transistor I-V characteristics for the

IBID device are shown in Figure 5.7 and 5.8 respectively. As expected

for an inverted bipolar transistor the gain was less than unity.

b) C-V Characteristics -

The capacitance-voltage characteristics for these devices are

shown in Figures 5.9, 5.10 and 5.11 respectively. There was no change

in the shape of these curves after the junction was reverse biased to

breakdown for considerable amount of time.

c) Oxide Injection Characteristics -

For the DIS devices oxide current (I ) was measured as a function
ox

of gate voltage (V ) for different reverse bias avalanche junction cur-

rents (I
r
). Injection was observed into the oxide and the electron

current density was observed as high as 6.4 liA/cm
2
before the oxide

breaks down. The breakdown strength of the oxide was about 6 x 10
6

volts/cm. The oxide current rises sharply and drops exponentially with

decay time of several hours. No effort was made to measure this decay

time due to lengthy time procedure. The oxide current was very diffi-

cult to measure on the electrometer due to noise in the instrument at

such low current levels. The instrument leakage current was fairly low,

approximately less than 10
-13

A, and was substracted from the meter

reading. A teflon coated co-axial cable was used to connect the log

pico-ammeter to the device. The results were fairly repeatable. The

injection characteristics of the devices are shown in Figures 5.12,

5.13 and 5.14.
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Figure 5.7. Forward bias characteristics for the DIS devices.
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Figure 5.7. Forward bias characteristics for D229 devices.

Figure 3.7. Forward bias characteristics for the IBID-1 devices.
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Figure 5.7. Forward bias characteristics for the IBID-2 devices.

Figure 5.7. Forward bias characteristics for the IBID-3 devices.
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Figure 5.7. Forward bias characteristics for the IBID-4 devices.

Figure 5.7. Forward bias characteristics for the IBID -S devices.
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Figure 5.8. Transistor I-V characteristics for IBID-1 devices.

Figure 5.8. Transistor I-V characteristics for IBID-2 devices.
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Figure 5.8. Transistor I-V characteristics for IBID-3 devices.

Figure 5.8. Transistor I-V characteristics for IBID-4 devices.
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Figure 5.8. Transistor I-V characteristics for IBID-5 devices.
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The electrometer could not detect any appreciable oxide current in

the ion implanted D229 and IBID structures. Originally, this was thought

of as a test instrument problem. But, for the same instrument set up,

as in D229, the DIS devices gave appreciable gate current. Thus, it was

concluded that in ion implanted devices it was difficult to inject

electrons from silicon into silicon dioxide.

5.2 Discussion

As discussed previously, there was appreciable electron injection

current in DIS devices, whereas, the electrometer failed to detect any

appreciable oxide current in ion implanted devices. The working prin-

ciple in both D229 and DIS devices is identical. The main differences

between the two devices are due to different processing operations.

These differences are listed below.

1) DIS device has a diffused shallow n -p junction, whereas

D229 and IBID have ion implanted junctions.

2) The diffusion source for DIS was a spin-on phosphorfilm.

The diffused junction is likely to be non-uniform due to

uneven distribution of the diffusion source.

The D229 and IBID devices had ion implanted junctions.

Ion implantation is a technique that gives an extremely

uniform junction over the entire wafer area.

3) Possible contamination in the diffusion furnace for the

DIS devices.

These differences affect the device performance greatly as will be

shown later in the chapter. Many of these processing variations play an

important role in the junction breakdown phenomenon. It was observed
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that "microplasma" effects were present in the diffused device. The

word "microplasma" has been loosely used to describe any imperfections

or abnormalities in the junction breakdown characteristics. Following

is a brief discussion of this mieroplasma effect and its implications.

Microplasmas in p-n Junctions

It was observed by Newman [64] that when low voltage silicon p-n

junctions are biased in the reverse direction to breakdown, visible

light is emitted from the junction region. These were spots that

emitted light and turned ON and OFF at different current levels. The

spots appeared at etch pits and were about 10/4 or less in dimension.

The author suggested that the light emission results from radiative

relaxation processes involving high energy carriers in or near the

barrier during avalanche breakdown.

A definite correlation between light emission and dislocations was

provided by Chynoweth and Pearson [57]. They found that there is a

tendency for the microplasmas to occur preferentially where dislocations

pass through the space charge region. At this spot the internal field

emission is appreciable. It was observed that a uniform light emission

pattern over the entire junction region corresponded to "hard" junction

characteristics, whereas, intense light emission at specific spots re-

late to soft junction characteristics. A model was presented to explain

the effect of distortion on energy bandgap. The effect is shown sche-

matically in Figure 5.15.

The reduced band gap results in higher ionization rate. The field

emission may increase to such an extent that it dominates the avalanche

process. This results in lower breakdown voltage.
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1 leV

Tension Compression

Figure 5.15. Effect of lattice distortion on band gap.

Kikuchi and Tachikawa [60] could not find a one to one correspon-

dence between the light emission spot and the etch pit. They noted that

the spectrum of the light extended far beyond the wavelength correspond-

ing to the band gap of silicon. They suspected that oxygen impurity form

deep levels which help Zeener effect. In this case, high energy elec-

trons can be supplied much easier for the same electric field.

They classified weak spots into four categories depending on their

light emission, multiplication and microplasma pulse behaviour. The

classification is summarized in Table 5.1

Table 5.1. Classification of weak spots in the junction.

Type
Microplasma

Pulses
Light
Emission Multiplication

I-V
Character

I

II

III

IV

yes

yes

no

no

yes

no

yes

yes

no

no

yes

no

hard

hard

soft

soft
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Type I is the usual microplasma spot. Type III can be produced by

scratching the surface of the junction. Existence of type III or IV

spots give rise to soft junction characteristics.

Junctions free of inhomogeneities and dislocations were made by

Batdorf, et.al. [56]. Their devices were diodes with guard ring around

it. They found that the breakdown voltages of such devices were closer

to the predicted breakdown voltage of planar junctions without consi-

derations of the microplasma effects. If there are microplasma-inducing

defects present, the apparent breakdown voltage of the junction would

be about half of the theoretical predicted value. In microplasma free

junctions they observed uniform light emission patterns, higher break-

down voltages, smooth multiplication curves and hard breakdown charac-

teristics.

A concise report on microplasmas is presented by Kressel [61]. He

defines a non-uniform junction breakdown as one with one or more of the

following symptoms.

1) Slope discontinuity in I-V characteristics.

2) "Soft" reverse bias I-V characteristics, IQ< Vn where n is

greater than one, typically 3 to 6. This effect should not

be confused with the breakdown as a result of an appreciable

current component resulting from internal field emission,

which is typical of highly doped junctions.

3) Light emission in discrete spots.

4) Large amplitude fluctuations of the current in the breakdown

region.

In planar oxide passivated junctions, it is difficult to judge if

the breakdown voltage reduction is due to surface of the device or if
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bulk defects are present. The emission spectrum in silicon is broad.

It peaks at about 1.1 eV buc the tail extends upward up to about 3 eV.

This high energy distribution may be understood by recombination of

holes with hot electrons having energies up to the ionization energy.

The origins of microplasma sites have been shown to result from

the presence of certain lattice imperfection in the space charge region

of the p-n junction.

a) Dislocation -

The effect of dislocations can be explained by the band gap energy

variation in the dislocation region. The change in the band gap could

be as large as 0.4 eV. This would reduce the electron energy required

for impact ionization and thus increase the multiplication rate. Kressel

suggests that it is impossible to form a junction with process of dif-

fusion that is completely free of dislocations. The microplasma sites

can be formed by tweezer marks or even the use of cotton swabs.

b) Non-uniform impurity distribution -

Due to localized highly doped n-type region, the breakdown voltage

can be considerably lower that the average value for the junction.

c) Precipitates in the space charge region -

The effect of metallic impurities on the reverse current and break-

down voltage has been investigated. Intentional contamination of a n
+
-p

junction with impurities like copper, iron, manganese and gold produced

"soft" junction characteristics. Copper in silicon tends to precipitate

in a dislocation site and the contamination gets more severe for higher

doping levels.

Structural imperfections, such as, junction periphery and spikes

in diffusion front give rise to reduced breakdown voltages. The effect
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of mechanical damage is to increase the saturation current. This in-

crease in saturation current can be recovered by annealing the sample.

Microplasma Effects in DIS Devices

The microplasma characteristics of the shallow n
+
-p junction in

the DIS device are predominant during the junction breakdown. The light

emission pattern is spotty. This is further supported by the fact that

the reverse I-V characteristics of the junction is "leaky". Also, a two

step breakdown phenomenon was observed in certain devices. The junction

breakdown voltage for the DIS devices was about one half of the predicted

junction breakdown voltage of microplasma free junction. This is in

accordance to the observation of McIntyre. The color of the light emis-

sion was from white to light yellow. The light emission from spots on

the oxide was probably due to scratches on the oxide. This light emis-

sion from oxide spots was not observed in all devices.

The probable causes of microplasma effects in DIS structure are

many and any one or more of these causes may be responsible for the

microplasma effect.

1) Spin-on diffusion sources are notorious for extremely non-

uniform doping on the wafer area. This is due to the dif-

ferent linear velocities at different locations on the wafer,

when the wafer is spinning.

2) Possible contamination of the diffusion furnace.

3) Possible dislocations caused by use of cotton swabs for

cleaning wafers.

4) Photolithographic process and the etching process are known

to cause etch pits which may result in microplasma sites.
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Finally, it is almost impossible to avoid microplasma effects

in diffused junctions. This is true because even a single

dislocation site results in enhanced diffusion along the dis-

location and this causes increased local fields. Microplasma

effects are directly related to this inhomogeneity in the

concentration.

Microplasma effects were not observed in D229 and IBID ion implanted

structures. This was confirmed by uniform light emission over the en-

tire junction area, abrupt breakdown process and breakdown voltages very

close to the theoretically predicted values. The author feels that this

was due to the uniformity of the junction doping which is possible only

with the technique of ion implantation. The guard ring structure fur-

ther ensures that the junction is free of edge effects. Also, the IC

processes at Tek labs are geared towards high performance discrete de-

vices. Thus, their processes ensure least mechanical damage and there-

fore dislocation free junctions. In short, it can be concluded that

microplasma free junctions can be fabricated easily using ion implanta-

tion technique to dope the substrates.

Calculation of Effective Temperature of Hot Electrons

It is extremely difficult to characterize the emission process in

microplasmas due to highly localized three dimensional fields of large

magnitudes. The process is further complicated by the constriction of

energy band gap due to dislocations which accompany the microplasma

sites. It is possible to calculate the effective temperature of hot

electrons from the IC versus ,J
ox

characteristic. Effective tempera-

ture T
e
characterizes the high-energy Maxwellian tail of the hot-electron



distribution. It is not clear how T
e
should be related to device

parameters.

As a first order analysis, a Schottky emission is assumed. The

field in the oxide is given by

E -
V
G

- V
FB

ox
ox

where V
FB

= Flat band voltage due to metal-semiconductor work function

1 interface charges.

The barrier lowering is then given by

1/2
ciSB = B E

ox

where B = (q
3
/4 T1 K

ox o
)
1/2

= 2.59 x 10
-4

The Schottky emission for a Maxwellian distribution of electrons gives

rise to a gate current, which can be written as

Thus,

I
G

exp (6.4)B / K Te)

a< exp (B rfox / K Te)

d (ln IG)

d (E
ox

)
1/2

B

K T
e
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This is the slope of the In I
C
versus E

ox
1/2

characteristic. Using

this approach the effective temperatures are calculated for DIS -1, DIS-2,

and DIS-3 devices. This is shown in Figure 5.16.



98

DIS -l: T
e
= 2487°K

DIS-2: T
e
= 4116°K

DIS-3: T
e
= 10965°K

The effective temperature of hot electrons when the shallow ntp

junction is unbiased is almost independent of the background doping con-

centration. For the three diffused structures, following effective hot

temperature is observed

= 2100°K.

As a matter of interest, the electric field in silicon at the

Si-Si02 interface can be calculated. The hot electron temperature is

related to the electric field as follows

E

where

K T
e

-

1/2 + (1/4 + E0/r Er)
1/2

E

(q E 1r)
2

r E
r

and

The most uncertain of the parameters entering these equations is r.

A plot of KTe versus E is given in Figure 5.17. Assuming a value of

r = 3.2 (Bartelink et.al.) the electric fields at the interface of

Si -Si09 interface can be computed.

DIS-1: E=2 5 x 10
5

volt/cm.

DIS-2: E== 7.5 x 10
5

volt/cm.

DIS-3: Et= 1.75 x 10
6

volt/cm.



99

In the D229 and IBID devices microplasma effects were not observed.

The junction breakdown was uniform and along the junction boundary

parallel to the Si-Si02 interface. Electrons are generated in the de-

pletion region with a certain energy distribution. Due to a positive

bias on the gate electrode and highly doped n
+

region, there is a strong

accumulation layer at the Si-Si02 interface. These electrons, that are

subjected to the energy loss mechanisms of phonon scattering and ioniza-

tion, see this strong accumulation layer. The net effect of the accumu-

lation layer is to increase the barrier height for the electrons. The

problem is very difficult to analyze due to unknown electron distribu-

tion in presence of an accumulation layer. But, it is evident that the

barrier for electrons will be increased somewhat due to the presence of

the accumulation layer. Thus, the injection probability of electrons

is very low and appreciable gate current was not observed.

The following conclusions can be drawn from the discussion.

1) The injection current in the oxide for the DIS devices is due

to microplasma sources. It was shown that hot electrons in the micro-

plasmas have enough energy to cross the barrier and enter Si02.

2) There was no appreciable current injection in D229 and IBID

devices. This is due to a strong accumulation layer at the Si-Si02

interface, that effectively increases the interface barrier for electrons.

It can be concluded that majority electron injection in a direction

perpendicular to the Si-Si02 interface is difficult due to the strong

accumulation layer that will always be present at the interface.

3) A consequence of this work is that reliable and relatively

free from degradation devices can be made by using structures similar

to D229, where an accumulation layer is maintained at the interface.
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This will reduce greatly the charge injection and trapping in the

oxide.

Suggestions for Future Work

1) This work has established a correlation between the microplasma

sources and injection of electrons into oxide. There are many unknown

parameters in characterizing the microplasma. Intentioncddislocation of

known geometry and character could be introduced and its effect on elec-

tron injection can be analyzed.

2) To overcome the increased barrier for electrons due to the

accumulation layer, punch-through devices could be made. In these de-

vices, the depletion layer due to reverse biased p-n junction extends

to the interface before the junction breaks down.

3) An effort should be made to build reliable and degradation-

free devices using structure like D229. This type of structure is

basically a bipolar device but its characteristics could be modulated

by MOS type surface structures. It is the author's feeling that device

research might see a major thrust in this direction.

4) Electron injection from silicon into phosphor may be possible.

The interface between silicon and phosphor is of prime importance and

must be characterized in full before any conclusion can be drawn about

the injection of electrons across the interface.
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APPENDIX I

Processing Steps for Diffused Injection Structure

1) Starting Material - For the sake of comparison three different sub-

strate dopings were used, 10, 1 and 0.010-cm. The wafers were all p-

type, Boron doped silicon in <111> direction. All three differently

doped substrates were subjected to same processing steps.

2) Initial Oxidation -

Ambient - Wet oxygen, bath temperature = 95°C.,

Flow rate = 0.4 cth.

Temperature - 1100°C.+ 5°C.

Time - 40 minutes.

Resulting
oxide - 5300 A°.

3) Photo and Oxide Etch (Mask #1)

Photoresist - AZ-1350, positive, spin speed 4000 rpm, spin

time 15 seconds.

Pre-bake - In vacuum at 60°C for 5 minutes.

UV Exposure - Expose under UV light for 4-5 seconds.

Developer - AZ-1350 (1:1 strength), developing time variable

according to the condition of the solution.

Post-bake On hot plate (150°C.) for 10 minutes.

Oxide Etch - In 4:1 buffered hydrofluoric acid till the

back side is hydrophobic.

Photoresist
Removal - Rinse with acetone followed by DI water

rinse.
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4) Guard Ring Diffusion -

a) Predeposition -

Source - Phosphorfilm, concentrated, phosphorfilm is a solu-

of phosphorus containing polymers in water. Spin

the source on the wafer at 4000 rpm for 15 seconds.

Bake on hot plate for 3 minutes.

Predeposition
Temperature - 1100°C.

Predeposition
Time - 15 minutes in air ambient

Post Cleaning
and Etching - Boil in DI-water for 15 minutes and etch in 10:1

buffered HF acid to remove any phosphor glass or

silicates formed during predeposition.

b) Drive-In Diffusion -

Ambient - Dry Oxygen, 0.4 cth flow rate.

Temperature - 7 hours.

Oxide formed during this process is about 4100 A° thick.

5) Photo and Oxide Etch (Mask #2) -

Same as in step #3. Mask #2 refers to the shallow n
+

junction mask.

6) Shallow n
+

Diffusion -

a) Predeposition -

Source - Phosphorfilm, concentrated. Spin speed 4000 rpm. for

15 seconds. Bake on hot plate for 3 minutes.

Temperature - 850°C. in air.

Time - 15 minutes.

Post Cleaning
and Etching - As in step 4(a).
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b) Drive-In -

Ambient Wet Oxygen, bath temperature = 95°C., flow rate =

0.4 cfh.

Temperature - 850°C.

Time - 10 minutes.

The oxide formed during this process (500-600 A°) is used as gate

oxide, thus eliminating the gate oxidation step.

7) Photo and Oxide Etch (Mask #3)

Same as in step #3. Mask #3 refers to preohmic contact mask. Pre-

cleaning before photolithography is necessary. Rinse in DI water, blow

dry with nitrogen and bake on hot plate at 150°C. for 3 minutes.

8) Metallization -

Aluminum is evaporated on the top surface of the wafer. This is

done in a vacuum evaporator.

Vacuum - 0.1 u or less.

Heating
current - 60 Amperes, maximum.

The thickness of aluminum film deposited is a function of the dis-

tance between the filament and the wafer, weight of aluminum clamped on

the filament. High vacuum in the evaporation chamber ensures low melt-

ing point of aluminum and also prevents contamination from the residual

atmospheric impurities. Current through the filament is increased slowly

to prevent the breakage of the filament. A schematic of the filament

shape is given in Figure I(b).

9) Photo and Metal Etch (Mask #4) -

Mask #4 refers to the metallization pattern on the wafer. Photo-
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masking is done as before in step #3, except the post baking time is re-

duced to 5 minutes, instead of 10 minutes. This makes it easy for the

subsequent photoresist lift off. Etchant used for aluminum is a solu-

tion of phosphoric acid + nitric acid + DI water at a slight raised

temperature (80°C.).

10) Alloying -

Aluminum is alloyed to silicon at 530°C. in nitrogen ambient. The

fabrication of the diffused injection structure was done at the Solid

State laboratory of the Department of Electrical and Computer Engineer-

ing at Oregon State University. A process flow diagram is given in

Figure I(a).
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Figure I(a). Process flow diagram for DIS device.
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APPENDIX II

Mask Making For The Injection Structures

The diffused injection device requires four masks as described

below.

1) Guard ring diffusion mask.

2) Shallow 11+ diffusion mask.

3) Preohmic contact mask.

4) Metallization mask.

The geometrical layout of these masks is given in Figure II(a).

The masks were made at the Solid State Laboratory of Department of

Electrical and Computer Engineering, Oregon State University. The mask-

making procedure is described below.

a) Layout and Ruby-Lith Cutting -

Each mask pattern is drawn 400 times in magnitude on a drawing

paper. A ruby-lith paper is placed on top of the paper drawing and

together they are fixed on a drawing board with a lighted base. The

pattern is traced and cut with a sharp cutting tool and thus the masking

pattern is generated on the ruby-lith paper. The area where diffusion

is intended is left transparent, but the area where metal is intended

is left opaque due to the reverse nature of the process. The contact

regions are left transparent too.

b) Photoreduction -

The ruby-lith drawing is mounted on a picture board of a David Mann

camera and a picture is taken on a Kodak high resolution photographic

plate. The pattern on the plate is 40 times smaller than the ruby-lith



shallow n
+

Preohmic

113a

Guard ring

Metallization

Figure I1(a). Geometrical layout for the masks.
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drawing and this is achieved by the various settings on the camera. The

Kodak plate is developed in the dark room using standard procedure.

This 10x version of the mask is then mounted on a step and repeat

camera. The step and repeat camera has the capability of reducing the

picture further and then repeating this reduced pattern in both x and y

directions at regular intervals. Thus the final version of mask will be

a photographic plate with an mxn array of the devices. The 10x mask

plate was reduced further 10 times to get the actual size and a 7 x 7

pattern was generated on a 2" Kodak high resolution plate. The develop-

ing procedure is the same as before.

This procedure is repeated for each of the four masks. Thus the

final mask patterns will be on four glass plates.

The set of masks for the ion implanted injection devices, fabri-

cated at Tektronix Inc., were made at the masking shop of Tek. Labs.

The procedure to make the masks set differs from the previously de-

scribed procedure primarily in the way they are drawn on the paper. The

patterns are generated using a digitizer and the information stored on

a magnetic tape. The ruby-lith cutting procedure is thus eliminated.

The remaining procedure is more or less same.
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APPENDIX III

Processing Steps for Partially Ion Implanted Injection Structure

The fabrication of this device was done at Monolithic Circuits Lab.

of Tektronix Inc., Beaverton. The processes used, therefore, were either

the standard or the modified versions of existing processes at Tek. Labs.

1) Starting Material -

Resistivity - 0.1 2-cm.

Type - p-type, B-doped.

Orientation - <111>

Thickness - 10-11 mils.

Vendor - Monsanto.

Number of
Wafers 6

2) Initial Cleaning (OPR-1-507) -

a) Mix 1000 ml. DI + 150 ml. H
2
0
2

(30%) + 150 ml. NH
4
OH.

10 minutes at 70-90°C.

b) Mix 1000 ml. DI + 150 ml. H
2
0
2

(30%) + 150 ml. HC1.

10 minutes at 70°C.

c) Rinse in DI water.

d) Spin dry.

3) Initial Oxidation (OPR-2-502) -

Furnace
Temperature - 1000°C. ± 1°C.

Bubbler
Temperature - 85°C. ± 1/2°C.



Ambients - 10 minutes dry 02

Flow Rate

Resulting
Oxide

4 hours wet 0
2

1 hour dry 02

- 530 cc/min. for 3" tube.

685 cc/min. for 4" tube.

- 7500 A° ± 600 A°.
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4) Photo and Oxide Etch (DEV-5-541) -

Mask Number - D-229-GR-A-1. This number refers to guard

ring diffusion.

Bake-out - 30 minutes in oven at 250°C. ± 5°C.

Precoat - Flood with 10% HMDS, 20 seconds, pause,

spin at 5000 rpm, for 15 seconds.

Photoresist - Spin KTI-40 (negative) at 5000 rpm. for 15

seconds. Gives about 7000 A°.

Softbake - 30 minutes in oven at 70°C. ± 5°C.

Expose - 6-20 seconds with filter.

Develop - In IMS. Blow dry.

Hardbake - 30 minutes in oven at 130°C. ± 5°C.

Oxide Etch - 4:1 Buttered HF, rinse in DI, blow dry.

Etch time = 6 minutes and 30 seconds at 21°C.

Strip - Photoresist strip with 4 H2SO4:1 H202 (30%).

5) Phosphorus Deposition (DEV-3-530, special.) -

Source - POC1
3

Temperature 1000°C. ± 1/2°C.



First Cycle 20 minutes, argon (1125 cc/min.), oxygen

(40 cc/min.).

Second Cycle 15 minutes, argon (1125 cc/min.), oxygen

(40 cc/min.), source argon (20 cc/min.).

Third Cycle 15 minutes, argon (1125 cc/min.).

Source
Temperature - 20°C. ± 1/2°C.

6) Phosphorus Drive (OPR-4-509, special) -

Furnace
Temperature - 1125°C. ± 1°C.

Bubbler
Temperature 95°C. ± 1/2°C.

First Cycle 45 minutes, wet oxygen.

Second Cycle - 2 1/4 hours, dry oxygen.

Flow Rate - 685 cc/min. for 4" tube.

Resulting
Oxide - 6600 A°.

7) Photo and Oxide Etch (DEV-5-541) -

Mask Number
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- D-229-N
+
-A-1. This number refers to shallow

N
+

implant.

Procedure is the same as in step #4.

Etch Time - 7 minutes and 15 seconds at 22°C.

8) Arsenic Implant -

This implantation was performed in Extrion implanter.

Ion - 75
As
+

Energy - 25 KeV

Dose - 1 x 10
15
/cm

2



Angle - 7°.

Implant Time - 2 minutes.

Beam Current - 50 IA

9) Anneal -

A two step anneal was employed.

1st Anneal

2nd Anneal
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- 30 minutes at 600°C. in N
2

(685 cc/min. in

4" tube).

- 10 minutes at 950°C. in N
2

(685 cc/min. in

4" tube).

10) Etch (DEV-1-527) -

Etch in 4:1 buttered HF for 20 seconds. Rinse in DI water for

10 minutes. Blow dry.

11) Gate Oxidation (DEV-2-521) -

Furnace
Temperature - 900°C. t 1/2°C.

Bubbler
Temperature - 95°C. ± 1/2°C.

First Cycle

Second Cycle

Third Cycle

Flow Rate

- 10 minutes in dry 02

- 15 minutes in wet 0
2

- 10 minutes in dry 02

- 530 cc/min. in 3" tube.

685 cc/min. in 4" tube.

Oxide
Thickness - 620 A°.

12) Photo and Oxide Etch (DEV-5-541) -

Mask Number - D-229-PO-A. The number refers to the



Etch Time

preohmic contact mask.

- 8 minutes and 30 seconds.

Procedure is the same as in step #4,

Appendix III.

13) Metallization (OPR-10-508) -

Source - Aluminum on tungsten filaments.

Equipment - Davis and Wilder evaporator.

Pressure - 5 x 10
-6

torr.

Rate - 500 A°/sec.

Thickness - 10,000 A°.

14) Photo and Metal Etch (DEV-5-509a) -

Mask Number - D-229-ME-A-1. Refers to metal mask.

Photoresist - AZ - 1350 J, positive, 5000 rpm.

Prebake - 30 minutes in oven at 250°C.

Softbake - 30 minutes in oven at 70°C.

Exposure - 10-20 seconds.

Developer - AZ - 1350 (1:1 strength) for 60 seconds.

Hardbake - 30 minutes at 130°C.

Aluminum Etch - In phosphoric acid + HNO3 + DI.

Strip Resist - 5 minutes in acetone, 1 minute in RT-1,

rinse in DI for 5 minutes.

15) Alloying (DEV-4-518) -

Temperature - 530°C.

Ambient - 6 minutes in N
2
at 530 cc/min.
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APPENDIX IV

Processing Steps for Inverted Bipolar Injection Structure

The fabrication of this device was done in Tek Labs of Tektronix

Inc., Beaverton.

1) Starting Material -

Resistivity - < 0.01 a-cm.

Type - n-type.

Orientation - <111>

Thickness - 0.356 - 0.400 mm.

Vendor - Toyo.

Number - 5.

2) Expitaxial Growth -

Type - p

Dopant - Boron

Resistivity - 0.1 a-cm.

Thickness - 10 u.

3) Oxidation (OPR-2-502) -

This process is described in step #3 of Appendix III. Result-

ing oxide 7700 A°.

4) Photo and Oxide Etch (DEV-5-541) -

Described in Step #4, Appendix III.

Mask Number - D-229-GR-A-1. Refers to the guard ring dif-

fusion mask.

Etch Time - 7 minutes and 30 seconds at 20°C.
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5) Phosphorus Deposition (DEV-3-530, special)

As described in step #5, Appendix III.

6) Phosphorus Drive (OPR-4-509)

As described in step #6, Appendix III.

Resulting
Oxide - 6633 A°.

7) Photo and Oxide Etch (DEV-5 -541)

Mask Number - D- 229- N+ -A -1. Refers to shallow N
+

implan-

Etch Time

tation.

- 7 minutes at 20°C.

The procedure is same as in step #4,

Appendix III.

8) Arsenic Implantation -

Ion - 75
As
+

Energy - 60 KeV

Dose - 1 x 10
15

/cm
2

Angle - 7°

Beam Current - 150 11A.

9) Annealing -

As in step #9, Appendix III.

10) Shallow N
+

Drive -

Temperature - 1125°C.

Ambient - Dry Oxygen, 685 cc/min in 4" tube.

Drive Time - None for wafer #1.

10 minutes for wafer #2.
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30 minutes for wafer #3.

1 hour for wafer #4.

2 hours for wafer #5.

11) Etch -

In 4:1 buffered HF till hydrophobic on the back side.

12) Gate Oxidation (DEV-2-521) -

As described before in step #11, Appendix III. Resulting

oxide = 590 A°.

13) Photo and Oxide Etch (DEV-5-541) -

Mask Number - D-229-PO-A-1. Refers to preohmic contact

mask.

Etch Time - 5 minutes, 30 seconds at 20°C.

The procedure is the same as in step #4,

Appendix III.

14) Metallization (OPR-10-50-8) -

As described in step #3, Appendix III.

15) Photo and Metal Etch (DEV-5-509a) -

Mask Number - D-229-ME-A-1. Refers to the metallization

mask.

Procedure is same as in step #14, Appendix

III.

16) Alloying (DEV-4-518)

Same as in step #15, Appendix III.
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17) Gold Back Flash (ICM-10-53)

Makes a gold contact to the back side.


