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The electrical properties of ion-implanted GaAs FET channels

are investigated by two methods. First, the channel current (I) as

a function of voltage (V) is examined at different temperatures and

using different voltage ramp rates. The standard FET I-V curve,

which can be observed on a commercial curve tracer, is not observed

at slow ramp rates. The curve exhibits an abrupt decrease above

220°K and a stepwise increase at lower temperatures. A model based

on the effect of electron transfer deferred by deep traps is estab-

lished to explain the anomalous current dropback phenomenon.

Impact ionization of trapped electrons is believed to happen at

different spatial positions along the channel at different tem-

peratures. The actual position at which impact ionization occurs



depends on the thermal properties of the involved trap which is

identified to have energy level at .47 ± .05 ev below the conduc-

tion band edge. The I-V characteristic of the channel is strongly

affected by the excessive field strength generated through impact

ionization. This model explains the observed phenomena consistent-

ly.

In the second investigation method, the deep traps existing

along the FET channel are examined via the Deep Level Transient

Spectroscopy (DLTS) technique. Standard transient analysis is

discussed and shown to be inadequate for ion-implanted samples. A

new model based on a more realistic trapezoidal doping profile is

derived and simulated. The simulation results are compared with

experimental data and excellent agreement is obtained. A hole-like

DLTS peak experimentally obtained from an n-GaAs Schottky diode is

successfully simulated by the new model and shown to be an artifact

due to the tail portion of the doping profile. Capacitance versus

voltage (C-V) measurement confirms that the trapezoidal doping

concentration is an idealized approximation for ion-implanted sam-

ples.

These two approaches significantly improve the understanding

of defect-related electrical properties of ion-implanted GaAs FET

devices and contribute to a better knowledge of device characteri-

zation.
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ELECTRICAL PROPERTIES OF GaAs FET STRUCTURES

CHAPTER I

INTRODUCTION

The compound semiconductor GaAs is an important material in

manufacturing microwave and optoelectronic devices. It is prefer-

able to silicon for these applications due to its higher mobility

and direct band gap structure. Recent progress in using ion

implantation as a major means of controlled doping of semicon-

ductors has led to significant advances in the fabrication of inte-

grated circuits (ICs). Implantation of silicon ions into semi-

insulating (SI) GaAs and subsequent thermal annealing produces an

n-type conducting layer, whose thickness and carrier concentration

can be controlled by changes of implant energy and/or dose. Field-

Effect Transistors (FETs) manufactured using the ion-implantation

process have become a major building block of more complicated

ICs. The understanding of FET channel characteristics and its

underlie physical properties is. thus important for improving the

realibility of GaAs ICs.

Several papers (1,2,3,4) have reported the measurement and

calculation of FET parameters such as saturation current, channel

conductance, transconductance, pinch-off voltage, substrate cur-

rent, etc. Others (5,6,7) put emphasis on deep trap related pheno-

mena such as 1/f noise, mobility reduction, etc. The determination

of many of these FET parameters has relied upon a display of chan-

nel current versus applied voltage (I-V) on a commercial curve
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tracer operating at line frequency. However, lowering the voltage

scan speed reveals a dramatically different I-V relationship.

Current on a GaAs FET-Like channel (FLC, which is a FET without a

gate) increases linearly as voltage increases for lower applied

voltages, than it saturates as expected at higher voltages. How-

ever, current does not remain saturated with further voltage

increase. Instead, it drops back to a much lower value. A similar

effect has been observed and reported in InP (8). Others (9,10)

have seen similar effects in GaAs on different structures. No

detailed study or meaningful explanation has been reported to date.

Deep traps in GaAs materials, on the other hand, have been

studied extensively, mainly by the Deep Level Transient Spectros-

copy (DLTS) technique developed by Lang (11)
. The measurement of

transient capacitance difference at two different time delays

associated with reverse biased p-n junctions or Schottky barriers

is plotted against temperature. Typical formulas for analyzing

capacitance transients and DLTS spectra have been reported (11,12)

based on ideal situations. Most of the reported energy levels

(13,14,15) were analyzed under the idealized assumptions. For ion

implanted materials, however, similar DLTS measurements under dif-

ferent biases do not yield the predicted results. No published

theory is available for the explanation of the discrepencies.

In an attempt to understand the previous unknown phenomena,

systematic experiments were designed and conducted throughout this

work, concentrating on the above mentioned problems. New models
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were then proposed and used to explain the experimental results

successfully.

In Chapter II, the general theory and measuring techniques

used to characterize semiconductors are reviewed. The standard

capacitance transient equation is derived and used to explain the

DLTS results. The experimental set up used throughout this work is

described in Chapter III. A general purpose automatic data ac-

quisition system was developed which, based on the software program

used, can perform many desired characterization measurements. The

ideas of system design are also presented. Chapter IV introduces

the effects of temperature on the I-V characteristics of GaAs FLCs

of various lengths. A model based on a trap-deferred electron

transfer mechanism is developed and presented following the data

description. The voltage ramp rate effect on the I-V char-

acteristics is also explained based on the newly developed model.

The bias-dependent DLTS results are presented in the early

sections of Chapter V. The channel doping profile is examined

through capacitance versus voltage (C-V) measurement and the

results indicate a doping distribution very similar to a trape-

zoid. A new derivation of transient equations based on the trape-

zoidal profile is described in the intermediate section of this

chapter. A computer simulation utilizing the formulas is presented

and used to explain the experimental data at the end of Chapter

V. Finally, a summary of the results is presented and some sugges-

tions for future work that may extend and use this work are out-

lined in Chapter VI.
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CHAPTER II

THEORETICAL REVIEW OF ELECTRICAL CHARACTERIZATION TECHNIQUES

2.1 Introduction

In the past two decades there have been extensive studies of

the electrical and optical properties of GaAs. Because of its high

electron mobility (8500 cm2/V-sec as compared to 1500 cm2/V-sec for

Si at room temperature), high speed devices have been produced.

Large scale integrated circuits in GaAs are being developed in an

effort to increase device speed, decrease power requirements and be

more cost effective. Interactions between nearby devices have been

observed due to backgating effects (16)
. Many other problems also

exist, such as looping in FET drain current-voltage characteristics

(17) , low source-drain breakdown voltage (17) , lower power gain

(17)
, etc. Deep level defects (defects in crystal structures which

produce energy levels deep inside the forbidden bandgap) have been

considered as the major cause in most of the situations. These

deep levels will decrease the electron mobility and are more common

in compound semiconductors like GaAs because of the difficulty in

growing pure compound materials. There are a number of ways to

characterize deep levels and through those characterization proce-

dures, a better understanding of these defects and possible ways to

minimize their effects can be achieved. In this chapter some of

the measurement techniques used in this work, as well as the theory

behind them, are discussed.



2.2 Deep Levels in A Semiconductor

Defects or imperfections in a semiconductor crystal lattice,

are major sources of deep levels. These defects may either trap

19)1814, ,electrons or holes (13, or act as recombination centers.

Deep level defects are localized energy states at least 30 meV away

from band edges in the forbidden energy gap of a semiconductor.

Such deep levels generally are not ionized at room temperature.

The charge state of a deep level positioned below the equilibrium

Fermi level is neutral when acting as a hole trap and is negative

when acting as an electron trap. The relative importance of trap-

ping and recombination depends on the location of the deep level

relative to the Fermi level and on the capture cross sections

(20)
. Normally, an electron trap has a large electron capture

cross section in contrast to a small hole capture cross section,

and vice versa for a hole trap.

2.3 Capacitance Transient

Although most of the derivations described in this section can

be found in the literature (21,22)
, in order for easy reference and

brief summary, they are repeated here. The depletion region of a

Schottky diode or p-n junction is changed with applied bias as is

the associated capacitance across it. For simplicity, the situa-

tion on a pl-n diode will be discussed. The results are completely

general with only changes of notations on other type of samples.

The diode which is originally kept at some quiescent reverse

bias, VR, is brought to slightly forward bias, VF, and then at time

equals zero, returned to VR. As shown in Fig. 2.1, the depletion
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Figure 2.1 Variation of experimental parameters related
to electron trap emission from the depletion
region of a p+ n diode (a) filling bias pulse
(b) instantaneous charge density profile in
depletion region (c) before the filling pulse
traps are empty (d) filling of the electron
trap levels in the depletion region by the
bias pulse (e) thermal re-emission of electrons
after bias switched back to the quiescent value.
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region changes from w' to w-A than back to w. Without any deep

levels, w should be identical to w' and no capacitance transient

would be observed (Fig. 2.2b). In the presence of majority traps

(electron traps in the n-side here, since most of the depletion

region falls into this side of junction), electrons captured during

the filling pulse VF will be re-emitted into the conduction band.

Fewer electrons in the depletion region due to the re-emission of

electrons from traps will create a higher voltage drop across the

junction unless the depletion width decreases as the electrons move

out. With the applied bias kept at its quiescent value, the diode

depletion width has to decrease to maintain the constant voltage

drop. Since the capacitance of the junction is inversely propor-

tional to the depletion width, it will increase as electrons move

out and this gives an increasing capacitance transient (Fig.

2.2c). By the same token, minority traps will have holes re-

emitted after the filling pulse and subsequent increase in deple-

tion width will result in a decreasing capacitance transient (Fig.

2.2d). During the course of this study, only n-type Schottky

diodes from large area (100 um x 100 um) gates of Metal-

Semiconductor Field Effect Transistors (MESFET) were used for

capacitance transient measurements. Without a p-region to supply

holes, hole traps will be left unfilled even after the filling

pulse and therefore cannot be detected by this capacitance measure-

ment. Light pulses are generally used to generate electron-hole

pairs to fill up both kind of traps. However, with the thick gate

metal on the MESFET, most photons will be reflected creating few
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Figure 2.2 The bias pulse ad the capacitance transient
responses of a p n diode (a) under the existence of
no trap (b) , majority traps (c) and minority
traps(d).



carriers for this purpose. Therefore hole traps would have to be

measured on different devices and will be discussed later in this

chapter.

The probability f that a trap is occupied by an electron is

f = 1/(1 + exp (Et - Ef)/kT)

25)24,According to principle of detailed balance (23, at equili-

brium the number of electrons being captured should equal the

number being emitted

where

CnNT (1 -f) = enNTf

Cn = an < vT > Ns is the electron capture rate

10

(2.1)

a
n

= a exp (- A E
B
/KT) is the thermally activated capture

cross section with energy barrier AEB

,3KT, 1/2
<VT> = is the average thermal velocity with

2m
c

conduction effective mass of electron me

m
d
KT

3/2
N
s

= 2 ( gn exp [- (En - Ef)/KT] is the shallow
h
2

donor concentration with and being the



density of states effective mass and gn

being the spin degeneracy factor

N
T

is the trap concentration

and en is the electron emission rate.

The emission rate can be rewritten as

en = EnT2 exp (-(AE
o

+ 1EB) /KT)

for GaAs,

21 (m
d
im

o ) 3

/2

E
n

= 3.26 x 10
gm

am

(m / )1/2

exp (a/K)

c o

11

(2.2a)

(2.2b)

and AE
o

= Ec Et is the energy difference between conduction band

edge Ec and the trap level Et. With a simple sub-script change

from n to p, the same equations hold for holes.

For n-type Schottky diodes, the time dependent increase (12)

of the space charge density in the region w - A < x < w (refer to

Fig. 2.1) due to thermal ionization of traps is given by

NT = NT (1-exp (-e
n

with

(2.3)



A = (2 e (Ef - Et)/q
2

Ns)
1/2

(2.4)

where e is the permittivity of GaAs and q is the electronic charge.

The capacitance-time and bias relationship is given by (12)

C
o

(q V
s
/E

s
) ifqV

s
N
s\2

qV
s
N
s

Ns

C(t)
(qV

s
N
s
/E

s
N
T

) (1-exp(-e
n
t)) E

s

(

N T/ EsNT NT)

where

Co = Ao
2V

s

(1-exp(-ent)) (1-exp(-ent))1

is the junction capacitance at zero time,

q
21

V = N (w-A)
2
+ Nsw j

s 2e T

Es = Ef - Et, and A
o is the junction area.

(2.6)

(2.7)

(2.8)

The ratio of infinite and zero time capitance can be found to be

C 1.4(qV
s
/E

s
) (N

s
/N

T
)
2
+ (qV

s
N
s
/E

s
N
T

) (N
s
/N

T
) - 1]

=
C
o

(qV
s
N
s
/E

s
N
T

) 1

(2.9)

12



13

The relationship between shallow donor and trap concentration is as

follows

Ns [i2:717; (C./Co) 1]2

N
T (C./Co)

2
- 1

(2.10)

These are the detailed equations concerning capacitance tran-

sients after a trap filling pulse. Under conditions of small trap

density and large reverse bias, equations (2.6) through (2.10) can

be simplified to

C = C - (C - Co) exp (e
n
t) (2.11)

C /C =
N

+ 1m o v4.00
s

N
s
/N

T
= 1/(C

m
/C

o
)
2
- 1

(2.12)

(2.13)

These are the three important relations used to analyze the experi-

mental results.

From equations (2.2) and (2.10), if en is found at several

different temperatures by actually measuring the capacitance tran-

sient signal, Ec - Ef can be derived from the slope of In (en/T2)

versus 1/KT plot. This is called an Arrhenius plot.

2.4 Current Transient

If the diode current instead of capacitance was measured,

there would be a transient associated with the re-emitting of car-

riers. The current transients would be either increasing or
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decreasing, but, as will be discussed later, one would not be able

to distinguish a majority trap from a minority one. With the pre-

knowledge of majority traps from capacitance transient, minority

traps can be singled out without much problem. In order to study

hole traps, light illumination was used to generate both types of

carriers optically on a FET-Like channel (a FET without a gate).

The transient signal is expected after the end of each light pulse.

At t = 0, after the intrinsic excitation, the extra occupancy

of a particular trap with two charge states (+,0) can be written

(26)

en a u Sp
ll -1

N
T

(0) = N
T

(1 +
n p p

e a+
n n

6n
p

)

(2.14)

where on (= Op) is the optically generated excess charge density.

At t = co the dark equilibrium is described by

N
T

(oo)= N
T
/(1 + en/ep)

the extra current generated by this trap is

I(t) = k le N
o

+ e [N N
o

(t)]}
n T p T T

(2.15)

(2.16)

The constant k includes the geometrical parameters and the penetra-

tion depth of the light. The transient current can be written as

AI(t) = [I(o) - I(.0)] exp ( -t /T) (2.17)



AI(t) = k (e
n

- e
p T

) [N
o

(o) N
o

(op)] exp (-t/T)

with 1/T = e
n

+ e . The emission rates are much slower, in
p

15

(2.18)

general, than capture rates at high level excitation (26)
. Under

this condition, Eq. (2.18) can be rewritten as

e

AI(t) = k eNT [(1 + P P)-1 (1 + -12)-1] exp (-e
n

(2.19)n a u
n n

For electron traps, ep << e
n
and a << a

n

where

AI(t) = kN
T

e
n
exp (-e

n

e
n

= a
nun

gnNc exp (-AE
T
/kT)

(2.20)

(2.2a & b)

Therefore, trap parameters can be found as in the capacitance tech-

nique. A similar discussion applies for hole traps with e >> en

and op >> a
n

. The situation is more complicated when e
n

e
p

i.e.,

for traps near the middle of the gap. In fact, if 6in/0
p

< e
p
/e

n
,

then the transient is negative and one would have an increasing

transient. Here, the sign of transient can not be used to distin-

guish majority trap from minority trap. This kind of phenomenon

has been reported (26)
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2.5 Deep Level Transient Spectroscopy

Deep Level Transient Spectroscopy (DLTS) is a sensitive, rapid

and straight forward survey technique developed by Lang (11)
. In

this technique, a simple temperature cycle (90°K to 400°K in our

case) provides a spectrum with each peak or valley representing a

deep level trap. The essential advantage for DLTS is the ability

to set an emission rate window such that the measurement apparatus

responds only when it sees a transient with a rate within this

window. Thus, if the emission rate of a trap is varied by varying

the sample temperature, the instrument will show a response peak at

the temperature where the trap emission rate is within the win-

dow. For either kind of transient, current or capacitance, Eq.

(2.11) and (2.20) can be written as

S = S
co

(S
co

S
o
) exp ( -ent) (2.21)

where S is the signal (either capacitance or current). If two

particular windows t
1
and t2 are selected, the signal difference at

these two windows will be

AS = S(t
2
) - S(t

1
) = (S S

o
) (exp (-e

n
t
1
) exp (-e

n
t
2
)) (2.22)

with

en = En T2 exp (- (A Et + A EB )/kT) (2.2a)



The DLTS spectrum is the AS versus temperature trace. This curve

will have a maximum at T = Tmax with

3(AS)1
= 0

IT=Tmax
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(2.23)

Assuming the prefactor S. So is temperature independent, at T =

Tmax we have

In (t
1
/t

2
)

e
n,max t

1
- t

2

(2.24)

By repeating the measurement for several different sets of t1 and

t
2'

a set of e
n,

xr s at different Tax's are obtained. The same

Arrhenius plot will give (AE,c; + DEB) as well as capture cross sec-

tion.

2.6 Current Versus Voltage Measurement

This is one of the oldest measurements used to characterize

electronic materials. Ohm's law is not always true especially in

semiconductor materials. Generally, due to phonon scattering,

carrier velocity saturates after the applied field goes beyond a

certain value and so does the current. The band structure for GaAs

(Fig. 2.3) consists of a high mobility, low energy valley r and a

number of high energy low mobility satelitte valleys (32) (L,X,

etc). Theoretically, electrons stay in the high mobility r valley

at equilibrium and start to transfer to the upper valley L only if

the applied electric field strength exceeds some threshold value

E
th

(- 3.5 kV/cm). As a result, a negative resistance region



Figure 2.3 Energy band structure of GaAs. E is the energy
band gap, (+) signs indicate hole§ in the valance
bands and (-) signs indicate electrons in the
conduction band.
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occurs. But practically, a saturated current trace with some kinks

at the high voltage is observed on a curve tracer. If the measure-

ment is done slowly enough so that equilibrium is assurred, current

dropbacks would be observed (Fig. 2.4). Such an effect has not

been reported for GaAs in the literature. However, a similar

result on InP was published without explanation (8)
. More of this

will be discussed later in Chapter IV.

2.7 Discussion

In the previous sections, ideal situations have been assumed

for easy derivation of formulas. In reality, uncertanties as well

as non-ideal cases exist.

First, the transient signals may not be truly exponential. In

the previous discussion, an abrupt junction was assumed. Even so,

the exponential type of transient can only be assumed under high

reverse bias and low trap density conditions (26). Generally, the

edge of the depletion region is not abrupt, the free carrier

density Ns(x) at a distance x from the edge falls off (27)

according to

with

2
N
s

(x) = N
s

exp [-(x
2
/2

D)]

L
D

= (eKT/q
2
Ns)

1/2

(2.25)

(2.26)
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Figure 2.4 Current versus voltage plot for a GaAs FET-Like channel.
1..)The voltage ramp rate is < 0.1 Hz. o
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where LD is the Debye length and x is the distance from the outer

edge. This tail of free carriers, though very rapidly attenuated

on moving further into the depletion region, can affect trapping and

detrapping of deep centers that are located not too far from the

edge of the depletion layer. This effect might result in another

non-exponential component of the transient.

Second, the electric field itself affects the decay process.

In the previous discussions, the electric field has been assumed

only to provide a depletion region and played no role in either

trapping or detrapping processes. This is not true in cases when

the electric field strength is very large (28,29)
. Two kinds of

electric field effects might affect the thermal emission rates:

(1) the lowering of the potential barrier height (Frenkel-Pool

effect) (Fig. 2.5), and

(2) the tunneling effect

At lower applied voltage, the Frenkel-Poole effect dominates the

influence (29). For stronger electric field strengths, phonon

assisted tunneling was reported to be the major effect ThisThis

phonon assisted tunneling is a thermal equivalent of the optical

Franz-Keldsh effect. In a diode, the electric field strength

varies across the depletion region causing the emission rate to

vary, so the thermal transients are not true exponentials.

Third and finally, in doing DLTS measurements, each of the

time windows t
1
and t

2
is assumed to be infinitely small. If At is

not negigible, the en, should be changed to the following (31)



Trap Level

= Trr

Bottom of C.B.

Figure 2.5 The Frenkel-Poole effect. The solid line corresponds to the
potential well under no biasing electric field and the dotted
line corresponds to the potential well while an external biasing
electric field is applied.
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= (t
2

t
1
)
-1

{ln [(t
2

+ 1/2 (At))/(t
2
+ 1/2 (A0)j} (2.27)e

n,max

In this work, a fast A/D converter was used instead of a Boxcar

Averager. The transients studied are in the tens of milliseconds

range while the conversion time of the AID converter is 20 micro-

seconds. Therefore, this effect contributes little or no error.

Any of the situations discussed here would have an effect on

the actual value of trap energies. For a better and more accurate

result, a correction from the measured emission rate (29) is neces-

sary.
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CHAPTER III

EXPERIMENTAL

3.1 Sample Descriptions

Two types of GaAs test structures were used throughout this

study: (1) Field Effect Transistors (FETs) and (2) FET-Like chan-

nels (FLCs). Both structures were fabricated through a Si+ ion-

implantation process by the Applied Research Group at TEKTRONIX,

Inc. The implantation dose and energy vary from sample to sample

and will be discussed whenever a specific sample is mentioned.

Most of the samples used in this work are on undoped substrates

with 20 minutes, 800°C post implantation thermal annealing. The

FETs consist of conducting n-channels with Au-Ge-Ni ohmic contacts

on both ends (source and drain) and a Ti-Pd-Au Schottky gate on top

of the channel. The particular kind of FET used for the capaci-

tance DLTS measurements has both gate length and gate width of 100

pm and source-gate and source-drain spacings of 5um. The gate is

recessed by etching away 100A - 200A of the crystal surface to

obtain a better control of the channel depth and to reduce surface

effects. These FET devices are called FAT-FETs because of their

large gate area and are not actual devices for application but

rather for testing only. Device quality FETs usually have much

shorter gate lengths of 0.5-2.0 pm. Their junction capacitances

are too small for capacitance DLTS measurement and are usually

overwhelmed by fringing effects.

FLCs consist of conducting channels that are identical to FET

channels except without gates. They have widths of 100 pm and
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lengths of 16 pm, 8 pm and 4 pm. Ohmic contacts on both ends of

the FLCs are identical to the sources and drains of the FAT-FETs.

Figure 3.1 is a sketch of the geometrical dimensions of the test

structures. All sample surfaces are covered by a 3000 A silicon

nitride deposition layer. The nitride layer serves as a passiva-

tion layer which reduces the surface depletion width generated by

dangling bonds on the GaAs crystal surface.

3.2 Apparatus

An HP-85 desk top computer is used as the main controller of

the general-purpose automated data acquisition system. The inter-

face between the main controller and peripheral measurement equip-

ment is an HP 6940B multiprogrammer with an HP 59500A multi-

programmer interface unit. The general purpose interface bus

(GPIB) is the main mechanism of communication. The interface unit

converts the serial signal from the GPIB into a parallel signal

which the multiprogrammer can recognize. There are a number of

different individual boards ("cards") inside the multiprogrammer

which perform the necessary functions for data acquisition under

computer control. The Standard Input, Remote/Local, Logic & Timing

and Unit Select cards are necessary for addressing and computer

control. Others such as the D/A converter, A/D converter, Relay,

Output Breadboard, Input Breadboard and Voltage Regulator cards are

needed for the laboratory measurements.

The rate of software controlled message flow through the GPIB

is slow (about 20 Hz in this system). For some of the measurements

in this work (for example, DLTS), a much faster data acquisition
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Figure 3.1 Dimensions for (a) a FAT-FET, and (b) a FET-Like
channel used in this work.
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mechanism is needed. For that purpose, a rather antique but useful

core-memory computer, the PDP8/L is used. The PDP8/L serves as an

auxiliary controller. It acquires data when being triggered, takes

averages, and stores the data into its memory under the request of

the main controller.

Capacitance measurements are made with a Boonton 72B 1MHz

capacitance meter with lms response time. A Keithley 614 electro-

meter is used for current measurements by monitoring the voltage

drop across a known resistor. A type T (Copper-Constantan) thermo-

couple in conjunction with a linearized digital readout amplifier

(Omega Trendicator) is used for determining temperatures. The

thermocouple is pressed against the ceramic sample package to

ensure an accurate reading. A number of auxiliary electronic cir-

cuits (a trigger circuit to provide ten time-variable trigger

pulses for DLTS measurements, variable and precision amplifiers, a

temperature controller, current booster, etc.) were also built to

aid in signal conditioning and acquisition.

3.3 System Set Up

3.3.1 Capacitance DLTS measurement

Figure 3.2 is the block diagram of the capacitance DLTS

measurement system. Diode bias is provided by a D/A converter

under software control by the HP 85. A number of program-

controlled relays are used to enable the only A/D converter to

perform all the necessary conversions. The ten trigger pulses are

used to trigger the A/D converter externally to do the conversion
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Figure 3.2 Block diagram for automated capacitance DLTS
measurement.
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at five pre-selected pairs of time windows t1 and t2. The capaci-

tance transient signal is amplified before being fed into the A/D

converter to ensure a better resolution. At the end of each con-

version, data is sent to the PDP8/L for temporary storage. The

pulsing and conversion processes are repeated 128 times at each

temperature and then an average is taken to provide a better signal

to noise ratio. The PDP8/L then performs a subtraction between

each of the programmed window pairs t1 and t2 and stores these five

differences into its memory.

The HP 85 main controller checks the sample temperature before

and after each sequence of 128 measurements and rejects the data if

the temperature has changed by more than 0.4°K. The controlling

program then waits for the temperature to rise by 0.8°K before

starting the next sequence of measurements. When the highest pro-

grammed temperature is reached, the controller shuts down the

heater and retrieves the temperature and five difference values for

each T from the PDP8/L, storing them on a cassette tape. These

data are later processed and plotted on an HP 7225 plotter. Energy

levels and capture cross sections are calculated and plotted on a

single graph. Biasing levels can easily be changed to allow syste-

matic study of electric field strength influences and trap profile

information.

3.3.2 Current Versus Voltage (I-V) Measurement

The isothermal current versus voltage (I-V) relationships of

three different lengths of FLCs were measured consecutively at each

of several stabilized temperatures. Figure 3.3 indicates the block
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diagram of the measurement system. Temperature was controlled by a

proportional temperature controller through feedback from a sep-

arate copper-constantan thermocouple. Preliminary experiments

showed that the speed of the voltage sweep profoundly influenced

the I-V curve and that very slow rates produce the most interesting

results. Because of this and the need for better resolution, the

voltage was varied in 20 my steps, taking more than 3 minutes to

ramp from 0 to 10 volts and back to zero. The programmable D/A

converter provided only 5 mA maximum current output, so a current

booster was added to provide more than 100 mA capability. Data at

each stable temperature were taken and stored on cassette tapes for

later plotting.

3.4 Remarks

This measurement system can perform most of the laboratory

experiments automatically, subject to a good control software pro-

gram. It enables a large volume of data to be gathered in a short

time period and helps in providing systematic studies on the desir-

able subject without otherwise tedious human involvements. Some

possible future modifications will be discussed later.
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CHAPTER IV

I-V CHARACTERISTICS OF GaAs FET-LIKE CHANNELS (FLCs)

4.1 Introduction

The static I-V characteristics of FET-Like channels (FLCs) for

different voltage ramp rates (defined as the inverse of time period

in which the source-drain voltage sweeps from 0 to 10 volts) and at

various temperatures are presented in Sections 2 and 3 of this

Chapter. The remainder of the Chapter is devoted to the develop-

ment of a model which explains the I-V behavior. The data pre-

sented in this Chapter are from TEKTRONIX samples TEK 940-617 #1,

TEK 940-617 #2 and TEK 737-616. These are Si+ implanted samples on

undoped substrates. The implant dose for the 940 samples was 5 x

10
12cm-2 at implant energy 120 key. For the 737 samples the dose

was 4 x 1012cm-2 at 130 kev. The annealing temperature was 800°C

for 15-20 minutes for all samples.

4.2 Voltage Ramp Rate Effect

The I-V characteristics of a TEK 737-616 Sum FLC were measured

at different voltage ramp rates at room temperature. For DC or

slow ramp rates (<0.1 Hz), the I-V curves show an abrupt current

decrease as shown in Fig. 4.1. At higher ramp rates the current

dropback effect tends to be averaged out. The FLC acts like a pure

resistor at low applied voltages. As source-drain voltage

increases, current saturates at about 4 volts but does not stay

saturated. Instead, it falls drastically to a much lower value at

a threshold of 5.6 volts. As voltage further increases, the cur-



Figure 4.1 Current versus voltage relation-
ship of an 8 um FLC at 0.1 Hz
voltage ramp rate. The current
is measured as the voltage drop
across a 5Q resistor (horizontally:
1 V/div and vertically: 20 mV/div).

I
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Figure 4.2 Current versus voltage characteristic
at 2.0 Hz voltage ramp rate for the
same 8 pm FLC as in Fig. 4.1. The current
is measured as the voltage drop across a
5R resistor (horizontally: 1V/div and
vertically: 20 mV/div).
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rent stays at the lower level and only increases slightly. When

the voltage is decreased, the current decreases but does not follow

the previous curve. As the threshold voltage of 5.6 volts is ap-

proached, the current moves back to the higher level slowly and

smoothly rejoins the forward curve without any abrupt changes.

This hysteresis type of curve is called a "loop" for simplicity.

Loop shapes vary with the voltage ramp rates.

At slightly higher rates (Fig. 4.2), current increases slight-

ly before dropping back at the same threshold voltage (5.6

volts). This steplike increase becomes more apparent at higher

ramp rates (Fig. 4.3). This current increase effect offsets the

dropback and, although dropbacks are still observable, the previous

low level is not reached. As frequency increases further, a higher

voltage is needed to initiate the increase in current. Figures

4.4, 4.5 and 4.6 are the curves for three different frequencies.

It seems that there are two independent mechanisms, one causing the

current dropback and the other causing the steplike increase of

current. Similar dropback effects have been reported in InP (8)

In order to understand this phenomena, temperature dependent I-V

curves were measured at low ramp rate (<0.01 Hz) on FLCs of dif-

ferent lengths on the TEK 940-617 #1 sample. To find out the role

of surface effects, similar measurements were performed on a com-

parable sample (TEK 940-617 4 #2) with the nitride passivation layer

etched away. Deep traps are also suspected and capacitance DLTS

was measured on a nearby FAT-FET on each sample. The trap effects

will be discussed later.
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Figure 4.3 Current versus voltage characteristic
at 5.0 Hz voltage ramp rate for the
same 8 pm FLC as in Fig. 4.1 (horizontally:
1V/div and vertically: 20mV/div). The
current is measured as the voltage drop
across a 52 resistor.

Figure 4.4 Current versus voltage characteristic
at 10.0 Hz voltage ramp rate for the same
8 pm FLC as in Fig. 4.1 (horizontally:
1V/div and vertically: 20mV/div). The
current is measured as the voltage drop
across a 52 resistor.
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Figure 4.5 Current versus voltage relationship
at 100 Hz voltage ramp rate for the
same 8 pm FLC as in Fig. 4.1. Current
is measured by the voltage drop across
a 5S/ resistor (horizontally: 1V/div,
vertically: 20 mV/div).

Figure 4.6 Current versus voltage relationships at
1KHz voltage ramp rate for the same 8 pm
FLC as in Fig. 4.1. I is measured by the
voltage drop across a 52 resistor (hori-
zontally: 1 V/div, vertically: 20 mV/div).
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4.3 Temperature Effects on I-V Characteristics

Only the low ramp rate (< 0.01 Hz) I-V effect was studied

throughout these temperature measurements. At the lower applied

voltages, the FLCs behave like pure resistors throughout the whole

temperature range studied (80°K - 400°K). After current saturation

occurred, either abrupt current decreases or increases were

observed depending on the temperature. At temperatures higher than

220°K, abrupt current dropbacks were observed (Fig. 4.7). The

nominal field strength Ed (defined as the source-drain voltage at

which current dropback occurs/channel length) is found to decrease

with decrease of temperature for each fixed channel length and

increase with decrease of channel length at a given constant tem-

perature (Fig. 4.8). Ed is observed to vary between 5 to 15 KV/cm

and is much higher than the threshold field Eth (- 3.5 KV/cm) for

which electron transfer to the upper valley is believed to occur in

GaAs (32)

As shown in Fig. 4.7, the amount of current dropback increases

initially as temperature decreases to 267°K. Below this point the

size of the current dropback starts decreasing. For shorter chan-

nel lengths, the current decreases are less dramatic and the amount

of decrease is smaller. Figures 4.9 and 4.10 show some of the I-V

curves for 8vm and 4.vm FLC samples. At temperatures lower than

220°K, instead of abrupt current decreases, a step increase of

current was observed (Fig. 4.11). In this temperaure range, the

saturation current drops for each different channel length. The

nominal field strength Eu (defined as the source-drain voltage at
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Figure 4.7 Current versus voltage characteristics of a 16 pm
FLC at different temperatures. (a) 385.6°K, (b)
363.2°K, (c)
(f) 287.3°K,

346.5°K, (d)
(g) 267.7°K,

326.4°K, (e)
(h) 248.7°K,

306.9°K,
and (i)

228.7°K.
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Figure 4.8 Nominal field strength E as a function of
temperature for three dirferent channel lengths.
Ed is the field strength at which abrupt current
decrease occurred.
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Figure 4.9 Current versus voltage characteristics of an 8 pm
FLC at different temperatures. (a) 385.6°K, (b)
363.1°K, (c)
(f) 287.3°K,

346.4°K, (d)
(g) 267.7°K,

326.4°K, (e)

(h) 248.8°K,
306.8°K,
and (i)

228.7°K.
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Figure 4.10 Current versus voltage characteristics of a 4 1.1m
FLC at different temperatures. (a) 385.6°K, (b)
363.0°K, (c)
(f) 287.2°K,

346.4°K, (d)
(g) 267.8°K,

326.3°K, (e)
(h) 248.8°K,

306.8°K,
and (i)

228.6°K.
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Figure 4.11 Current versus voltage characteristics of a
16 pm FLC at lower temperatures. (a) 209.3°K,
(b) 190°K, (c) 170.3°K, and (d) 151.4°K.
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which current rises sharply/channel length) decreases as tempera-

ture decreases from 220°K until it reaches a valley at between

160°K and 180°K and then rises slightly at even lower tempera-

tures. Figure 4.12 shows the temperature variation of Eu. Current

dropbacks cannot be observed in this temperature range except at

around 84°K. At 84°K the current again drops back at a certain

field value Ed and increases at a higher electric field strength Eu

(Fig. 4.13). Similar to the higher temperature situation, the

amount of current increase is smaller for shorter channels. The

sample with nitride removed shows similar behavior. Thus, the GaAs

surface seems to make no appreciable contribution to these effects.

4.4 Discussion

The origin of the abrupt current dropback phenomenon described

in the last section has not been addressed in the literature. A

similar effect has been observed in InP (8) which was attributed to

the nonuniformity in the carrier densities at the surface of the

exposed channel and beneath the contacts. As illustrated in Fig.

4.7, the amount of current dropback can be as much as 30% of the

saturation current at some temperatures. Although field enhanced

trapping was considered as one possibility, DLTS measurements

failed to show sufficient trap concentrations to account for 30%

changes.

Thim et. al, (33,34) proposed the existance of a stationary

accumulation layer next to the anode contact on a two terminal n-

GaAs device with n+ cathode and anode. They showed that a sta-

tionary accumulation layer would occur at the anode contact if the
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Figure 4.12 Temperature variations of the nominal field strength
Eu for three different channel lengths. Eu is the
field strength at which stepwise current increase
occurred.



Figure 4.13 Current versus voltage relationship at 84.2°K
for a 16 pm FLC.
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following conditions are satisfied: (1) the product of doping

concentration n and channel length L is above 5 x 1012 cm-2 for n-

GaAs and (2) the doping fluctuations are smaller than 10%. If such

a stationary accumulation layer does exist, a large portion of the

applied voltage would drop across the accumulation layer and the

resultant smaller electric field strength in the channel would

cause a current dropback. Based on this mechanism, the current

dropback would have happened at or around the threshold field

Eth. Thim' s data confirms this argument.

As discussed in the previous section, the current dropback

reported here happened at a much higher field strength and only

happened at temperatures higher than 220°K or at 84°K. For ion

implanted samples, the doping-concentrations vary with distance

from the GaAs crystal surface into the wafer and are not con-

stant. Therefore, it is difficult to justify the two conditions

mentioned above for the existence of a stationary accumulation

layer. Similar current decreases in n-GaAs FET devices were pub-

lished (9) without comment.

The stepwise current increase was first reported by Goronkin

(9) et. al. in n-GaAs FET devices. Impact ionization of traps

located at the space charge region between channel and substrate

was believed to open up the channel and cause the increase in chan-

nel current. Channel current increases were reported at tempera-

tures between 250°K and 350°K for different gate biases and dif-

ferent backgate voltages (7 - 20V) (9). It was also reported that

the threshold field E
u at which current increase starts, increases
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Figure 4.14 The energy band diagram of the channel-
substrate interface.
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with increasing negative gate bias and with increasing negative

substrate bias. This argument seems to fit the experimental data

presented in the last section. However, several questions

remain. (1) The channel current increase was observed only in a

certain temperature range. It does not happen at room temperature

or higher. (2) Eu does not decrease monotonically with decreasing

of temperature. Instead, it decreases then increases slightly as

temperature decreases. Other phenomena such as low frequency

oscillations in n-GaAs two terminal devices reported by, among

others, Leach and Ridley (35,36) were also observed during the

course of this work in FLCs. Deep level traps were blamed as the

chief mechanism to slow down electrons and domain propagations.

Deep levels were also blamed for the breakdown of FET structures as

reported by Minura et. al., (38) and on the suppression of Gunn

oscillations as reported by Kostylew (39) et. al.

After considering all the possibilities, it seems only natural

to assume that deep levels play a role in slowing down the elec-

trons before they acquire enough energy to make the transfer. A

model to explain these phenomena and answer the above questions

will be presented in the next section.

4.5 The Model

4.5.1 Channel Current Saturation Mechanism

Channel current saturation has been observed in both FLCs and

FETs. There are two possible mechanisms that will slow down elec-

trons and cause the saturation in FLCs: (1) scattering due to
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phonons, scattering centers, deep traps, etc. and (2) reduced chan-

nel depth due to a channel-substrate interfacial space-charge

region. Phonon scattering is caused mainly by lattice vibra-

tions. It is more profound at higher temperatures due to increased

vibrations. Deep levels tend to re-emit trapped electrons faster

at higher temperatures and, therefore, might have less effect at

higher temperatures. Due to the small concentrations of deep

levels and other scattering centers, phonon scattering is the

dominant scattering process causing current saturation especially

at high temperatures.

Next consider the channel depth reduction mechanism. It has

been reported (16,47) that a channel-substrate interfacial space-

change region is caused by deep traps residing in the substrate for

n-GaAs channels. Negative charge is accumulated on deep electron

traps on the substrate side of the substrate-channel interface.

This negative charge is balanced by the positive space charge

region in the channel and produces the substrate-channel inter-

facial junction (Fig. 4.14). Deep levels are characterized by a

unique trap energy AE, measured from either the conduction band

edge (for electron traps) or valence band edge (for hole traps),

and a capture cross section a. The emission rates of captured

carriers are very temperature dependent as described by Eq.

(2.2). At higher temperatures, due to the high emission rate of

traps, most traps are unoccupied and the substrate-channel deple-

tion width is small compared to its width at lower temperatures.

This fact further confirms that channel current saturation is pri-
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marily caused by phonon scattering at higher temperatures.

Without any source-drain bias, the substrate is equivalent to

ground potential. Any higher substrate voltage results in forward

biasing the interfacial junction and the forward current of that

junction would eventually bring the substrate voltage back to

zero. Additional source-drain bias voltage will then reverse bias

this interfacial junction. It is more reverse biased at the drain-

substrate side then at the source-substrate end due to the channel

resistance.

The depletion width d across a p-n junction is proportional to

the square root of total voltage V (48) (V = Vbi-Vap, where Vbi is

the built-in voltage of this junction and Vap is the applied vol-

tage):

d a )177 (4.1)

For the same nominal field strength E along the FLC channel the

voltage across the channel is

and

V
SD

= E L

V
ap

= - V
SD

= - E L

(4.2a)

(4.2b)



Thus, under the same E, the interfacial depletion width under the

drain contact will be proportional to the square root of channel

length

dalVaiV
bi
+E L
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(4.3)

This indicates that the depletion width is larger under a longer

channel for the same nominal field strength E. At lower tem-

peratures when most traps are filled and phonon scattering is

reduced, the interfacial depletion width becomes the dominant chan-

nel current saturation mechanism. As described by Eq. (4.3), it

would take a larger nominal field strength E to start the satura-

tion for shorter channels. Figure 4.15 shows the experimental data

for nominal saturation field E
sa versus temperture with channel

length as a parameter. It clearly indicates that at lower tempera-

tures Esa is larger for shorter channels.

As far as current saturation is concerned, shorter channel

FLCs are less affected by channel-substrate interfacial depletion

width. The saturation current I
s
versus temperature for short

channels reflects mostly the phonon scattering influence. Figure

4.16 illustrates this phenomenon on a 4um FLC. Is drops slowly as

T increases. Longer channels experience more severe channel depth

reduction and their saturation currents, as indicated by Fig. 4.17,

reflect both effects as temperature changes. Since the two effects

behave in opposite manners when temperature changes, i.e., phonon

scattering increases with temperature while channel depth reduction
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Figure 4.15 Temperature variations of the saturation field
strength Esa for three different channel lengths.
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Figure 4.16 Saturation current I
s
as a function of temperature

for a 4 pm FLC.

r-s
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T

Figure 4.17 Saturation current Is as a function of temperature
for a 16 pm FLC.
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decreases, the saturation current Is exhibits a valley at tempera-

tures around 200°K. Applying backgate voltage enhances the valley

as shown in Fig. 4.18 and 4.19. Since negative backgate voltage

(VBG) tends to reverse bias the interfacial junction further, the

depletion width is increased under increasing negative VBG and so

the Is valley is enhanced. The Is valley starts at around 220°K in

the high temperature end and finishes at around 130°K at the low T

end with a minimum near 180°K. This behavior implies that the

particular trap involved in the formation of the interfacial space

charge region starts to have electrons trapped for a time duration

comparable to the measuring period (- 100 sec in this case) at

around 220°K and the interfacial depletion width starts to increase

significantly at that temperature. The depletion width reaches a

maximum at around 180°K. At that point all the contributing traps

are filled and the space-charge region can no longer expand. The

reduction of phonon scattering at even lower temperature helps to

bring the saturation current Is to a higher value.

To summarize, channel current saturation in FLCs is due mostly

to phonon scattering at higher tempertures and to channel depth

reduction at lower temperatures. The temperature dependence of the

interfacial depletion width has an important effect on FLCs' I-V

characteristics as will be discussed later in this chapter.

4.5.2 A Model for The Abrupt Current Reductions

It has been reported (31) that during electron transfer from

the lower r valley to the higher L valley, mobility could drop by

more than 30% of its peak value. This and earlier discussions in
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Figure 4.18 Temperature variations of the saturation current
Is for an 8 pm FLC at two different backgate biases.
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Figure 4.19 Temperature variations of the saturation current
Is for an 8 pm FLC at two different backgate biases.
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Section 4, led to the proposed model that the origin of abrupt

current dropback is deep level deferred electron transfer. For a

sample with very few traps, electrons stay in the r valley at lower

applied electric field strength and start the transfer process at

about Eth (= 3.5 KV/cm). In the presence of extra scattering cen-

ters (deep traps or unactivated silicon atoms), electrons, injected

from the source end and accelerated by the applied electric field,

collide with each other and with these extra scattering centers as

they move along the channel. These collisions prevent electrons

from acquiring enough energy for transfer to occur at Eth.

Increasing the bias voltage will result in increasing the elec-

trons' kinetic energy. As reported elsewhere (9'38), impact ioni-

zation of trapped electrons could happen under these operating

conditions. Figure 4.20 illustrates the band diagram of a GaAs FLC

under applied voltage V.

Suppose impact ionizations of traps started at Ax. The extra

positive charge left behind will produce an excessive electric

field strength to the left of Ax in region I. For a simplified

calculation, a sheet of positive charge with surface density a is

assumed to be located at Ax. The electric field strengths in

regions I and II have the following relationships.

E
I
= E

II
+ a/c

E
I
Ax + E

II
(L-Ax) = V

(4.4)

(4.5)
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Figure 4.20 Band diagram of a FLC under applied voltage V
before (a) and after (b) the generation of an
excess space charge layer a due to the impact
ionization of trapped electrons.



Solving Equations (4.4) and (4.5) gives

E = V/L + a/c (1-Ax/L)
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(4.6)

The excessive electric field strength AE defined as EI V/L is

given by

AE = a/c (1 Ax/L) (4.7)

Since impact ionization is very field dependent (40,41) , once

it starts at a certain position Ax, the excess field strength tiE

will help in accelerating electrons. Higher electron velocities

would then produce more impact ionizations and result in an even

higher AE. This process continued until tiE reaches a threshold

AEth. By then, electrons have acquired enough energy to transfer

to the upper L valley. Since electron transfer from r to L is due

to optical phonon scattering (42)
, the scattering time is of the

order of one picosecond and can be considered as instantaneous.

The average electron mobility and, thus, the overall current will

drop as soon as tiE reaches AEth. Due to the strong field depen-

dence of the impact ionization process, the excessive field

strength tiE will reach AEth over a small applied voltage range.

Hence, one can expect a drastic current dropback for a small change

in the applied voltage. This is consistent with the experimental

data of Fig. 4.7.
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Equation (4.4) clearly indicates that the amount of field

enhancement AE is larger if (1) channel length L is longer or (2)

the impact ionization happens at a position closer to the source,

i.e., at a smaller Ax. This implies that it is easier for impact

ionization and current dropback to occur in longer channels than in

shorter channels. The short accelerating path in a shorter channel

makes it more difficult for the electrons to build up their veloc-

ities and thus a higher field strength is needed to generate the

impact ionization. For shorter channels even after the impact

ionization has started at a certain Ax, it would require a larger

voltage increment before AE can reach AEth. This suggests that the

electron transfer and current reduction would be gradual and a less

dramatic current decrease is expected. Experimental data shown in

Figs. 4.9 and 4.10 confirm this prediction.

With or without extra scattering centers, electrons are scat-

tered by lattice phonons. Since phonon scattering is larger at

higher temperatures (43), it is harder for electrons to gain energy

at high temperatures. As a result, for the same channel length,

higher electric field strengths are needed to generate impact ioni-

zations and current dropbacks as temperature increases. Combining

the above arguments, the threshold field strength Ed for current

dropback to start would have to increase with increasing tempera-

ture and decrease with the increase of channel length which is

consistent with the experimental data shown in Fig. 4.8.

4.5.3 A Model for the Stepwise Current Increase

As discussed in section 4.5.1, due to deep traps present in
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the substrate, there is an interfacial depletion region between the

channel and the substrate. Under normal bias conditions, this

junction is reverse biased. The substrate current is the reverse

saturation current of this interfacial junction. Suppose the same

kind of impact ionization described in the last section happened

inside the interfacial space charge region, due to the bombardment

of channel electrons on trapped electrons in that depletion region,

the substrate current would increase (9). This increase in sub-

strate current would cause the channel-substrate junction to become

less reverse biased and would decrease the interfacial depletion

width, opening up the channel and producing an increase in channel

current. This increase in channel current reaches another satura-

tion value due to the same mechanisms discussed earlier in section

4.4 and results in the observed stepwise channel current increases

at low temperatures as shown in Figs. 4.11 and 4.13.

4.5.4 The Interrelationships Between Interfacial Depletion

Width and I-V Characteristics

From the above discussions, it is believed that impact ioniza-

tion of trapped electrons causes all the anomalous I-V characteris-

tics. If impact ionization happens along the channel, abrupt cur-

rent decreases would be observed. To have stepwise current

increases, the same kind of impact ionization must occur within the

interfacial depletion region. Since there is a built-in electric

field in the depletion region which has a direction normal to the

channel, a higher source-drain bias would be necessary to produce

the impact ionization inside the space-charge region as compared
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Figure 4.22 The channel profile of a typical FLC sample at
a lower temperature (<220°K) (a) and a simplified
schematic diagram for the same channel (b).
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with that required to happen along the channel. One would expect

to observe an abrupt current decrease before the current increase

could happen.

At higher temperatures, as discussed earlier, most deep traps

are unoccupied due to the high emission rate of trapped elec-

trons. The interfacial space-charge region is very narrow. The

profile of a FLC is shown in Fig. 4.21. Resistance along the chan-

nel is uniform. Increasing source-drain bias will accelerate elec-

trons until impact ionization occurs along the channel, resulting

in an abrupt current reduction as discussed earlier. After the

occurrence of current reduction, electrons have been transferred to

the L valley and are more difficult to accelerate (due to a larger

effective mass and a lower mobility). Within the applied voltage

range of 0 - 10V , impact ionization inside the depletion region

was not observed for T > 220°K.

When temperature is lowered below 220°K, trapped electrons are

released more slowly compared to the measurement period as was

discussed in section 4.5.1 through Figures 4.17, 4.18, and 4.19.

The channel profile is now changed to that shown in Fig. 4.22 (a),

and Fig. 4.22 (b) shows a simplified schermatic diagram simulating

the channel resistance. Due to the narrow-channel depth near the

drain, more of the applied voltage is dropped in region III than in

region I. Under this condition any impact ionization happening

along the channel would happen in region III. Thus Ax, the posi-

tion where impact ionization might happen, could be as much as two

thirds of the channel length 2L/3. According to Eq. (4.7), the
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residual positive charge might not generate a value of AE large

enough for electron transfer to happen. On the other hand, because

of the larger number of trapped electrons inside the depletion

region at this low temperature, impact ionization could happen

within the depletion region, reducing the depletion width, opening

up the channel and causing a stepwise current increase.

The relationship between interfacial depletion width and I-V

behavior is further clarified by Fig. 4.23 which has Is, Eu, and Ed

all plotted on the same figure. It is obvious from the figure that

stepwide current increases only happen in the temperature range

where the valley of Is occurs. In other words, unless the inter-

facial depletion width d is large enough, no stepwise current

increase can be observed. The above arguments answered the first

question raised in Section 4.4.

At low enough temperatures, the interfacial depletion width

would increase to a maximum value corresponding to the filling of

all deep traps in the substrate. After that maximum width has been

reached, further decrease of temperature would only decrease phonon

scattering and make impact ionization on both channel and inter-

facial depletion region easier to happen. Due to less phonon scat-

tering at lower temperatures, Eu would be expected to decrease

monotonically as temperature decreases. But because of the compe-

tition from impact ionization happening in the channel, Eu may

reach a minimum value when d reaches its maximum (at around

180°K). Experimental data on Fig. 4.23 show a slight increase of

Eu after temperature goes below 180°K. Therefore, according to the
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temperature dependence of the interfacial depletion width, the I-V

behavior switches from an abrupt current drop at higher tempera-

tures to a stepwise current increase at lower temperatures. The

switch of phenomena is not dramatic. Both processes could be

observed at intermediate tempertures as indicated in Fig. 4.7

(h). This last argument answered the second question raised in

section 4.4.

4.6 Explanations of the Voltage Ramp Rate Effect

The low voltage ramp rate (< 0.01 Hz) I-V characteristics of

GaAs FLCs have been modeled in the previous section. After one

complete voltage scan (from 0 to 10 volts and back to 0), the chan-

nel can be considered to have returned to equilibrium, that is, all

the traps are refilled by electrons after being released during

impact ionization. The field enhancement AE is zero when the

applied voltage disappears. Because of the slow voltage ramp rate,

one can get independent and repeatable results from scan to scan.

For higher ramp rates the above equilibrium might not be achieved

and AE might not return to zero after each complete voltage scan.

The channel suffers the effect of residual positive charges and a

residual excess field strength L,ER. This AER causes some electrons

to transfer at a smaller applied voltage and reduces the overall

current. The saturation current I
s

is thus expected to decrease as

voltage ramp rate increases. Fig. 4.24 confirms this prediction.

Because electrons are transferred gradually with the help of

AER, the abrupt current decrease will be less visible as ramp rate

increases. Experimental data shown in Figs. 4.1 through 4.6 indi-



25 -

20 -

a

'~15

66

10
. 01 .1 1 10 100 1K 10K 100K

Fran (Hz)

Figure 4.24 The saturation current Is as a function
of frequency for an 8 pm FLC.
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cate a decrease of abrupt current dropback as ramp rate changes

from 0.1 Hz to 5 Hz. The current reduction is not observable at

rates higher than 10 Hz. At sweep rates above 10 Hz, channel elec-

trons transfer to the upper valley at very low voltages, accelerate

with further increase of applied field strength and, thus, are able

to create impact ionization within the interfacial space charge

region. This latter effect reduces the interfacial depletion

width, and stepwise current becomes visible as indicated in Figs.

4.4, 4.5, and 4.6. This phenomenon is a further evidence for the

proposed model for GaAs FLC's I-V characteristics.

4.7 I-V Hysteresis

The hysteresis of GaAs channel current has been reported often

in the literature (43,44,45)
. It is often referred to as a

"loop". Deep traps have always been blamed. Based on the model

presented here, trapped electrons are knocked out of deep levels

when the applied voltage exceeds the impact ionization threshold

and either channel electrons transfer to the higher valley resul-

ting in abrupt current decreases or the interfacial depletion

region is reduced causing stepwise current increases. In either

case, when the applied voltage decreases, unless electrons are

retrapped by the deep levels at exactly the same threshold voltage,

channel current will not be identical to the previous pre-impact

ionization value. This results in an I-V hysteresis. When the

applied voltage ramps down from a higher value, the presence of a

field enhancement tER resulting from the previous impact ionization

process helps channel electrons to obtain higher velocities and
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become more difficult to capture. Therefore, the re-capture of

electrons by deep traps will not happen at exactly the same thres-

hold field strength for which impact ionization occurred. The

differences in the field dependence of the impact ionization pro-

cess and its reverse cause different forward and backward I-V

traces. This is the main mechanism responsible for the I-V

hysteresis phenomenon observed in this work.

4.8 Conclusions

Experimental data on temperature related I-V characteristics

of GaAs FLCs and a proposed model for its explanation have been

presented in this chapter. Deep traps are the major cause of all

the abnormal effects. The characteristics of these traps will be

discussed in next chapter.
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CHAPTER V

DLTS RESULTS AND ANALYSIS

5.1 DLTS Results

Capacitance DLTS measurements were performed on the TER 940-

617 sample. A bias voltage consisting of a quiescent reverse bias

VR and a forward pulse VF was applied to the large area Metal-

Semiconductor Field Effect Transistor (FAT MESFET or FAT-FET for

simplicity). The difference in the capacitance transient at two

different time windows t
1
and t

2
was plotted against temperature as

described in Chapter two. The reverse quiescent bias VR gives a

definite depletion width w within which all emptied traps and

emptied shallow donors contribute to the capacitance signal. The

capacitance transient is caused mainly by electrons, captured by

traps during the forward bias pulse, being re-emitted to the

conduction band. Varying VR varies the quiescent depletion width

which changes the number of traps contributing to the transient

signal.

Since the depletion width w is proportional to the square root

of VR, i.e., w a V with V
bi

being built-in voltage of thisbi R

junction, one would expect the number of traps involved in the

transient to be proportional to /777. From a simplified model

(11)
, the peak height of the DLTS spectrum AC and the trap concen-

tration N
T have the following relationship:

N
T
= 2 (AC /Cm) N

s (5.1)
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where C. is the quiescent capacitance value and Ns is the shallow

donor concentration. Ideally, if VR is varied systematically to

make several DLTS scans, a trap concentration profile can be

obtained (11'49).

Throughout this work, VF was kept at +0.2 volt and several

VR's were used. The resultant spectra taken for the window pair

5ms/lOms, are shown in Fig. 5.1 (a) through (e). Several observa-

tions can be made.

(1) The shapes of spectra are uncorrelated for different VR,s,

e.g., peak positions shift and peak heights change non-

uniformly.

(2) For small reverse biases, peaks appeared at both low and high

temperatures, but for large VR, only the high temperature

peaks are observed.

(3) The peak heights are sometimes large. Table 5.1 shows the

different peak heights at different biases. These peak sizes

increase at a rate much greater than the increase of

Vbi - VR .

(4) The relative peak heights of different traps change with

quiescent bias VR. This, according to Eq. (5.1), seems to

indicate that the relative trap concentrations vary at dif-

ferent spatial positions w.

(5) A negative peak is observable at VR = -0.5 V. According to

the theory described in Chapter two, a negative peak in a p-n

diode would mean a minority trap. However, for the Schottky
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Figure 5.1 Capacitance DLTS results for a FAT-FET on TEK
940-617#1 at different quiescent biases (a) -
0.2V, (b) - 0.5V, (c) - 0.7V, (d) - 0.9V, and
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Table 5.1 DLTS peak heights and their ratios for the TEK 940-617 #1 Sample

Quiescent
Reverse Bias
VR (Volt)

Peak** Height (pf)
El E2 E3

Peak Ratio
El/E2 E3/E2

**

bi R

.2 5x10-4 1x10 4 2x104
5.0 2.0 1.0

.5 8.6x10 3 1x10-3 8x10-4 8.6 0.8 1.14

- .7 0 8x103 1.5x10 3 0 .1875 1.22

.9 0 4x10 3 2.5x103
0 .625 1.30

V = .8V is used for calculation

** El, E2 and E3 are the three peaks in increasing Tmax order.
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diode used in this work, minority traps should not be obser-

able under capacitance transient measurements.

(6) For IVR1 > 1.1V, all DLTS signals disappeared.

(7) Photographs of actual capacitance transients at different

temperatures for different VR,s were taken which exhibit tran-

sients of different sizes and time constants as expected from

the DLTS peaks (Fig. 5.2).

All the above observations cannot be explained using the sitar.

ple model discussed in Chapter two.

The measurement results from the window pair 5 ms/10 ms came

out on similar samples are shown in Figures 5.3, 5.4, and 5.5.

These samples are TEK 1052(4), 1052(5) and 1052(6) which have Si+

implant doses of 6E12 cm 2, 5E12 cm 2 and 4E12 cm 2, respectively,

on undoped GaAs substrates. Implants were done at an energy of 130

Kev through a 1000 A Si02 protective layer. Annealing was done at

800°C for 20 minutes. Tables 5.2, 5.3 and 5.4 summarize the

data. The same tendency as described earlier for sample TEK 940-

617 is again observed. The quiescent bias at which the large DLTS

signal appeared increases as implant dose increases. The voltages

for the large increase are -2.0 volt for 1052(4) (dose 6E12 cm-2),

-1.5 volt for 1052(5) (dose 5E12 cm-2) and -0.7 volt for 1052(6)

(dose 4E12 cm-2). This suggests that the implantation profile

might be responsible for the lack of correlation.

The doping profile of ion implanted samples is believed

(51,52) to have a near-constant doping region followed by a graded

tail region as described in Fig. 5.6. Since the formulas derived
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Capacitance DLTS results for a FAT-FET on TEK
1052(5) at different quiescent biases, (a) -0.7V,
(b) -1.1V, (c) -1.5V, (d) -1.7V2 and (e) -2V.
The implant dose was 5E 12 cm
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Table 5.2 DLTS peak information for the TEK 1052(4) sample

Implant Dose = 6 x 10 12 Cm2

Quiescent
Reverse Bias Peak** Height (pf)
VR (Volt) El E2 E3

Peak Ratio
E1 /E2 E3/E2 V

bi
- V

R

- .5

-1

-1.5

-2.0

-2.2

-2.5

=Vbi

4x10-4 4x10-4

4x10 4 4x104

6x10-4 6x10 6

6.4x10 4 9.6x103

0 2.35x10

0 0

0.8V is used for calculation
'

2

6x10-4

6x10-4

9x10-4

6.4x103

4.4x10 3

0

1

1

1

0.67

0

0

1.5

1.5

1.5

0.67

0.187

0

1.14

1.34

1.52

1.67

1.73

1.82

** El, E2 and E3 are the three peaks in increasing Tmax order



Table 5.3 DLTS peak information for the TEK 1052(5) sample

Implant Dose = 5 x 1012 Cm2
Quiescent

Reverse Bias
VR (Volt) El

Peak** Height (pf)
E2 E3

Peak Ratio
E1/ E2 E3/E2 /7-7777

bi VR

- .5 3 x 10 4 3 x 104 8 x 104
1 2.67 1.14

.7 4 x 10-4 4.5 x 10-4 9 x 10-4 .89 2.0 1.22

.9 5 x 10 4 6.8 x 10-4 9 x 10-4 .86 1.55 1.30

-1.1 6 x 10-4 5 x 10-4 1 x 10 3
1.2 2.0 1.38

-1.5 0 2 x 102 3 x 10 3
0 0.15 1.52

-1.7 0 1.18 x 10 2 8 x 10-3 0 0.44 1.58

-2 0 0 0 0 / 1.67

* Vbi = .8 V is used for calculation

** El, E2 and E3 are the three peaks in increasing Tex order

*



5.4 DLTS information for the TEK 1052(6) sample

Implant Dose = 4 x 1012 cm2
Quiescent

Reverse Bias Peak** Height (pf)
VR (Volt) El E2 E3

Peak Ratio
E1/ E2 E3/E2 V V

bi
V
R

.2 2.5 x 10-4 / 7 x 10-4 /

.5 6 x 10-4 1.25 x 10-3 1.15 x 10 3 .48 .92 1.14

.7 4.2x 103 5.3 x 103 1.8 x 10-3 .79 .34 1.22

.8 0 2 x 10-2 3.2 x 10 3 0 .16 1.26

.9 0 2.6 x 10 2 4 x 10 3 0 .15 1.30

-1.0 0 9.5 x 10 3 5.6 x 10 3 0 .59 1.34

-1.2 0 8x 104 6x 103 0 .75 1.41

-1.5 0 0 0 / 1.52

=Vbi .8V is used for calculation

** El, E2 and E3 are the three peaks in increasing T order



X

Figure 5.6 Doping profile for an ion implanted sample.
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in Chapter two are based upon the assumption of constant shallow

donor concentration, the tail region might be responsible for the

effects previously reported in this chapter. In an attempt to

verify the effect of the implant tail, capacitance versus voltage

(C-V) measurements were made at various fixed temperatures and 1/C2

versus V was plotted for each temperature. These C-V results are

the subject of next section.

5.2 C-V Results

Capacitance versus voltage (C-V) measurements were performed

on each of the FAT-FETs at various fixed temperatures. For

Schottky diodes, the relationship between diode capacitance C,

applied voltage Vap and diode parameters is given by (53)

1/C
2

=
2

q N A
s o

2
(V

bi
V
ap

) (5.2)

where A
o
is the diode area

,
N
s
is the shallow donor concentration

and c is the dielectric constant. Since 1/C 2 versus V curve would

show the general information of shallow donor concentration Ns,

1/C2 vs V curves are plotted for each C-V data set. A typical C-V

plot is shown in Fig. 5.7 and Fig. 5.8 shows a typical 1/C2 versus

V relationship. Three voltages V1, V2 and Vp.o. are defined as

follows (Refer to Fig. 5.8):

V1 is the voltage where 1/C2 starts rising dramatically. This

is also the voltage where the depletion edge reaches the

point of sharp decrease of Ns.
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Figure 5.7 Typical capacitance versus voltage plot
for an ion implanted FAT-FET.
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Figure 5.8 1/C2 versus voltage plot derived from Fig.
5.7. Note the three voltages Vp.0., V1
and V2 defined in the text.
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V2 is the voltage in which the slope of 1/C2 vs V curve (which

is proportional to 1/Ns) starts to deviate from constant

value. It is also the voltage where the depletion edge

reaches the point at which Ns starts to decrease from its

near-constant surface value.

Vp.o. is the starting voltage where capacitance does not

change with further increase of bias. This is defined

as the pinch off voltage of that diode.

The C-V data indicate that N
s

stays constant near the surface and

drops quickly further into the wafer. Figures 5.9, 5.10 and 5.11

show the temperature dependence of VI, V2 and Vp.o.. All three

voltages increase as temperature increases for each sample and also

increase as implant dose increases at each constant temperature.

The variation of V1, V
2
and Vp.o. due to change of temperature is

believed to be caused by the shift of Fermi level Ef as temperature

changed. Detailed examination of the DLTS traces and C-V results

shows the following facts:

(1) The bias voltage where all DLTS signals disappear is the

voltage where the channel is pinched off at all tempera-

tures.

(2) The bias voltage at which DLTS signal starts to increase

rapidly lies between V2 and Vp.o.. This means that the

applied bias has brought the depletion region into the

graded tail of the implant region.



12212122121 22112221111112122221122211
330 380 430

T (K)

130 180 230 280

Figure 5.9 Temperature variations of V1 with implant dose
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depletion edge reaches the sharp decrease of Ns.
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voltage for a FAT-FET under three dif-
ferent implant doses.
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(3) Those DLTS spectra which show peaks at high temperature

only (e.g., Fig. 5.3(e)) have bias voltage greater than

Vp.o. at low temperatures but not at high temperatures.

This suggests that the channel is pinched off at low

temperatures.

These observations lead to the following possible explanations:

(1) The disappearance of the DLTS signal is due to a pinched

off channel.

(2) The enhancement of the DLTS signal is due to the graded

doping tail.

(3) Since V
p.o. increases as temperature increases, bias vol-

tages which nearly pinch off the channel at room tempera-

ture might pinch it off at low temperatures.

A proposed model and computer simulation, developed to explain

the above data, are presented in the following sections.

5.3 The Effect of Pinched Off Channels on DLTS Signal

Typical n-type GaAs FAT MESFETs consist of a Schottky gate and

an n-channel with ohmic contacts on each end. It is essentially a

Schottky diode between gate and ohmic contacts. Throughout this

study the ohmic source and drain contacts are shorted together to

give a symmetrical diode. A quiescent reverse bias VR and forward

bias pulse VF are applied to the diode for DLTS measurements.

During the forward biased time interval, electron traps inside the

depletion region are filled. After the bias returns to its quies-
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cent value, trapped electrons are re-emitted through thermal emis-

sion leaving fewer negative charges inside the depletion region.

Since the voltage drop across the junction stays constant, elec-

trons near the back edge of the depletion region would drift across

the boundary resulting in a smaller depletion region. This change

of depletion width causes the capacitance transient. If the chan-

nel is completely pinched off, there are no carriers near the back

edge of the depletion region. The depletion region now extends

throughout the semi-insulating substrate. Although traps are

filled during the forward pulse, it is not possible to have a

changing depletion width due to the lack of carriers under the

condition of pinched off channels. The small change of charges

inside the depletion region, due to the re-emission of trapped

electrons, is not observable by capacitance measurement under the

conditions of the depletion width. Thus, no capacitance transient

and, hence, no DLTS signal can be observed. This is confirmed by

experimental data (Fig. 5.1(e), 5.3(f), etc.)

5.4 Model and Simulation

5.4.1 Derivations

A trapezoidal doping distribution is proposed as an approxi-

mation to the ion-implanted shallow donor concentration profile, as

illustrated by Fig. 5.12. The shallow donor concentration Ns can

be described as follows:

L

0 < x < w
o

N
s

=
o

po - a (x-w 0) wo < < wt
(5.3)



Figure 5.12 Idealized doping profile for ion implanted sample.



where po is the constant doping level, ;470 is the width over which

the doping concentration remains constant at po, wt is the total

channel depth and a is the slope of the graded doping tail. It is

further assumed that the trap concentration is related to the sub-

strate only and is not affected by the ion implantation process,

thus staying constant throughout the wafer. Equation 5.4 is the

Poisson's equation, with two sources of charge: (1) shallow

donors Ns and (2) ionized traps NT+.

and

2

= - (N
s T
+ N+)

ax
2 e

NT N
T

(1 exp (- e
n

t))
T
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(5.4)

(5.5)

where N
T is the ionized trap concentration at time t, en is the

emission rate and N
T is the total trap concentration. Based on the

principle of superposition, equation (5.4) can be solved separately

for each source.

and

2
3 V

I

3x
2

= - N
S (5.6.1)

(5.6.2)



with

V = VI + V
II
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(5.6.3)

The following derivations are based on the situation that the

applied voltage Vap drives the depletion width into the graded tail

region, i.e., 1.70 < w < wt. Equation (5.6.1) can be rewritten as

follows:

d2V
I o

/c o < x < w
o

dx
2

1--i (p
0

- a (x-w
0
)) wo<x<w

6

Integrating Eq. (5.7) once with the boundary conditions:

dV dV
I

(1) dx
0 at x = w and

dx
is continuous at x = w

o
gives

where

and

clPo
dVI x + A o<x<wo
dx 6 2

eq (p0
+ a wo) x x

2e
+ B

'

wo < x < w

B (p + a wo) w - TAT2
E o 2e

qa 2

2e wo

(5.7)

(5.8

(5.9)

(5.10)

Further integration of Eq. 5.8 with VI continuous at x = wo as the

boundary condition gives



2

P wAV, = - vi(o) . (- w3 a w2 o a 31

E 3 2 o 2 -6 wo /
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(5.11)

Next, consider the contributions from a single deep trap at energy

E
T.

d
2
V
I

N
T

--q, o <x < w-X
dx

2
(5.6.2)

Only traps located between x = 0 and w - X contribute to VII where

is the distance from the depletion edge w to wh_ e the Fermi

level Ef and trap level Et meet each other as illustrated by Fig.

5.13. Double integration of equation

N
+

AV =

(5.6.2)

a

0 '

3\

gives

N
T (w_x)2

(5.12)

(5.13)

2e
q

Thus

AV = AV + AV
II

= V
bi

- V
ap

Pa

-S
w3

a

wo w
_2

2

o w2
-

e 2c

This is the total voltage across the junction which gives the rela-

tionship between depletion width w and applied voltage Vap. Vbi is

the built-in voltage of this junction which ranges between 0.8 ev

and 0.9 ev (53) for n-GaAs with a gold metal gate. The total

charge involved in this junction AQ is the sum of all charges

inside the depletion region, i.e.,
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Figure 5.13 Band diagram for a Schottky diode. X is
the distance between the depletion edge
and the point where Ef and Et coincides.
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AQ = qA
o 0 o 0

[f ° p dx + f: po a (x-wo) dx + fw-
T

X N+ dx] (5.14)
0

where A0 is the junction area. The analytical form for AQ is as

follows:

a a
AQ = qA0 [pow -iw

2
- -27 wog + awow + NT (w -X)] (5.15)

The junction capacitance C =
dQ

can be obtained from Eqs. (5.13)
dV

and (5.15).

+ dX
a (w-w

o
) p

o T
- N

+
+ N ---

T dw
C = cA

o 2
aw - aw ow - pow - N+ (w-X)

(5.16)

Since N
+
is a function of time, Eq. (5.16) actually describes the

capacitance transient.

dX
To calculate the capacitance C, equations for A and T-4 must be

derived. There are two possibilities for the position of w-X in

which E
f
and E

t
coincide: (1) 0 < w-X < w

o
and (2) w

o
<

w -A < wt. A can be found from the fact that the voltage drop

from x = w -A to x = w is Ef - E
t

. Double integration of Poisson's

equation gives the reltionship for A,

For w-X < w Ef-Et =o' 2e 2 o 6e

o 2 aa
X (w-w )

2
X + -22 (w-w )3

For w-X > w ; E -E =
qa

X
3 q 2

(aw-aw -p ) X
o f t 6e o o

From Eqs. (5.17) and (5.18), dX can be obtained:
dw

(5.17)

(5.18)



a
dX

as (w-w
o 2

) (w-w
o
)
2

For w-X < w
o

;

dw a 2

XPo 2 (wwo)

For w-X > w
'

dX aX
2

odw a 2
X 2X (aw-aw -p )

o o
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(5.19)

(5.20)

These formulas are derived based on a single deep trap only. Minor

changes have to be made to accommodate multiple trap situations.

Table 5.5 lists all the modified equations that would be useful for

the computer simulations described in next section.

5.4.2 Computer Simulation

Based on the equations listed in Table 5.5 and given initial

conditions (applied voltage Vap, doping concentration parameters

p
o
and a, trap concentration NT, together with a temperature

dependent semi-emperical fomula for wo derived from experimental

data), the simulation proceeds as follows:

(1) Equations (5.23), (5.24) and (5.26) indicate the complex

interrelationship between X and w. Both parameters can

be evaluated by performing a time consuming self-

consistent iteration process. However, to minimize com-

putation time, a simplier algorithm was employed. At the

lowest temperature, w = wt was used to find the

X
i
's through equations (5.24) and (5.26). w(t) was then

solved from Eq. (5.23). After Xi's and w(t) were

obtained, clA and C(t) were calculated from equations
dw

(5.25), (5.27) and (5.21).



Table 5.5 Summary of important equations

For large bias with wiz:. < w < wt:

capacitance transient,

+
dX

a(w-w
o
-p -EN +EN

o Ti 1 Ti dwC = eA
o

wa2 - aw
o
w

o
(w -X.)

t Ti

Ionized trap concentration,

NTi = N
Ti

(1-exp(-e
nl

Relation between depletion width w and applied bias Vap,

(5.21)

(5.22)

q a 3 a 2 Po 2 a 3 q (w-X)2AV = V
bi ape 3 2 o 2w Z. wo 2e "ti (5.23)



Table 5.5 Summary of important equations (Cont.)

dXEquations for A and z7 ,

for w-X < w
o

;

Poq x2 qa 2 qa (w...w0)3E E (5.24)f ti 2c i 2c ol
A.

6c

d, aX, (w-wo) 2 (w-w0)2

dw a 2

AiPo (w-wo)

for w A > wo;

E
f

- E
ti 6e

= 11.
1

1 (ow aw
o

p
o
) A

2

e

(5.25)

(5.26)



Table 5.5 Summary of important equations (Cont.)

dX aX.
2

dw a 2
Ai 2Xi (aw- awo- po)

For small bias with w < wo
(12)

26 (E
f

E
ti

)
11/2

X
i

q2 Ns

Capacitance transient,

(5.27)

(5.28)

+ +

C(t) =
Ao

6 A
eqpTi Xi N

s i
+ Z N

2 Ti 11/2
([

+
0

2
q

-126 (V) q f Xi
2
NTi 26 (AV)-q f NTi

+

A6qENX
o Ti i

26 AV q EN X.
2

Ti

AV = V
bi

V
ap

(5.29)
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(2) As temperature was increased in the process of simula-

tion, the depletion width w from the previous temperature

point was used as a known value to solve for the X
i
's .

The rest of the process was identical to (1) and was

repeated until the highest temperature had been reached.

(3) At each temperture, the depletion width w was tested

against w0 and wt. Decisions were made based upon the

following conditions.

(i) If w < w
o' equations (5.28) and (5.29) were used.

(ii) If w0 < w < wt, equations (5.21) through

(5.27) were used

(iii) If w > w
t'

C = 0 at all times.

dN

dx
s

Due to the discontinuities of at x = w
o

and w
t'

discontinuities

in the simulated DLTS signal might also be possible.

5.4.3 Simulation Results

50)16,The well known electron trap level EL(2) (13,16,50) AE =

.75 ev, a
n

= 2.7 x 10
-13

cm
2
was first put into the simulation pro-

gram under different bias conditions. Figures 5.14 (a) and (b)

show the resultant DLTS traces under -.5V and -2.2V biases for five

different time window pairs. The initial conditions are listed

next to the figures. These biases are specially chosen so that at

-.5V the depletion width is smaller than wo while at -2.2V,

wo < w < wt is assurred. From the simulation results, the peak

height for curve (a) is 9.69 x 10-16 farad and for curve (b) it is

1.21 x 10-14 farad. The ratio of the two peak heights is 12.5.
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Figure 14. Simulated DLTS results for the EL (2)
electron trap level at two different
biases (a) - 0.5V and (b) -2.2V.
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The expected peak size enhancement due to the unveiling of more

traps because of bias change is only 1.5 times for the difference

from -.5V to -2.2V.

These results show that dramatic peak height enhancement did

happen when the applied bias drove the depletion width into the

graded tail region. Experimental data described in earlier section

confirms this result. The physics behind this peak enhancement

comes from the fact that less background doping concentration in

the graded tail region requires larger change of depletion width to

maintain the constant voltage across the diode during the electron

re-emission process. A larger capacitance transient is thus expec-

ted. The peak positions of the five window pairs for both bias

situations were fed into another PLOT routine to calculate energy

level AE and capture cross section a. This PLOT routine is based

on a simplified capacitance transient equation.

C(t) = C (0:) - (C (co) - C(0)) exp (-ent) (5.30)

and was used to evaluate AE and o from measured experimental

data. The results are shown in Figs. 5.15 (a) and (b). The cal-

culated trap levels are .752 ev and .755 ev, respectively, which

are consistent with the initial .75 ev assumption. One can con-

clude that even through peak height may not be proportional to the

actual trap concentration, the DLTS measurement technique is still

a useful method to measure trap energies and trap capture cross

sections. Although the capacitance transient equations (5.23) and
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(5.29) are quite complicated, the simplified Eq. (5.30) is suffic-

ient for the calculation of E. Also, notice that the peak posi-

tion shifts slightly toward higher temperature under higher bias

conditions. This shift is small and has little effect on the trap

energy calculations.

In an attempt to answer some of the unexplained experimental

facts discussed earlier in this chapter, a seven-trap system with

arbitrarily chosen trap energies and capture cross sections was put

into the simulation program under various bias conditions. The

assumed initial conditions are listed in Table 5.6. The results

are shown in Figs. 5.16(a) through (i). Note the following behav-

ior:

(1) Only four distinct peaks can be observed out of the

seven-trap system. Traps with similar energy levels

might not be detectable from the DLTS scan. This indi-

cates one of the problems inherent in any trap char-

acterization method using transient measurement tech-

niques.

(2) Relative peak heights change with applied bias. Peaks

appearing at higher temperatures have larger size incre-

ments with increasing bias than do those appearing at

lower temperatures. The temperatures of highest peak

shifts from 208°K at -.1V to 228°K at -.5 V and moves to

353°K at -1V. This shows again that peak height is not a

good measure or even an indication of trap concentration.
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Table 5.6 Initial conditions for the seven-trap system

N
s
= 1 x 1018 cm-3

Trap # AE (ev)

a= 1 x 1024 cm74

a (cm2)

WT-Wo = 1 x 106cm

NT (cm 3)

1

2

.4

.45

1 x 10-13

2 x 10-13

1 x 1016

1.1 x 1016

3 .5 5 x 10
-13

1.5 x 1016

4 .6 3 x 10-13 1.4 x 10 16

5 .7 1 x 10-13 1.3 x 1016

6 .75 2.7 x 10-13 2 x 1016

7 .8 5 x 10-13 1.5 x 10 16
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(3) Absolute peak height increases from 1.5 x 10
-15

farad at

-.1V to 2.6 x 10-14 farad at -2.2V. The ratio of

/7bi 777 is 1.8 for the two different biases, yet the

peak height ratio is 17.3. This further confirms that

the graded doping tail boosts the transient signals.

Experimental data discussed in earlier sections exhibits

a similar effect.

(4) Peaks appearing at lower temperatures might disappear

under higher bias voltages as indicated in Figs. 5.16 (g)

and 5.16 (h). Only two peaks can be seen under -2.45 V

bias and only one at -2.55V. At -2.8 Volt all signals

have disappeared indicating a completely pinched-off

channel. This is also observed experimentally.

(5) Some discontinuities are observed in the simulated

data. This is due to the non-physical discontinuities of

dN
s
/dx introduced into this model.

(6) Even though all seven traps are electron traps, a nega-

tive peak is clearly visible at 193°K under -2.3 V

reverse bias. This indicates that the capacitance tran-

sient signal Eq. (5.21) from the graded doping tail can

provide an artifact of negative going peak. The simu-

lated capacitance transient signals between time 0 and

100 ms are shown in Figs. 5.17 (a) and (b) under -.5V and

-2.3V bias conditions. The shapes of the transients are

consistent with the sign of the DLTS signals. The nega-

tive going peak and its hole-like transient were observed
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Figure 5.17 Simulated capacitance transient for the
seven-trap system at 190°K under two
different biases, (a) -0.5V and (b) -2.3V.
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experimentally as indicated by Fig. 5.1 (b) and Fig.

5.18.

From the above discussions, all the difficulties in explaining

uncorrelated DLTS signals are actually solved by considering the

existance of a graded doping tail due to the ion implantation pro-

cess. The above arguments do not mention the influence of the

biasing electric field. One can expect the field-enhanced detrap-

ping would complicate the DLTS traces further. C-V measurements

confirm that even the commonly used implantation dose of 5 x 10 12

cm 2 creates a shallow donor concentration of - 8 x 10 17 cm 3.

This relatively high doping concentration makes the field

enhancement effect even more profound. Since the presence of an

electric field tends to help the emission process, peak positions

would be expected to shift toward lower temperatures due to the

effect of this electric field. As indicated earlier in this

section, the peak position influenced by a graded doping profile

tends to shift toward higher temperature under higher bias. Higher

bias also results in a higher electric field strength and the

combination of both effects would give various DLTS results which

might be unexpected from any simple analysis. Due to all the

complications, it is difficult to assign accurately an energy level

and a capture cross section to each of the peaks.

5.5 The Deep Trap that Affects the Anomalous 1-V Characteristics

The measurement time for the 1-V characteristics described in

the last chapter was around 100 sec. The trap involved in the
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anomalous I-V phenomenon was believed to have an emission rate

comparable to the measuring speed of 10-2 sec-1 at around 220°K.

From DLTS results, the trap that showed a peak at around 250°K

under the time window pair 5ms and 10ms would have a emission rate

in the order of 10-2 sec-1 at 220°K. The energy level LE and

capture cross section a for this trap were identified as .47 f .05

_ev and 1.3 x 10- 14 cm2 , respectively, under -.2v quiescent bias.

It corresponds to the EL5 level of .42 ev and (.5 - 2.0) x 1013

cm2 reported by Martin et. al. (50)
. This trap would be mostly

filled during the I-V measurement period under 220°K and partially

filled above 220°K. The filling status of this trap causes the I-V

characteristics of FET-Like channels (FLCs) to exhibit either an

abrupt current decrease or a stepwise current increase.

5.6 Conclusions

Several unusual elements of the behavior of DLTS spectra on

ion implanted GaAs MESFETs were discussed. A computer simulation

based on a trapezoidal doping profile shows results closely related

to the experimental behavior. The trap located at Ec-Et = 0.47 ±

.05 ev with capture cross section of 1.3 x 10 14 cm2 can explain

the anomalous I-V behavior of the GaAs FLCs.
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CHAPTER VI

CONCLUSIONS AND FUTURE DEVELOPMENTS

The electrical properties of ion implanted GaAs FET channels

have been studied in detail from two different aspects. First, the

I-V characteristics of FET-Like channels (FLCs) were examined over

a range of fixed temperatures from 80°K to 400°K. It was dis-

covered that the channel current exhibited an abrupt decrease under

threshold electric field strength Ed at temperatures higher than

220°K and showed a stepwise increase at lower temperatures.

A proposed model suggests that impact ionizations of trapped

electrons at different spatial positions along the channel causes

the anomalous I-V characteristics. The existance of deep traps

along the channel tends to decrease electron mobilities and prevent

the transfer of electrons to the higher energy valley. At higher

temperatures the channel is more uniform due to fewer trapped elec-

trons along the interfacial junction and impact ionization is most

likely to occur at positions in the channel closer to the source.

When the applied field strength exceeds Ed, the resultant residual

excessive field strength due to impact ionization could help

accelerating electrons make the transfer to the higher L valley

possible. The abrupt decrease of current is a direct result of

this transfer.

The interfacial junction is normally reverse biased due to the

source-drain voltage and is more so toward the drain end. At lower

temperatures, filled traps result in a large interfacial depletion

width and make the channel very nonuniform. Under these condi-
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tions, impact ionization is most likely to happen around the drain

site and inside the junction. When this happens, the extra junc-

tion current forces the junction to become less reverse biased.

The channel opens up, resulting in a stepwise increase of cur-

rent. The deep trap that possesses the characteristics of being

mostly filled under 220°K and mostly empty at higher temperatures

was identified to have an energy level of 0.47 f 0.5 ev below the

conduction band with a capture cross section of 1.3 x 10 -14 2cm .

This model of I-V behavior is the subject of Chapter IV.

Second, the trap properties of GaAs FET structures were

examined by the DLTS technique. Traces with large variations in

shape and intensity were obtained under different bias condi-

tions. The data were modeled and simulated based on a trapezoidal

doping profile which is an idealized approximation of ion implanted

material. The simulated results strongly suggest that the graded

doping tail is responsible for the uncorrelated DLTS traces. With

the existance of a graded doping region, peak size was shown to be

unrelated to trap concentration. A hole-like DLTS peak was experi-

mentally observed on n-GaAs Schottky diodes. The simulation also

showed hole-like peaks which were artifacts of the complicated

transient equation derived from the trapezoidal doping distribu-

tion. This DLTS related work was discussed in Chapter V.

Several areas of future work which may provide better under-

standing of ion-implanted GaAs FET structures are described below.

(1) The automated DLTS system should be upgraded to enhance the

signal to noise ratio by implementing a 20 MHz fast capacitance
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bridge as discussed by Lang (49)
. The capacitance meter used

throughout this work is a Boonton 72B which has a ±1-2 mV

internal noise level with a 1 ms response time. Increasing the

response speed would make the study of some shallower traps

possible (through using smaller sampling time delays).

Decreasing internal noise levels would make the peak position

assignment more accurate and thus improve the present resolu-

tion (± .05 ev for trap energy).

(2) With gate voltage being kept at a constant level, a channel

current transient exists when the source-drain voltage is sud-

denly switched on or off. Similar transients exist with

changes in the gate voltage under constant source-drain bias.

"Current DLTS" measurements can be used for a detailed study of

the trapping mechanisms involved in these transients. It was

found that these transients vary with the change of either

bias. Different bias results in different depletion width

either underneath the gate or along the channel-substrate

interfacial junction. A systematic study on deep traps due to

different bias would reveal the influences on channel current

by traps located at different spatial positions. It is thus

possible to identify the sources of traps and to improve the

trap-related device characteristics.

(3) Optical properties of the GaAs FET structures have not been

studied throughout this work. Experiments such as photo-

luminescence, optical DLTS and photoconductivity can provide
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additional understanding of the influence of traps on device

properties.

(4) To avoid the discontinuity in the simulation data, a smoother
p
o

(1+A)

doping distribution, such as Ns(x) with A and
1 + A exp (Bx)

B to be adjusted as parameters, can be assumed. Poisson's

equation can then be solved numerically which should give a

continuous DLTS spectra.

(5) The source of the trap which is believed to be responsible for

the anomalous I-V characteristics is still unknown. Systematic

studies relating process parameters and device characteristics

might provide additional information on the trap origin.

(6) It was discovered that the anomalous I-V characteristics of

GaAs FLCs are minimized under light illumination. More studies

on the spectral response of this effect might provide addi-

tional information on the nature of this phenomenon.

(7) Small backgate voltage was found to have little effect on the

observed I-V behaviors of the GaAs FLCs. As indicated by Lee

(54)
, a threshold voltage exists for a GaAs FET device to show

observable backgating effect. Attempts to impose larger back-

gate voltages at low temperatures destroyed the samples. More

careful studies of this backgating effect in relation to the I-

V characteristics and to the FET pinch off voltage would be

very useful to help provide a better understanding of the

nature of this phenomena.
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