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ABSTRACT

CHARACTERIZATION OF TRAPS BY DEEP LEVEL TRANSIENT SPECTROSCOPY

IN GaAs EPITAXIAL LAYERS GROWN BY CLOSE-SPACED VAPOR TRANSPORT

Sylvain Bourassa

Two methods to characterize gallium arsenide (GaAs) Schottky
barrier dicdes are presented in this thesis. The GaAs epitaxial layers
have been grown by the close-spaced vapor transport (CSVT) technique.
The first me thod presented is the capacitance-voltage (C-V)
measurement. The second method is the current-voltage (I-V)
measurement.

The characterization by the C-V measurement and the [-V
measurement are the prerequisite for the deep level transient
spectroscopy (DLTS) tecmnique used to characterize deep level traps in
a GaAs semiconductor material. It is found that when the
characterization of the diode corresponds to the required
specification, the DLTS technique can be used.

The DLTS measurement uses the change in capacitance of a Schottky
barrier diode under reverse bias. From these wvarious capacitance
transients measured, the apparent activation energy, the capture cros,
section and the concentration of deep levels are found in o GaA.

sample. Two particular deep level traps have been found in thowe
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samples; EL2 and ELCS1. For ‘he above methods and technique outlined,
theoretical and experimental considerations are presented.

Finally, the resu.ts obtained by characterization of GaAs
cpitaxial layers found by DLTS are presented. The probable causes of
error involved in the DLTS measurements are discussed. Then a model
for the EL2 trap concentration in GaAs epitaxial layers is proposed.
According to this model, it is shown that the ELZ2 concentration is
function of the possible off-stoichiometry variation with the

deposition temperature for epitaxial layers grown by CSVT.
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1.0 INTRODUCTION

In the early 1980's, with the advent of new technologies in solid
state devices, scientists and industries were turned towards the
gallium arsenide (GaAs) semiconductor (SC) devices because of the
interesting features presented over silicon (Si) devices.

There are several advantages for using GaAs. For example one of
the interesting feature, is that GaAs have a wider band gap than Si
a1l lowing operation over a wider temperature range. Furthermore, GaAs
provides a semi-insulating substrate which is ideal for planar device
technology by ion implantation as a way of introducing dopants (1).
The semi-insulating (SI) rnature of the GaAs as a substrate (p>108
ohm-cm) allows for the isolation of adjacent devices on the same
substrate and to reduce parasitic capacitance in metal-semiconductor
field-effect transistor (MESFET's) (2). Such MESFET devices are
suitable for building integrated circuits (IC's) 1in semiconductors
since they are easy to build and relies on reserse biased Schottky
diode formed between the gate and the SC (3).

Finally, another interesting feature for using GaAs, is the high
speed that it can provide because of the high mobility of GaAs material
{1). For example GaAs transistor gates switch faster than Si
transistor to transistor logic (TTL) gates since the minority carrier
recombination lifetime is in the range of micro second for Si and in
the range of pico second for GaAs. Furlher more, when operating at the
same speeds as Si gates, GaAs gates require less power (3)(4).

The past research being made on GaAs and the rezsons stated above

bring our interests to study the interesting properties of the crystal.
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In this thesis we will study the deep level traps on GaAs epitaxial
layer grown by closed spaced vapor transport (CSVT) technique on $I
GaAs substrate and GaAs substrate doped with Si (5).

The study of deep levels for GaAs samples 1is made by the deep
level transient spectroscopy (DLTS) technique. The DLTS is a
measurement technique wused to evaluate the apparent aclivation
energies, the concentrations of deep levels in SC's and Ltheir capture
cross section. This measurement technique requires a computer system
and a p+n junction or a Schottky barrier diode for the measurement. p+
n Jjunctions and Schottky barriers junctions are frequently used as test
devices to study basic material properties since they are ecasy Lo
fabricate and they allow one to see the type of defect easily (majorily
or minority carriers), depending on the type of semiconductor used (n
type or p type).

Schottky barrier diodes are referred to as rectifying contacts. A
Schottky barrier is a metal-semiconductor junction. The junction
creates a bending of the semiconductor energy bands near the interface.
This bending of the bands produces a depletion region which has a
certain capacitance. If a bilas is applied to the Schottky barrier, the
bending of the energy bands will be changed, modifying the depletion
layer width thus its capacitance.

The DLTS technique uses the change in capacitance of the biased
junction as a basis for the measurement. Capacitance transients are
measured as a function of temperature. As the temperature increases,
more levels become ionized. These ionized levels modify the aspect of
the capacitance transient since more frec carriers arc generated.  From

these changing capacitance transients, the concentrations and energy
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levels due to impurities or defect structures of the crystal can be
calculated (6).

For the study and characterization of GaAs epitaxial layer, this
report is divided into four parts. Ii. the first part, some general
definitions are given on GaAs crystalline structure, point defects,
shallow and deep level states in a semiconduclor {SC).

The second part considers the Schottky barrier capacitance since
the variation of the capacitance with voltages under reverse bias will
allow the determination of the concentration of shallow donors or
acceptors. These will be used to evaluate the concentration of deep
levels as 1t is discussed in the following chapter. Furthermore, in
that chapter the characteristics of the diode is examined in order to
verify if it can be used for further experiments. The characteristics
of the diode is found by the current-voltage measurements. In both
cases, the theoretical basis are given and the experimental
desceriptions follow.

Then in the third part, the characterization of deep levels 1is
studied fol lowed by the experimental descriptions. This third chapter
presents first some general definitions on capture rates and emission
rates of carriers. Then the theory on capacitive measurements method
is described which leads to the DLTS measurement method wused 1in
practice. The DLTS mecasurement on a GaAs sample will allow to find the
apparent activation energies by using the Arrhenius plot, and the total
trap concentration.

Finally, in the last part, the results ohtained by
characterization of the GaAs samples found by DL"S measurements are

analyzed, Jdiscussed and compared with published data. At first, the
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probable causes of error involved in the DLTS measurements are
evaluated. Then a proposed model for EL2 trap is described and it will
be shown that 1its concentration is function of the possible
off~stoichiometry wvariation with the deposition temperature for
epitaxial layers grown by CSVT. Then the report is terminated by a

brief conclusion.




2.0 BASIC DEFINITIONS ON CRYSTALLINE STRUCTURE FOR GaAs

2.1 Crystal lattice and point defect

2.1.1 The crystal lattice

The three dimensional periodic arrangement of atoms in a crystal
is called the lattice (7). Some important SC such Si and GaAs have
diamond and zincblende lattice structures as shown in figure 2.1
respectively. These lattice structures are characterized by
tetrahedral coordination. As it can be seen in the figure, each atom
is surrounded by four equidistant nearest neighbors which lie at the
corner of a tetrahedron (8).

The diamond and the zincblende lattices can be considered as two
interpenetrating face-centered cubic lattices. For diamond lattice,
such as Si, all the atoms are Si. In a zincblende lattice, such as
GaAs, the cation sub lattice is gallium (Ga) and the anion sub lattice

is arsenic (As) (8).
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a) Diamond (C, Ge, Si, etc) b) Zincblende (GaAs, GaP, etc)

Fig. 2.1 Important lattice structures



2.1.2 Point defects

We have seen in section 2.1.1 an example of perfect GaAs crystal
lattice, but in reality all crystals deviate from perfection. These
imperfections or defects of the crystal have important consequences in
material properties. They might give rise to localized energy states
(9)(10).

The crystallographic defects that give rise to localized encryy
states in the crystal are called point defects. Point deferts In a
crystal are lattice flaws that cause interruptions in the lattice
periodicity (11)(12). A schematic representation of simple point
defects in a binary AB compound crystal semiconductor such as GaAs is
shown in figure 2.2 (13) where the cation sub lattice is represented by
A and the anion sublattice is represented by B. The different types of
point defects are described below. Clearly, vacancies VA and VB of sub
lattice A and B respectively are shown by rectangles numbered by 1 and
2 respectively. An anti site BA is an atom of sub lattice B taking the
place of an atom of the regular sub lattice A (rectangle #3). An anti
site AB is the contrary of BA (rectangle #4). The substitutional
impurity IB is a foreign atom I taking the place of an atom of the
regular sub lattice B (rectangle #5). A complex IA + V_ is an impurity

B

IA with a wvacancy VB {(rectangle #6). Finally a complex VB + HA is o
vacancy VB and anti site BA (rectangle #7).

In a semiconductor there are two basic types of lattice disorder,
the Frenkel defect and the Schottky defect. The Frenkel defect 14 2
vacancy created by the removal of an atom from a lattice site and it 1.

subsequently positioned interstitially (14)(15). The Schottky defect

is the same as the Frenkel defect except that the atom is a missing one
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instead being placed interstitially.

B ! B A 3 A 2 A
3
A B A B B B A B
B A A 4 A B A B A
S
A B A B A I A B
6
B I A B A B A
A B A B A B 7 B

Figure 2.2 Point defects in a binary AB compound semiconductor

1) vacancy V 4) anti site A

A B

A 2) vacancy VB 3) anti site B

5) substitutional impurity I_ 6) I +VB complex 7) V, +B, complex.

B A A A

2.2 Shallow and Deep Level States in Semiconductors

[t has been mentioned above that defects in a crystal might give
rise to localized energy states. Besides the imperfections of the
crystal, lattice defects can be created voluntary by adding foreign
atoms to the host lattice (le). This will introduce electronic energy
states into the forbidden gap of an SC. These are the so called defect
states (17).

I'his section intreduces two categories of defect state: the
shallow level impurities and the deep level impurities. The deep level

state will be studied extensively in a subsequent chapter.



2.2.1 Shallow levels

In general, shallow states are located near their related band
edges: near the valence band (VB) for acceptor impurities and near the
conduction band (CB) for donor impurities. In fact a shallow state is
defined by kT greater than the ilonization energy level El for a donoi
in an n-type SC. Here k 1is the Boltzmann constant and T 1is the
absolute temperature. Thus at room temperature (T=300K), kT=2bmeV
where we have a shallow level if Ei is less than 2émeV. The lonization
energy of shallow state can be described by the effective mass
approximation theory (16)(17) or by the modified hydrogenic model that
can be found in reference (18). Shallow impurities are widely used in
SC technology for modifying the amount and type of electrical
conductivity of an extrinsic SC material. This is the basis of device

fabrication such as diodes, transistors and integrated circuits.

2.2.2 Deep levels

As opposed to shallow levels, deep levels states are located at
considerable distances from a band edge: in this case kT should be
less than the energy level Ei. It would require a higher energy far an
electron to go from the deep level to the conduction band. Thus at
room temperature we have a deep level for Ei greater than 26meV. For
GaAs references (12)(20) show a table giving the doping impurities that
will cause shallow or deep levels in this material. For esample, 51 i
an amphoteric impurity in GaAs, but it bhas been shown experimentally
that Si would be a shallow donor in this material with an activalion
energy equal to 0.002eV (21). On the other hand chromium (Cr) 1s a

deep acceptor in GaAs with an activation energy equal to 0.63eV (19).



3.0 GENERAL CONSIDERATIONS AND EXPERIMENTAL DESCRIPTIONS

OF SCHOTTKY BARRIERS

3.0.0 Introduction

This chapter 1is divided into three main sections. The first
section deals with the capacitance of a Schottky barrier (SKB). The
second section is involved in finding the characteristics of the SKB
and the last one gives some practical considerations for SKB
fabrication.

The capacitance of an SKB is of fundamental importance in the
characterization of a GaAs sample for two reasons. The first reason is
that the variation of the junction capacitance of an SKB with reverse
bias voltage applied to the junction, usually denoted by C(V), will
allow one to find the shallow donor concentration Npb of an n-type GaAs
SC sample under investigation.1 The shallow donor concentration will
be used in turn for the calculation of the deep level trap
concentration. Furthermore, C{V) might be used to calculate the
barrier height Vb that gives some additional information on the quality
of SKBs as it will be explained in the following. The second reason is
that the Jjunction capacitance of an SKB is wused since the DLTS
technique is based on the change in capacitance of the biased junction.

The characteristics of an SKB is determined by using the current
as function of voltage measurements of the junction. This is denoted

by T(V) With this measurement method several information on the diode

The  shallow acceptor concentration Na for an p-type sC can be found

also, it the case may be.
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can be found such as the barrier height ¢b, the ideality factor n, the
reverse saturation current lo, the series resistance Rs and the shunt
resistance Rsh.

The knowledge of ¢b 1is required to determine if the DLIS
measurements should be performed. As an example, the EL2 DLTS signal
peak is strongly dependent on the SKB ¢b between 0.62eV to 0.82eV (22)
For ¢b less than 0.62eV the DLTS measurements fail to show the Fl.
signal. For ¢b greater than 0.82eV, the EL2 DLTS signal is measured
with confidence since it is not altered anymore.

The ideality factor n indicates the current conduction mode of an
SKB (23). n is usually between one and two. If n is close to one for
low free carrier concentration, the current conduction mode is done by
thermionic emission for which an SKB is in good condition for DLTS
measurements.

The reverse saturation current Io indicates the current of the
diode under reverse bias before the breakdown voltage occurs. If the
reverse current under reverse bias voltage 1is maintained talirly
constant until breakdown occurs (i.e. no leakagne current added), the
diode can be used for DLTS experiments. The leakage current have an
influence on ¢v thus it may affect the measurement of the trap
concentration. Furthermore, Rs and Rsh may be found, indicating if they
model practical diodes, since our diodes should have low values for
series resistance Rs in order to prevent ohmic lows frow the junctinn
resistance and have large value for shunt resistance Rsh in order to
prevent leakage current (24)(25).

Finally, the third section describes some practicil

considerations for an SKB fabrication. At first, ochmic contacts arc
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made on the SC and an evaporation of metal on the SC using Al-Pd
metalization i3 described in order to obtained diodes with the best

characterization as possible, as it was mentioned above.

3.1 Capacitance-Voltage Characteristics of a Schottky Barrier

For our experimental results, it is necessary to know the free
carrier concentration Np or Na of an SC, and the barrier height Vb of
the metal-semiconductor junction. In order tec do so, it is required to
know the capacitance of the Jjunction under reverse bilas voltage

applied.

3.1.1 Space charge region of an SKB

An n-type Schottky barrier is a metal-semiconductor junction where
the work function of the metal ¢m is greater than the work function of
the SC ¢s (¢du>¢s). Its basic band diagram at equilibrium is shown in
figure 3.1. The contact potential is represented by qVi (eV) and the
barrier height is represented by Vb (eV). The barrier height Vb is
equal to the sum of qVi and ¢n (Vb=qVi+¢n) where ¢n is the difference
between Ec and Efs (¢n=Ec-Efs) (26) where Ec is the energy level at the
conduction band and Efs is the Fermi level.

The width of the space charge region W with a voltage bias applied

is given by (27)
_ [2€s . _ 1/2
W= aNE[VL kT/q V]] (3.1)

where Vi is the contact potential, V is the external bias applied, es
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is the SC permitivity 2. Np is the shallow donor concentratlonB. k is
the Boltzmann constant and T is the temperature in Kelvin. The
derivation of the above equation is given in appendix II.

The width of the depletion region at zero bias {(Wo) 1is obtalned
when V is equal to zero. For forward bias (V = Vf), W decreases below
Wo and for a reverse bilas (V = Vr), W increases above Wo.

By the known relation C=dQ/dV where C is the capacitance, Q the
charge density and V the voltage, and equation 3.1, the junction

capacitance is found as (27)(28)

i o €8S ge€s 1/2
=5 S[Z[Vi—(kT/q)-V]ND] (3.2)

where S is the surface area of the junction and the other parameters
have the szme meaning as before.4

Is is clear here that the reverse bias condition forms a parallel
plate capacitor comprising a layer of dielectric thickness W and
dielectric constant es between two conducting electrodes (28).

The capacitance of equation 3.2 can easily be measured au

2 -14
€s = €€a where € = 13.2 for CaAs and €0 = 8.854 X 10 F/om.

Actually the free carrier concentration  for an n-tyoe GaAs sample 14

given by ND since ND >> Na.

The derivation of equation 3.2 is gliven in appendix II




-13-

___________ r — VACUUM LEVEL
$m ——
Vb
Ffm  — -
Metal -
—Wo =
€
Fig. 3.1 Band diagram for the junction at
equilibrium (¢m>¢s).
n-type metal-semiconductor junct ion.
function of the reverse bias V = -Vr. This equation can be rewritten

as (27) (29)

e LR - Y
1 _ 1 2(vi kT/q V) (3.3)
2 g° qesND

and the plot of 1/C2 as function of V is a straight line whose slope
and Gfavercept can be used to determine the doping concentration Np and
the barrier height Vb. In fact, equation 3.3 takes the form of a
straight line y = ax + b where y 1is 1/C2, x is V, a is the slope and b

iz the intercept with the y axis. Thus taking the slope of equation

dv > qEsND (3.4)
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where the doping concentration is found as

2 -1
€ ld(1/c?)/dv

ND=1—
2

(3.5)
g2 d

The intercept of the straight 1line (equation 3.

%)

) with the
voltage axis gives the barrier height Vb (30).

Figure 3.2 shows typical C(V) and 1/C(V)*" plots. Figure 3.2 is

drawr from equation 3.2 and figure 3.2b from equation 3.3. From

figure 3.2b, if the doping concentration Np is not uniform in the SC,

the plot 1/C2 will not be linear. Therefore, one has to choose two

points P1 and P2 for the best linear fit. The slope of linear fits

(i.e. Np’s) may be different for points P1 to P2 and P2 to P3. It
happens 1in some experimental cases that the concentration Np is
slightly different for different reverse bias voltage applied (i.e.

points P1, P2 and P2, P3).

The best linear fit to points P1 to P2 or P2 to P3 can be found by

the least square method (31).

a) b)
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Fig. 3.2 Typical C(V) and 1/C(V)® plots
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3.1.2 Experimental Considerations

In practice, to find Np and Vb, we use a computer HP 300, a
programmable multimeter HP 3455A, and a programmable capacitance-meter
HP 4280A. The sample is inserted on the tip tail inside the cryostat
so that the measurements are being performed under vacuum. This way,
measurements are made under insulated conditions. The simplified flow
chart of the computer program used .o measure the capacitance C(V) of
Schottky barriers 1is shown in figure 3.3 (32). At the beginning, the
computer reads from the operator the voltage range to be measured.
Then, the capacitance meter (C-meter) performs the capacitance
measurement for the range of voltage chosen and stores the values in
its own buffer. Then the capacitance meter transfers the data to the
computer upon request. Afterwards, the operator may choose to plot
C(V) measured as shown in figure 3.2a, or may choose to plot 1/C2 shown
in figure 3.2b,

The operator chooses two points P1 and P2; the program does the
lincar fit in this range of points chosen in order to find a and b
{from the line y=ax+b) from the least square method (31). Thus a is
the slope d(1/C%)/dV which is substituted in equation 3.5 in order to
get Nb Finally Vb is found by the intersection of the strait line

with the voltage axis (i.e. when y=0). Thus Vb is given as =-b/a.
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( Start )

// Read Vmin, Vmax, Step /7

n=int|vmax-vmin|/step
V=20

C-meter measure C as
function of V and
transfer the data to
the computer

|

N =

C(V)
1/C*C
end

2

Plot C(V)

Fig. 3.3
C(V) Measu-
rement flow
chart

1/C% = 1/C(V)C(V)

2

{Plot n points 1/C

/ Input points Pl, P2 /

Call linear fit
to points Pl to P2

Plot line from fit P1 to P2

Find from the
fit a & b

Calculate Nd and Vb

End
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3.2 Current-Voltage Characteristics of a Schottky Barrier

Another interesting way to find the barrier height5 ¢b is to use
the [I(V) characteristics of a Schottky barrier. Moreover, the
measurement of I as function of V will allow us to find the
characteristics of a non ideal diode such as the series resistance, the
shunt resistance, the saturation current and the ideality factor.

3.2.1 Current Characteristic

L

The current of a practical metal-semiconductor diode made on high
mobility semiconductor such GaAs is mainly due to thermionic emission
of electrons over the barrier (23)(30) and the current I as function of

the applied bias V is given by the relation
I = Io[qu/nkT - 1] (3.6)

where n is the diode ideality factor and Io is the reverse saturation
current. For an ideal Schottky barrier with the doping concentration
ranging from 10" to 10'7 cm-3, the ideality factor n equals unity and

the current flows only due to thermionic emission (23). For this case

lo is written as

lo = SA.Tze(—¢b/kT) (3.7)

When we use the I1(V) measurement method, we will use ¢b Instead of Vb
(in c(v) measurement) in order to differentiate the barrier helght

tound by one method or the other.
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where ¢v is the barrier height (eV) and A" is the effective Richardson
constant of the semiconductor given by 7.8 Acm K™ for GaAs (37)(38).
The other values have their usual meaning.

The barrier height ¢b in equation 3.7 may not be negligible and is
dependent on the bias applied and the shallow donor concentration Nb.
This is due to the effect of the image force barrier lowering. The
image force barrier lowering known as the Schottky effect can be
understood by referring to appendix V. The barrier height is therefore

lowered by an amount (39)(40)

174

3ND
q (Vi - V) (3.8)

Agb =

8n €s

where e€s is the permitivity of the SC and V is the applied voltage.

The other values have their usual meaning.

3.2.2 Practical methods to find Rs, Rsh, n, To and ¢b

Here we describe a practical and convenient method to find Rs,
Rsh, n, and Io. To start off with, the theoretical equalion 3.6 can be

rewritten as (41)

i -yl
o e(qV/ch) C e q¥/nkT

I1 =1 (1 ) (3.9)
For the case of a non-ideal Schottky barrier, the series
resistance Rs from ohmic loss due to the junction resistance and the

shunt resistance from the leakage currents are added to the ideal case

of equation 3.6 (25). Thus equation 3.6 becomes
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_ (q/nkT) (V-IRs) _ v ,
I = [Io[e 1] + ﬁgﬁ] (3.10)

where the equivalent circuit is shown in figure 3.4. For this circuit,
the current I from equation 3.10 is equal to Imes (the current flowing
out of the non-ideal diode). Then V is equal to Vtheo the voltage of
the ideal diode and (v~IRs) is the measured voltage Vmes at the non-
ideal diode terminals. The current flowing out of the ideal diode is
[theo. Thus it can be seen that the measured values lmes and Vmes are
related with the junction values Itheo and Vtheo by the following

expressions (41)

Imes Itheo + Gsh * Vtheo (3.11a)

Vmes Vtheo + Rs * Imes (3.11b)

Thus equations 3.9 and 3.11 can be used to determine Io, n, Rs and Rsh.

Itheo Imes
[(Rs  }—o0
2N Vtheo Gsh=1/Rsh Vmes
o)

Fig. 3.4 Equivalent circuit of a non-ideal diode

The values of n and lo can be determined accurately from the
regression linear line (41). Equation 3.9 is written as
I

In o e—qV/nkT) = In(lo) + qV/nkT (3.12)
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This equation takes the form as y = ax + b, where x = V and y = In(I)
for V > 3kT (42). This equation is a straight line with slope a (l.e.
a is obtained by differentiating the voltage V with respect to In(I) in
equation 3.12) and with b the intercept with the y axis when V = 0
corresponding to the ideal diode equation.

In practice, the I-V characteristics of a practical Schottky diode
is measured as shown in figure 3.5a. Then the natural logarithm of the
measured current 1is taken as function of the measured voltage. The:
linear part of the I-V characteristics measured as shown in figure 3.5b
correspond to the theoretical diode given by equation 3.9. Thus two
points P1 and P2 are chosen from that linear part and the best lirear
fit is performed in order to find the values of a and b from the line
y = ax +b (31).

By comparing a and b with equation 3.12, we find Io and n directly

as (41)(42)

Io = eb (3.13a)
and

n = g/ (akT) {3.13b)

As shown in figure 3.5b, the non linear parts are the series
resistance Rs and the shunt resistance Rsh. In order to find Rz, we

take the maximum measured current 1 and we substitute it in equation

3.11b in order to get

_ Vmes - Vtheo _ Vmes - {(ln(Imes) - b)/a}

Rs Imes - Imes

(3.14)
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where Vtheo is obtained from a, b and 1n(Imes).

In a similar way Rsh is found using equation 3.1la. Therefore,

_ Vmes
Rsh = (a Vmes + b) (3.15)
Imes - 10

a) b)
2o P-* re—em- oy pe = r-<(——/. - T T
). s 4
/ -—
- =] .!
P - R
< ¢ 3
. { - ke =
c e ;»-—n-—-rv—t——x——-f/—l—n-—l——l——}——r——b——i—f—— « g
~ 5
3 ; !
0 ~ ': 1
a : -!
20 —t S 1 ! !
-] o3 ) ‘.3 .

Yoltage (V)

Fig. 3.5 a) Measured I-V characteristic b) In(I) vs V

3.2.3 Experimental considerations

In order to get the experimental results for n, Io, Rs and Rsh, we
use the computer HP, a programmable multimeter as described before, a
grnerator HF S116A and a scanner Keithley 706. The simplified flow
chart of the computer program is shown in figure 3.6 (32). The sample
is placed inside the cryostat as before. This time there is a set of
resistors, chosen by the scanner, placed in series with the diode, and
the voltage V across R selected by the scanner is read. The current
flowing through the diode 1is simply I = V/R. This is repeated up

to the required values of N found from Vmin and Vmax. During this
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process the value of I and V are recorded in an array and the plot is
performed at the same time.

Then, the plot In(I) vs V is performed. Two points Pl and P2 are
chosen in the linear part of the plot in order to get the values of a
and b from the regression line. Finally, the values of n and lo are
found using equations 3.13, ¢b is then found using equation 3.7 and Rs

and Rsh are found by equations 3.14 and 3.15 respectively.

3.2.4 Comparison of the barrier height ¢b_between C(V) and 1(V) measu-

rements

So far we discussed two ways to find the barrier height ¢v: one
with the C(V) measurement and the other with the 1{(Y) measurement.
In the first case, the barrier height is measured by a method which
does not require movement of the electron over the barrier, therefore,
the value of ¢b is not altered by the image force lowering. In the
case of the I(V) measurement, the electron is moved over the barrier
that makes ¢b lowered by the image force (39). Therefore, the
barrier heights obtained by the C(V) method are larger than those
obtained from the I(V) measurement (43).

It is observe that in many cases the barrier height from the [(V)
measurement could be close to the one from the (V) measurement it the
former is multiplied by the ideality factor n (43). We will discuss

the experimental differences between ¢bo and Vb in section 5.4.73.
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Z/_}—Read Vmin, Vmax, Step /7

n=int | vmax-vmin|/step
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Y

For I = Vmax to Vmin Generate to dicde:
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Scanner choose appro-
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/ Input points P1 & P2/

//ﬁ Read R & V across R //
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Find Rs & Rsh
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Fig. 3.6 Flow chart of I(V)
measurement
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3.3 Practical Consideration for Schottky Barrier Fabrication

The process used to make a Schottky barrier with a good ideallty
factor n is described here. Appendix X gives the steps for the
fabrication of a Schottky diode and the section below explains the

reasons for obtaining good diodes.

3.3.1 Practical considerations for ohmic contacts

As stated before, for low doping concentration (Np <« Hf7cm'3\
the current over the barrier is mainly due to thermionic emission. In
this case the junction resistance is independent of doping and s
minimized for low barrier height.

For contact with high doping concentration (Npo > 10‘7cm”). the
tunneling process dominates and the junction resistance depends largely
on it. Thus for high doping concentration, low barrier height must be
used to obtain low values of junction resistance (44).

The methods used to make ohmic contacts is described in appendix
X. For our experimental purpose, we evaporated small area of indium on
our GaAs samples. Then the contacts were made by alloying at the
corresponding eutectic temperature (500°C) into the SC under hydrogen
for two minutes (44). The ohmic contacts arc then wverified with the

curve tracer.

3.3.2 Practical consideratinons for metal-seniconductor junctlion

According to the theory described in section 3.2.1, an ldeal diode
has an ideality factor n equals to one. But in practice, when such a
diode is fabricated, this ideality factor n may be greater than one due

to the image force lowering of the barrier and due to the presence of a
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thin insulating interface layer (23).

For the case where A¢b is negligible, the ideality factor n of the
diode may depend on the surface quality of the diode before a metallic
evaporatinn is being performed on the GaAs sample. Therefore, maximum
care is taken during the diode fabrication in order to get the surface
of the sample as clean as possible.

In order to obtain Schottky diodes with n as close to one
(typically; 1<n<1.1), it is necessary to obtain interfaces electrically
and thermally stable. This can be done by using the Al-Pd metalization
system because of the weak reaction with GaAs (45).

In this process, the sample is cleaned using classical degreasing
in trichloroethane, acetone and methanol, and dipped in hydrofluoridric
acid (HF) in order to remove any oxides on its surface (45) if the case
may be. Then the palladium (Pd) is deposited on the sample where
circular areas of 0.8 mm of diameter have been defined with a photo
lithographic process using negative photo resist. This deposition is
obtained by dipping the sample into an activator solution containing
hydrof luoridric acid, acetic acid an PdCl2 involving the reduction of
Pd+ ions to metallic Pd by galvanic displacement.

Furthermore, before the sample is dipped into the activator, the
sample is immersed into pure hydrochloric acid (HCl) in order to
remove the oxides left on its surface. Then it 1s dipped into
deioniced water in order to remove the acids from the surface so it
does not interfere with the solution.

Finally, an aluminum (Al) evaporation is performed under 107® Torr
(or 1.33X10"% Pa) vacuum in order to make a good contact between both

Pd and Al. With the ohmic contacts and the Al-Pd deposited on the GaAs
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samples, the Schottky barriers are verified with the curve tracer
first. Then they are characterized with C(V) and I(V) measurements as

described in previous sections.




4.0 CHARACTERIZATION OF DEEP LEVELS

AND EXPERIMENTAL DESCRIPTIONS

4.0.0 Introduction

The aim of this chapter is to describe the experimental methods to
find the apparent activation energy Ea and the total trap concentration
N1 from deep level centers referred to as trap at can be present in
semiconducter materials. In order to describe how to find these two
parameters, we take the general case for an n-type SC containing only
shallow donors and simple monovalent deep donors as an example, as it
is described in references (16) and (46).

The shallow donor concentration Nb can easily be found with the
C(V) mecasurement method as cescribed in the previous chapter with the
use of a Schottky barrier (SKB). In this chapter we still use an SKB
as a test device, but this time by taking deep levels into account.

The SKB is initially under reverse bias where all shallow and deep
l:-vels above the Fermi-level are ionized. This correspond to a
Jjunction capacitance Co. At this initial condition, we have the total
trap concentration Nr and the shallow donors ionized. When an
electrical pulse is applied to the SKB (decreasing the depletion layer
width) which 1s still under reverse bias, there will be less deep
levels aonized above the Fermi level; that 1is there will be a
fractien of the total trap concentration Nr at time t that will be
occupied by electrons. This is denoted by nr(t). For this case, the
traps capture electrons from the conduction band since the capture rate
dominates while the shallow donors remains ionized. The amount of the

trap that will not be occupied by electrons at time t will be denoted



by {NT-nT(t)}.

When the pulse has elapsed, the initial reverse bias condlition
tends to take place (i.e. the depletion layer width increases to its
original width). Since there are now electrons trapped, and the systom
tends to reach the equilibrium, the electrons will be remitted back to
the conduction band since the emission rate dominates. As 1t will be
seen in details in this chapter., the emission rate is temperature
dependent and it has an effect on the variation of nr(t}. Theretore,
by the variation of nt(t), a corresponding capacitance transient C(t)
can be measured experimentally. The values of C(t) is thus normalized
to AC/Co as it will be shown later on.

Experimentally, we measure the capacitance transients at instants
t1 and tz2 with a scan in temperature ranging from aboul 80K to 400K.
Then we take the maximum peak height at a temperature TM to determine
the total trap concentration Nt, and then we vary times t1 and t2 in
order to get different values of TM. The latter will allow to find Fa.
Before going further, in section 4.1 we give some general definitions
on capture rate and emission rate in order to apply it to SKbs in

section 4.2,

4.1 Some General Definitions

4.1.1 General equation of nccunation of a defrct state

In this subsection, we show the electronic transition between the
conduction band Ec, the valence band Ev and a deep level trap ET. The-
general rate equations governing the occupation of a defect sState of

total trap concentration Nt (17) are given by
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dnt(t)
dt

= Kn{NT-nT(t)} —ennr(t) - Kpnt(t) + ep(NT—nT(t)} (4.1)

where nt(t) 1is the concentration of defects occupied by electrons at
time t, {Nr-nt(t)} 1is the concentration of defects that are not
occupied by electrons at time t, en is the emission rate for
electrons, ep is the emission rate for holes and Kn and Kp are the
probabilities per unit time that a defect captures an electron and a

hole respectively. Figure 4.1 shows the diagram of the electronic

lransition between the bands and level Er at thermal equilibrium

(47)(48). The single level generation and recombination through traps
- Ec
Before 1 Kn en
Transition D D ET
K e
P P
Ev
+
a) b) c) d)
~ Ec
After

Transition [:] [:] [:] [:] ET

Ev
a) b) c) d)

Fig. 4.1 The basic process of carrier generation and recombination
through traps a) electron capture, b) electron emission,

c) hole capture, d) hole emission.
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can be described by four processes as shown in the figure. Those are
a) the electron capture, b) the electron emission, c¢) the hole capture,
and d) the hole emission. The direction of the arrow indicates the
direction of the transitien,

In general, for a given deep center it is assumed that (16)(17)
one of the emission rate has to be much larger than the other. I'husg
deep level centers are classified as electron traps when Kn > Kp by
the condition en >> ep and a hole trap when Kp >> Kn by the condition

ep >> e (49)(S0). Note that an electron trap is a majority carrier

trap in n—-type material and a minority carrier trap in p-type material.

4.1.2 General definition of capture rate of free carriers

A deep defect has a specific capture cross section T and crp for
capturing electrons and holes respectively. For example, for a decp

defect, on describes (50)

No* + (e)]. —— Np (4.2a)
CB

and op describes

NaA~ + (h) — Na (4.2b)

+
VB
where Np* is an ionized donor, Np is a neutral donor, MNa 1s an lonized
acceptor, Na is a neutral acceptor, (e);B is an electron from the
conduction band and (h)\:s i{s a hole from the wvalence band.

The capture rate Xn of a flaw for an electron trap is given by the

probability per wunit time that a defect captures an electron from the
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conduction band proportional to the concentration n of electx-ons1 in

the band (17)(51), thus
Kn = Cnn (4.3)

where Cn (cm®/s) is the coefficient captures of electrons and 1is

given by
Cn = on<Vthn> (4. 4)

where <Vthn> is the average thermal velocity of electrons which is
given by (51)

<Vthe> = {3kT/m" }'"?
n

(4.5)
[ ]
where m is the electron mass effective, k is the Boltzmann constant
and T is the temperature. Note that for an electron trap, the capture
rate from tk> conduction band to the defect occurs according to the
following relationships;
(t
dnrlt) e nrct) (4.5)
dt
where dnt(t)/dt is the rate of change of the concentration of flaws

occupied by electrons, for capturing electrons.

Replace n by p in all equations and "electron" by "hole for a fnle

trap.
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4.1.3 Definition of emission rate of a carrier trapped

For the case of an electron trap, the carrier emission from the
defect to the conduction band occurs with the probability per unit time
e (sec'i). Thus, the rate of change in the concentration of defects
occupied by electrons with respect to time for emitting electrons from

the trap level to the conduction band is given by (17}(52)

dnt(t) _ _
T = enm(t) (4.7)

4.1.4 Emission rate at thermal equilibrium

An electron trap exchanges carriers with the conduction band and a
hole trap exchanges carriers with the valence band. For the case of an
electron trap, equation 4.1 can be rewritten as (17)(52)

@;—Et—) = nCn{NT-nT(t)} —ennT(t) (4.8)

From equation 4.8, assuming steady state we obtain the emission rate at
thermal equilibrium as
e = 1/Tn = Nc0‘n<Vthn>g;e—(ED/kT) {4.9)
n
. .
where Ep is the Gibbs free energy of transition, gn is the degeneracy

factor2 and Ne¢ is the effective density of state. The determination

2 s

4] = g /gr for a nondegenerated condltinn; q and g are stetistical
n e e

weights of the flaw electronic conf iguration when Yempty" and

“filled" with the electron,
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of equation 4.9 1is given in appendix IV where Nc is given.
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For most SC, the quantity Ebp is expected to be temperature
dependent (53). Thus, the information relative to a transition may
appear in terms of enthalpy (AHn) and entropy (ASn) of the transition
rather than expression Ep directly. Thus the relation for the three

thermodynamic functions are related by (53)(54)
AHn = Ep + TASn (4.10)

where T is the temperature. Equation 4.9 can thus be rewritten as
e = Nc0n<Vthn>g;[eAsn/k][e_AHn/kT] (4.11a)

or

e = ToonoXn o OHN/KT (4.11b)

where o includes the constant terms in the density of states
(chaqu)' B includes the constant terms in the average thermal
velocity (<Vthn>=BT1/2) and Xn includes the entropy and the degeneracy
factor (Xn=g;eAsn/k).

Experimentally the thermal activation energy AHn can be determined

aprroximately from equation 4.11b as
(4.12)

by taking a plot of log(Tz/e ) as function of (1/T) where A=(o'noq‘>’)(m)n1
n
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(In section 4.2.5, we will give the procedure for finding the
activation energy).

Now, since Ep varies non linearly with the temperature, as shown
in reference (54), and if this non linearity may be small enough., the

emission probability can be rewritten as

(4.13)
n

over a reasonably broad temperature range of measurement, where
C=(onafXm) and Ea is the apparent (or effective) thermal energy3. Thus
Ea indicates a value for AHn for somewhere near the center of that
measured range. Thus when Ep declines in a non linear way with rising
temperature, any value deduced for Ea will tend to exceed Ep of any
temperature. Therefore, it is assumed that the emission probability
can be approximated for low temperature variation in Eb as
e = 1/tn = NcGn<Vthn>g;e—(Ea/kT) (4.14)
meaning that the experimental measurement for the apparent activation
energy Ea will be somewhat a bit higher than Ep.
Similarly, for a hole trap we obtain;
(~Ea/kT)
e

e = 1/1p ~ Nvop<Vthps (gp)~!

(4.15)
p

We have written Ea Instead E ¢ for convenlence.
e
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4.2 Schottky Barrier Taking Deep Levels Into Account

This section considers the equations of a Schottky barrier taking
deep level traps into account as shown in figure 4.2. Those equations
will allow the determination of the transition region A and the
variation in capacitance AC/Co (capacitance transients) from the
variation of the trap concentration nr(t) occupied by electrons. From
the capacitance transient the DLTS technique will then be applied in

order to find Ea and NT experimentally in the next section.

4 2.1 Determination of the transition region

Let us consider an n-type Schottky barrier under reverse bias by a
voltage gV with a shallow donor Np, and a deep level located at (Ec-ET)
within the band gap with total trap concentration Nr. This is shown in
figure 4.2a. Furthermore, we consider the charge distribution p(x)
constant assuming that Np and Nt are completely ionized above the Fermi
level and the semiconductor is wuniformly doped (55). The charge
distribution is shown in figure 4.2b. The transition region A can be
found by solving Poisson’s equation

V. —gjmn] (4.16)

dxn B
where q is the charge of an electron, e€s is the SC permitivity, Np is
the shallow donor concentration, and where A is defined in the space
charge region as shown in figure 4.2. Thus, solving the above equation

from x equals (W-\)} to W we find A (S56) given as4

4
The dertvation of the transition reglon is derived in appendix V.
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A = (EF-ET) (4.17)
q Np
The value of EF can be calculated from no=me(EF—Ei)/kT where for

the SC material used, ni is the intrinsic carrier concentration, El 1s
the intrinsic Fermi level and no is the shallow donor concentration (ne
= Npo) (57). The apparent activation energy (Ea = ET) is determined
experimentally. Therefore, knowing Np which is determined from C(V)

measurement and Ea, A can easily be found.

a) Diagram of a Schottky barrier with a deep level

p(x),

No+NT

———————— No

b) Charge distribution

Fig. 4.2 Schottky barrier under reverse bias
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4.2.2 Determination of the capacitance variation

Here we take the general case for an n-type SC containing shallow
donors and simple monovalent deep donors as an example in order to find
the variation in capacitance AC/Co. Initially, the Schottky barrier is
under a constant reverse bias Vo which is considered as the equilibrium
case before time t_1 as shown in figure 4. 3a. After time t_l. a
positive pulse from Vo to Vi is applied, where Vo and Vi are both
negative values since the operation is performed under reverse bias.
The pulse has a duration At = to - t_l (sec.).

At Vo we consider that the trap is empty from O to (Wo-Ao) as
shown by (+’s) in figure 4.4a since the monovalent deep donor trap is
ionized as indicatec in the figure, as well as the shallow cone. The
voltage pulse Vi causes the filling of the trap with electrons from
(Wo-20) to (Wi-A1) as shown by (o's) in figure 4.4b since the capture
rate Kn dominates. Therefore, electrons from the conduction band has
been captured by the trap. Thus, solving the differential equation 4.6
trom t_l to to (figure 4.3) we obtain the equation of the filling of
the defect (capture of electrons) as
eKnAt

nrl(t) = Nt

(4.18)

At t0+ the trap begins to empty according to the law of equation
37 Thus solving equation 4.7 from to to tn0 where tm correspond to
enough time so that the trap is completely empty (that is return to
Vo), we obtain the equation of the emptying of the defect (emission cof

clections back to the conduction band) as
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nt_(t) = Nr(1 - et/ (4.19)

Thus the variation of charges nTe(t) corresponds to an increasing
value of capacitance C(t) as shown in figure 4.3b. Note that the
emptying of the trap defect is done by thermal relaxation (since tn is
temperature dependent) and it takes much longer time to empty than

filling by an electric pulse.

a) Y
0 > t
Vi
Vo L——
b) C
W\
c(v1) clt)
4
C(V0) t —0
t
0 t—l t

Fig. 4.3 a) Voltage pulse applied to a Schottiky barrier
b) Corresponding change in capacitance
The variation in capacitance C(t) is normalized to AC/Co and i<
found by solving Poisson's equation with the limits shown in figure
4.4c where AC=(C(t)-Co) and Co correspond to C(V0O) shown In ftigure

4.3b (58). Thus we have

0 1-A1 WO-A0
-t/
V(t) = «INp dx + wLINT dx o+ I NT(1-e ™ ax
0 €s 0 €s €y

Wi-a1
(4.20)
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Space charge region and charge distribution of a Schottky barrier
under reverse bias; ¢c— filled trap with an electron and +— emp-
ty trap. a) At Vo, b) At Vi c¢) Charge distribution.
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By solving the above equation we obtain the required result of AC/Cu

which is given by (58)

AC _ C -Co _ Nt {(Wo-20)-(W1-a1)%}

~t/tn
—_— = > e
Wo

(1~

a "
Co o 5No ) (1.21)

which is the normalized variation of the capacitance between (Wi-\1)
and (Wo-A0) due to trap defect when a bias pulse is applied to the
Schottky barrier under reverse biass. The above equation can be
simplified further since Xo,1 are small to as compare to Wo,1. Thus it

Np is uniformly distributed, Ao = A1 = A we have (56)

2 2
AC _ Nr {{Wo-A)"-(W1-A)"} ., ~t/1n ”
'C—a = m wg (1 e ) (4.(_.2)

4.2.3 Capacitive measurement method

The principle on capacitive measurement method starts off with a
system in equilibrium; that is a Schottky barrier under reverse bias al
Vo corresponding to Co. A series of electric pulses applied to the
Schottky barrier (external disturbances) will cause the system to be
out of equilibrium during the pulse At as it can be seen in figure
4.5a. After each electrical pulse, transients in capacitance oceur as
shown in figure 4.5} The shape of these transients will change with a
constant increase in temperature (figure 4.5c) if a deep defect 4
present in the SC material since the emission rate e is temperature

dependent. These transients are thus measured experimentally

The derivation of equation 4.22 is given in appendix VI.
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ﬂ 1]

0

a) Electrical pulses

C(t)
C(m)

b) Transient of capacitance

U t

c) Thermal stimuli

Fig. 4.5 Experimental sequence for capacitance measurements

1.2 4 DLTS method analysis

The DILTS method introduced by D. V. Lang in 1974 (6} consists in
measuring the difference in capacitance transients of figure 4.5b at
times th1 and t2 as it is shown on the left hand side of figure 4.6.

The difference in capacitance transients is given by (50) the function

S(I) = Cita) - C(ty) (4.23)

where S(T) is the plot of C(t2)-C(t:) as function of the temperature T
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as shown on the right hand side of figure 4.6. The normalized value
S(T)/Co can easily be calculated by substituting equation 4.22 into

4.23 in order to get (60)

S(T)_ C(t2) - C(t1) NT { (Wo-A)Z=(W1-0)°} ~t1/Tn ~-t2/1tn

= = | e (e - e )
Co Co 2Np 2
Wo

(4.24)

By fixing times ti1 and t2 we obtain a window constant in time
(6), and if the temperature increase linearly with time, for a given
defect, equation 4.24 will give rise to a DLTS peak where the maximum
is located at a temperature TM as sht.wn in figure 4.6.

In order to find Td, one has to differentiate equation 4.24 with

respect to the temperature (taking equation 4.13 into accounl) and

equate it to zero so we obtain the rate window ™ = 1/e as (6)(60)6
n
te - t1
B . . .25
™ = In(tz/t1) (4.25)

By varying times ti: and tz, the rate window Tn will change accordingly,
thus shifting the DLTS peak on the temperature axlis as suggested by
equation 4.24. The snift in the DLTS peak will allow the determination

of the effective activation energy.

4 2.5 Arrrenius plot

When a deep level trap is characterized by its cnergy level Ra and

its capture cross section oa, we may say that we have 1ls signature

This equation is derived in appendix VII




Temperature

Capacitance transients at various temp.

o

t: t2 t C(t1)-C(t2)

Fig. 4.6 DLTS peak due to a change in capacitance transient

(6). The signature of a trap energy level Ea 1is found by the
Arrhenius plot. In this subsection we will see how to find the energy
of activation Ea of a given trap when a DLTS measurement have been
performed on a semiconductor sample.

By the relation 1/tn given by equation 4.14 we find from appendix

VIT that this equation can be written as
2 Ea .
In(TaT") = i In{afon} (4.26)

whete Ea is the apparent activation energy, k the Boltzmann constant, T
the temperature, a and 8 are constant, Tn=1/en and on is the capture
cross section. Note that the second term of the right hand side in

equation 1.20 is independent of the temperature. In fact, equation
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4.26 is a straight 1line of the form y = ax + b where x represents

1/T. The slope is then given by

a = Fa/k (4.27a)

and the intercept is

b = -In{aBon} (4.27b)

which cuts the y axis. We recall here that a and b can be found by
equations from the linear fit.

Thus, the Arrhenius plot (6); In(TnT?) vs (1000/T) allows one to
find the activation energy Ea of the deep level trap by taking the
slope of the line, and the capture cross section by the intercept ot

the line with the y axis.

4.3 Experimental Description for Finding S(T)/Co Ea and Nt
In this section, we describe the experimental procedure to f{ined
the capacitance transient S(T)/Co, the apparent activation ecnergy ka

and the total trap concentration Nr

4.3.1 Experimental considerations for capacitance transients mea-

surement

The measurement of the peak S(T}/Co described in subsection 4.7.4
is performed with the same equipment as described in sections 3.1.2 and
3.2.4 where four electronic apparatus have been added. For a gond

visualization of the experimental measurement S(T)/Co by DLTS, a
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schematic is shown in figure 4.7. The HP computer, the multimeter, the
capacitance meter (61)7 and the pulse generator, are shown; where an
oscllloscope has been added in order to visualize the pulse height and
the time duration if necessary. A printer and a plotter have been
added also in order to get the print out of the initial conditions
given by the operator and the plot of the final result of S(T)/Co; and
finally, a power supply is connected to the heating element inside the
cryostat in order to heat it up. The sample is then placed on the tip
tail inside of the cryostat where the temperature may be changed from

liquid nitrogen (77K) to approximately 400K under vacuum.

Capacitance
HP 300 Multi meter meter
h C N
synchro,
BUS IEEE Pulse + Bias T Cryostat Pt.o—
r
Pulse
Plotter Generator ———— Oscilloscope
Power
Printer Supply

Fig. 4.7 Experimental setup for the measurement of S(T)/Co by DLTS

The capacitance~-meter manual Jlves some indicattions for setting up fig.

4.7, and gives also scme programming techniques.



-46-

ead: Filename, Vol, Polaril, Polar2 /
min, Tmax. Nf1l, Pt1, Pt2, Xmin, Xmax//

[Measure temperature T1]

C-Meter orders the pulse
generator to send the
voltage Pulse V

y

R

Meanrwhile plot previous Data Acquisition of
transient Cn-1(t)on the transient Cn(t)
HP-300 screen by the C-Meter ~

[Measure temperature T2]

Transfer of Cn(t) just measured from the
C-Meter to the computer HP-300 where
n-1
ZC(t) = ZCn(t) + Cn(t)
0

no

T1 + T2 5 Tl + T2
2 2

r yes

Save transients & temperatures on disks
N
C(t)=ZCn(t)/N & plot a point on DLTS

data graph ) |

no

yes

Tmes>Tmax

oee—A_End )

Fig. 4.8 Flow chart of DLTS by sampling
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The principle of operation of the S(T)/Co measurement by DLTS is
shown by the simplified flow chart in figure 4.8 above (61). The
first step of the program allows the operator to enter all the
parameters for the DLTS measurement. The reverse constant DC bias
(Polar1l) and the pulse height (Polar2) are entered (recall fig. 4.5a}.
Then the number of sampling points N for each capacitance transient is
entered where N can range from 1 to 600. The pulse width in milli-
scconds and the time Td between two sampling points are also entered.
Finally points Pti1 and Ptz from figure 4.6 are entered in order to
choose the rate window during the experiment. Figure 4.9 shows an
example of one transient with variables to be entered initially that

are stored in a data file by the computer.

cC (t)y 7
n

| |
»| Th {e
D= 0=0 =0~ C—0—0-0—0-0—— — — — —C—0—0-0~-0—-C—t—ouwu1 3 t

123 Pt1 9 Pt2 N
—)[ i&" Td

Fig. 4.9 Example for variables to be entered initially

The minimum temperature Tmin and the maximum temperature Tmax have
to be entered in order to give the range of temperature the experiment
is to be perfermed. Finally, the number of transients recorded in the
file Nfl {(approximately 300) has to be set up by the operator, and the
vertical lower bound Xmin and upper bound Xmax of the DLTS peak has to

be set up before the experiment runs.
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Thus a binary data file is created with file name (Name$) in
volume VOL of the mass storage unit chosen by the operator. Hence the
binary data file can store all capacitance transients and temperature
values for the entire temperature scan.

After the parameters has been entered, the computer measures a
temperature Ti. The temperuture is measured with the platinum (L)
resistance (R) installed inside the tip tail of the cryostat. The

computer program ask the multimeter to get in ohmmeter mode so the

resistance R can be read. The corresponding temperature due to lhe
resistance read at that instant is given by the third order
polynomial;

T = 31.5 + 23.5R + 0.002161R® - 3.58 X 107°R> (4.28)

derived from the sensor specification.

Then the capacitance meter orders the pulse generator, which is
controlled by the HP-300 computer, to trigger the pulse (Fig. 4.5a).
After the pulse duration, the capacitance meter enters N points of tLhe:
transient into its buffer. Meanwhile, the computer can plot the
previous transient Cn-1{t) on the screen of the HP-300.

Once this has been achieved, a second measurement of temperature:
T2 is performed and then, the transfer of transient Cn(t) measured from
capacitance meter to the computer HP-300 is performed where all the
transients Cn(t) are going to be stored in the computer buffer in array
C(t).

Then the previous average temperature plus 1°C set by the operator

is compared with the actual average temperature. If Tav is greater
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than Tav-1 + 1°C, the transients and the temperatures data are saved on
disks and a point is plotted on the S(T)/Co vs T° graph. If not,
another measurement of Ti1 is performed and the process continue as
indicated by the flow chart.

Here the program stops when the measure of temperature is greater
than Tmax set at the beginning. When the computer has finished to
perform its data acquisition, the DLTS peak(s) is (are) usually shown
on the plotter and all transients and temperatures are stored on the

disk for further purposes as it will be seen shortly.

4.3. 2 Experimental procedures for finding Ea

In practice a computer program called DLTS spectrum reads the
capacitance transients and the corresponding temperatures T stored on
the disk (transient on the left hand side shown in figure 4.6) to
transfer them into an array C(t,T). Then from C(t,T), the value of the
experimental signal curve is plotted for n different times ti1 and tz as

follows (right hand side of figure 4.6);

S(T) _ C(t2) - C(t1)

-{1/Tn ta2/tn -1
(e - e )

o o (4.29)
where the experimental values of [{C(te) - C(tz2)}} / Col has been
multiplied by (e—tl/rn - et2/Tn )-1 in order to find the total trap

concentration Nt directly as it will be seen shortly. The term on the
right hand side bracket is a correction facter. Thus the result will
give n different peaks with the same height shifted in temperature,
where the maximum peaks are found at TM where M = 1 to n for this case.

For example, the operator can choose the values of tz as ten times
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t1 where ti1 can take five values such as 2, 3, 4, 5, 6. Therefore, it
is obvious that the rate window Tn given by equation 4.25 will change
accordingly giving five different values for TM for five corresponding
DLTS peaks. The flow chart of figure 4.10 summarizes well the above

statements of the experimental procedure.

( Start )

[Read capacitance transient from disk|

For t1 =2 to 6

t2 = 10t1

Use S(T) given by equation 4.29
Calculate rate window using eqn 4.25

Plot the curve S(T) vs temperature T
for five rate windous

End

Fig. 4.10 Flow chart of the DLTS spectrum

The apparent activation energy Ea for this example 1is found
knowing the peaks of S(Tu} for five different rate windows. Therefore,
a program called Arrhenius plot, enters all five temperature Tu with
their respective emission rate Tn and perform the plot ln(TnTz) v
(1000/T) as shown by the flow chart of figure 4.11.

Then the linear fit is used (31) in order to find a and b from the
straight line y = ax + b as before and equations in 4.27a and 4.27h are

used to find Ea and on respectively.
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( Start )

[Input TH and Tn]

Plot 1n(tnT°) vs (1000/T)
T

Use linear fit in order to
to find a and b

Use equn 4.27 to find Ea
and on

End

Fig. 4.11 Flow chart for Arrhenius plot

4 1.3 Summary of ewperimental procedure for finding all parameters

and Nt

The very first thing to do to find all the parameters is to find
Np using the C(V) method as explained in section 3.3.1. Then we have
to perform the DLTS experiment as described in section 4.3.1 where the
flow chart of figure 4.8 summarizes it well. At this point all the
capacitance transients are stored on the disk.

The second step is to find the energy of activation Ea and the
capture cross section on of the trap of interest with the Arrhenius
plot as described in section 4.3.2 with the help of the flow charts of
figures 4.10 and 4 11.

Then the transition region A can be found using equation 4.17 and
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the values of Wo and Wi can be found from Co and Ci1 measured by the
capacitance meter respectively by the relation W = €5/C. Finally, the
total trap concentration NT can be found using equation 4.29 (with the

help of equation 4.24) by taking S(Td) which is the maximum helight of

the experimental peak. Therefore,
2 2,|-1
Nr = 2S(Tx)Np [((WO "; (W1-3) }} (4.30)
Wo

where the values have their usual their usual meaning.




5.0 RESULTS AND DISCUSSIONS

5.0.0 Introduction

In this chapter we discuss the deep level traps found in GaAs
epitaxial layer by DLTS measurement technique under different
conditions where all the detailed results are given in appendix I. The
epitaxial layers were grown by the CSVT technique (5)(62) as described
in appendix VIII The samples labeled with letters R, B, E, AL, AU and
AS had their epitaxial layer fabricated in our laboratory at Concordia
University in Montréal and those labeled with letter D were fabricated
at INRS Energie in Varenne Québec.

The sources and substrates used for the epitaxial layer growth in
samples labeled R, B and E were both (100) direction undoped SI GaAs.
For samples labeled AL, AU and AS, the source was undoped SI GaAs
(100) direction and the substrates were undoped SI GaAs or Si-doped
GaAs (100) direction. For the samples labeled D the source was
Si-doped GaAs and the substrates were undoped SI GaAs and Si-doped
GaAs. The electrical characteristics were determined by Hall effect
measurements (63) using the van der Pauw technique at room and liquid
nitrogen temperatures. For 1 samples, all the deposited layers were
n-type with a residual dop.ng concentration of SXIO15 to SX1O17 cm-?
The measured room temperature carrier mobilities were in the range of
3000 £1500 cm®/Vs.

The temperature range of the epitaxial deposition was 750 to 880°C
with a nominal temperature difference of 40°C between the source and
the substrate The thickness of the deposited epitaxial layers were

varving from 2.5 to 70um.
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Knowing the above characteristics from the laboratory where we
fabricated the epitaxial layers, it was therefore possible to
characterize those samples by the C{V), I{V) and DLTS measurements.
The DLTS measurements allowed us to identify deep level traps donor
such as EL2 and ELCS1 in samples labeled with R, B, E, AL, AU and AS.
In samples labeled with D we have found different donor traps in
addition to ELZ2 and ELCSI.

In the following sections, we discuss the results obtained by the
method described in previous chapters. Then we show that the evolution
of EL2 concentration is function of the possible off-stoichiometry
variation with the deposition temperature (64) in CSVT as it is the
case in GaAs grown by vapor phase epitaxy (VPE), metal organic chemical
vapor deposition (MOCVD) (65) and liquid-encapsulated Czochralski (LEC)

GaAs grown crystal (66).

5.1 Determination of free carrier concentration and barrier height

The n-type GaAs samples grown by CSVT have unknown free carrier
concentration No and barrier height Vb, In order to find them we use
the C(V) measurement as c¢»>scribed in section 3.1. An example of Nb and
Vb found by the C(V) measurcment is given in figure 5.1 for C{V) and
figure 5.2 a and b for 1/C(V)2. All other values for No and Vb have
been found the same way and the results can be found in appendiz [ for
all samples studied.

The values of Nb for some samples have been found by the Hall
effect (63)(67). The Hall effect measurement using the Van der Paw
technique gives the average resistivity through the epitaxial layer

whereas the l/C(V)2 measurement uses the slope. The latter mecasurement
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Fig. 5.1 C(V) measurement

(ti1pures 5.7 a and b) shows the non uniformity of the doping since the
slope is not quite linear. There are two apparent straight lines
cortesponding to two different Nos. Therefore, the Hall effect
measurement gives the overall free carrier concentration Np and can be
difterent from the 1/C(V12 measurement due to the non uniformity of the
dopingy  in the Gads n-type epitaxial layer (68) and the error in
dirameter of the metal deposited on the epitaxial layer.

The non-uniformity of the doping was discussed extensively in
teverences (o8) and o9) for  GaAs epitaxial layvers grown by CSVT on
Gads substrates From the <charge dersity, Np, profile of GaAs
epitavies for different thickness, it is shown that the epitaxial

lavers are not homegeneously doped. Thus the doping concentration Nb
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varies with the thickness: the doping level increase from the surface
of the layer tu the interface between the epitaxial layer and the
substrate (€8).

The accuracy of the diameter of the circle defining the surface
aren of the metal on the epitaxial layers of the GaAs SC plays an
important role in the determination of Np. Referring to equation 3.5,
it i< seen that HNp depends on the surface area of the junction.

In order lo wverify the possible range of error in Nbp, we have
taken gome samples at random and we measured the diameter of the
surface area of the metal with a Talysurf. In high resolution, a
diamond stylus is used having a tip width of less than 1.25um and five
resolutions of the pen  shift  control provide a total pen shift
cquivalent to a change in stylus height of #0.025mm within *5% (70).
The measured values are given in table 5.1, and tree typical examples
ot the diameter taken are shown in figure 5.3.

With  the help of a microscope and then the Talysurf we have
notree! that some surface areas where circular and some where
elliptical As given in table 5.1, we have calculated the surface area

of the ~lliptical junction (S=mab) and we changed it to an effective

-
<

diameter for a circle (S=r{"’2)%) since during the experiment, a
drameter of 0.8mn was ewxpected from the masking process which is
dev ribed in appendix X in section C. Thus we notice from the table

that the diameter area are in approximate range from 0.75 to 0.85mm
which causes a considerable error in No.

Gririnally, we wanted a precise 0.Smm diameter. So we made
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circles of 20mm of diameter precisely with a compass on Rubilith1 and
we reduced them twice five times with a reducing camera in order to
obtain the required diameter. For the first set of masks we obtain
ellipses since we realized that the camera reduced a bit more on the y
axis than on the x axis to which introduced an error in the diameter D.

The gsecond set of masks made where circular and their diameters

were tound to be around 0. 74mm to which can be seen from the table 5.1.

TABLE 5.1: Diameter found from the Talysurf.

No. S Ellipse Circle S Effecti-
ve
mm" a(mm) | b(mm) | D(mm) mm’ D(mm)
1 FﬂO.4959 0.820 0.770 0.79%946
2 0. 4959 0.820 0.770 0.7946
3 0.4688 0.770 0.730 0.7497
4 0.43398 0.810 0.770 0.7897
5 0 49592 0.820 0.770 0.7897
2 0 5329 0.780 0.870 0.8237
7 0.3675 0.600 0.780 0.6841
9 0.740 0. 4300
10 0.740 0. 4300
!11 i | 1 0.740 | 0.4300
12 E | 0.850 0. 50640
13 i 0.850 0.5640
14 0.740 0.4300

Speclial paper for photographic process
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This time the masks were circular since we reduced the initial circles
once five times on the y axis and once five times on the x axis in
order to reduce the error considerably. [t is noticed that some
diameters vary even when we use the same masks for tabricating the
diodes. This is because of an improper vertical spiacing between the
mask and the sample on the mash aligner which is not always obvious to
the operator. Therefore, an improper spacing can cause a change in D
since the ultra violet (UV) light can spread a little under the mask
during photo resist polymerization thus increasing the surface area ot
the junction.

The errors in the diameter and thus the error in Nn are shown in
table 5.2. We took a sample (CP26_1) that a nice C(V) characleristic
and we measured Np for different bias. Here the comparison is obvious;
for a variation of +6.25% in D (i.e. from 0.8mm as an initial value to
0.85mm), it introduces an error of 27.7% in Np for bias between
(0-2V). For bias between (-2-6V) with +0 25/ of wvariation in [, we
have a +29.8% of error in No. Similarly, for a variation of -6 254 in
D, we have an error of =-29.6% in Mp for bias of (0-2Y), and -51 7%«
error in No for (-2-6V) bias.

Also, another percentage of crror in N can be added to the abowe
if the slope is taken for larger range of blas (=2-6Y) a5 compatred to o
lower range (-2-10Vj). It can be seen from table S.2 (between #0010 and
13) that there is a 13.46% error between (-2-10V) bias and (=2-67) Liag-,
for the same D. The value f,r Np should be more accurate with (=2-107)
bias simply because more points are available for the linear fit. It
occurs some times in practice that we cannot go farther than (0-4Y7)

bias since we are limited by the reverse breakdown voltage of the diode
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itself where the capacity change drastically. For a low bias (0-2V)
{(between # 1 and 11) the percentage of error is lower (3.1%) since the

carrier concentration does not vary much near the surface (68)

TABLE 5.2: Error found in Np according to a change in diameter D.

(Ho Tiias(

- - —4

ViIDimm) Nd {cm-3)|%err. D |Zerr. NdiBetween No. | % error

] 0 -2 0.80 | 2.26E15 0.00 1 and 11 03.1
2 0 -2 0.381 | 2. 14E15 1.25 05.60 1 and 2 05.60
3 0 -2 0.85 1.77E15 6.25 27.63 1 and 3 27.68
4 0 -2 0.90 1.70E15 12.50 33.00 1 and 4 33.00
5 0 -2 0.75 2.93E15 ~6.25 -29.60 1 and 5 -30.00
6 |-l -6 0.75 | 3.52E15 -6.25 -51.70

7 o-2 -6 Q.90 1 4115 12.50 7 and 16 -25.79
8 |-2 -6 0.85 2.08E1S 6.25 29.81

a 1-2 -6 0.81 2.57E15 1.25

1o =2 -0 | 080 2.70C1S | 0.00 10 and 13 | 13.46
il 0-2 | 0.S0 : 2.33E15S | 0.00 03.10

t
1> -4 -10 | 0.80 % 3 21E15 | 0.00 12 and 13 | 37.00
13 [-2 -10 | 0.80 i 3.12E15 | 0.00 13. 46

|

14 0 -2 0.920 1.46E15 12.50

15 -1 -10 0.90 : 1.95E15 12.55

0 90 | 1.9QL15 12.55

r_-ﬁ._.._
i
|
i

Finally, it is observed that the choice of the points for the linear
fit may introduce another percentage of error (71). For example, we
have taken the slepe for bias between (-2--10V) and (-4-10V) and we

found 37 of error (between # 12 and 13). It is therefore critical to
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choose the proper points for the linear fit in the most linear region
that appears to the operator on the screen of the computer.

Therefore, the error in Np depends mostly on what was discussed
above since the C-meter is a reliable piece of equipment. Because ot
the importance of the C(V) measurement, the C-meter is discussed below.

The basic measurement accuracy of the 42S0A C-meter is 0.01%, and
measurement resolution is 1fF on the most sensitive range (pF). The
measured capacitance is displayed with 5-1/2 digit on high resclution
(72). For a small AC/C transient, the capacitance measured may be very
small (near 1fF) thus limiting the mecasurement of the peak S(T). This
small measurement in capacitance C can keep from seeing the EL2 trap
for example. At this point the C-meter is working on its limit.

The capacitance measurement is achieved by an internal 1MHz sine
wave source of 30m Vrms or 10m Vrms to suit the characteristics of the
device under test (the measurement range is given in the manufacturer
table). A built in DC source whose output can be swe ' in a staircase
manner, and an automatic error correction function to ensure acrcurate
repeatable measurements are used to change the capacitance of an S
diode junction under test. The error correction function "virtually
eliminates the effects of error-causing strays and residual inherent in
the test leads and tests fixtures used to connect test samples to the
unknown terminals" (73). Figure 5.4 shows the simplified capacitance
circuit measurement.

The diode 1is connected inside the cryostat under vacuum to which
the cryostat is linked by two coaxial cables to the two terminal pair
configuration at the C-nmeter. This eliminates mutual inductanre

between test leads because of their insulation and reduce the effect of
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environmental noise when measurement requiring pulse biasing (72).
With this connecticn mode, the C-meter measures the capacitance C and
the conductance G, of the equivalent unknown parallel circuit of the

device connected to the terminals (73).

{Measurement !
| Circuit |

[
i 1
1M} .
sovj:czc e Diode Z_l —\
+

DC source

Fig. 5.4 Capacitance circuit measurement

The iMHz sine wave frequency source 1s perlilodically tested with an
oscilloscope and a frequency counter. The internal DC source is alsco
veritied periodically wusing the HP3456A multi meter2 where the
procedure is described in the users manual using appropriate tables
(74). Finally the manufacturer gives the procedures to follow and
tables to perform the C and G standard tests according to specific
connect ion modes. Here the manufacturer specifies that the tests must
be pertormed  at 23°C #5°C with the C-meter warmed up 30 minutes before
the test.

Therefore, we can rely on this sophisticated C-meter to find the

tiee carrier concentration Np after tests performed periodically.

M
“The multi meter will be discussed in a further section.
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5.2 Apparent Activation Energy Ea
In this section, we determine experimentally the thermal
ionization energy Ea (or equivalently the apparent activation energy)
from the DLTS measurements performed in all our samples. Then we
discuss the probable causes of error. In further sections we will

discuss the particularity of each activation energy Ea or deep lying

trap level.

5.2.1 Identification of deep level traps

The ionization energy Ea was found from the DLTS peak measuted as
described in section 4.2.4 and 4.2.5. An example of DLTS peaks 1is
shown in figure S 5 . Then the Arrhenius plot described in section
4.3.2 was used. In practice we selected samples where the pecak height
was high enough in order to determine Ea.

In all the samples except some samples in the series D369 though
D378, we found two different peaks which are shown in figure 5.5 where
the growth of epitaxial layers made by CSVT was performed using
semi-insulating source for all samples and both a semi-insulating and
Si-doped substrates. The peak on the left hand side is found at a
temperature near 300K for a rate window tn cquals to 0O 391s and the
one on the right hand side is found at a temperature near 335K for the
same rate window. These two peaks have been found in all samples with
different peak height especially for the peak at 300K as it will be
discussed later on.

For the peak on the right hand side, we have drawn twenty seven
peaks using the DLTS spectrum program given by the flow chart of figure
4.10. Figure 5.6 shows only 5 peaks for convenience. The sample used

was #R16. From these peaks, the temperature were tak2n for each
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maximum peak and corresponding emission rate. The results are shown in
table  5.3. Then the Arrhenius plot was used as described by the
computer program from the flow chart of figure 4.11. The plot is shown
in figure 5.7. Finally, from this plot, the apparent activation energy
LCa was found to be equal to 8l€.07meV and the capture cross section on
was found to be equal to 3.02:-(10-13cm2. This 1ionization energy and
capture cross section is a particular trap level identified as the EL2
deep  level donor electron trap. Our measurement agrees with the
published results (65)(75) where EL2 is found to be Ea equals to 820meV
and @n cquals to 1.7x10 cm’.

In order to find the uncertainty of our results in Ea, we have
taken the same sample (R16) and we have performed six DLTS measurements

on it Then we have found six Ea and six on using 14 temperature peaks

and emissicn rates each time. Then we averaged up the six Ea and on
and we calculated the standard deviation (76). The results are given
in table 5.4, Thus we found an average Ea equal to 800.2meV with

Yl¥meV of deviation from the mean and with on equal to 1.97)(10-13cm2
with :1.4:\'10_13cm2.

The uncertainty found in Ea is *1SmeV which is low since the total
band gap energy Eg for GaAs is equal to 1420meV (77). Furthermore, a
variation of a few degrees in temperature does not change much the
slope of the line on the Arrhenius plot fi.e no large variation in Ea)
but may cause a large variation in on; since on is taken on the y axis
of the plot. Thus a slight change in the slope will give rise to a
lavrge error in on even if the mean of on agrees with published results.

In order to support our results for Ea for EL2, we measured Ea for

sample BS1 with the above method. We found Ea equals to 830meV and on
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Sample AS4EGMEP L6 Date S Oct 1983
16 ' ‘l r ’ Y T r 1 l"""-[ T f
L Te .39 > ELCSI\’,.
/
12.8 - / -
/
- /
!
6.4 |- / -
/
y /
/
/
3 2 - / \,
) ,// \\\‘_’ _ EL2 -
~
- \\\.
o LT ) 1 ! [ ! : 1 : I a——
240 250 290 300 320 340 360 380
Temperature ( K )
Fig. 5.5 Typical DLTS spectrum
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. 5.6 DLTS peaks for different rate window (for EL2)
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TABLE 5.3: Temperature with corresponding rate window for fig. 5.7.

No.| Temperature| rate (s)] No.| Temperature| rate (s)
(K) window (K) window
1 308.05 3.5410 15 319.51 1.1160
2 310.98 2.0560 16 326.34 0.5130
3 321 46 0.8850 17 333.90 0.2660
4 310.73 7.7910 18 325.36 0.6700
5 312.68 2.2320 19 322.93 0.8730
6 315.12 1.6740 20 327.78 0. 5020
7 319.51 1.1160 21 332.68 0. 3350
8 326. 34 0.55830 22 339.07 0.1670
9 306. 34 3.9090 23 319.05 1.1730
10 312.68 2.3450 24 321. 46 0.9380
11 322.19 0.7820 25 323.41 0.7040
12 336 59 0.2350 26 327.59 0. 4690
13 315.61 1.£°20 27 309.27 3.1270

| 14 | 322,93 0.7970 | 28

TABLE 5.4: Several measurements of apparent activation energy for EL2

No. Ea(meV)|{Sigma(cm-2)
1 782.23 | 8.48E-14
2 796.22 1.33E-13
3 818.30 | 3.27E-13
4 824.23 | 4.21E-13
S 797.29 | 1.36E-13
6 732.23 | 8.46E-14
average! S00.20 1.97E-13
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-69~

ceopraln b 1 9x10  en® Furthermore, we took a Bridgman sample where
EL? 1o ewpected to be found (78). We performed our DLTS experiments on
the sample with our experimental apparatus and we found Ea equals to
=04 9 7/meV oand on equals to 2.46:-:10_ncm2 which agrees with published
reoulte,

In come: ceoen thee FL2 decp lying trap level is seen in low
concentration (low peak height) and for these cases it is rather
drtfreult to measure fa An example of EL2 in low concentration (right
hand  side peak) was _nown in figure 5.85. Therefore once we have
determine Ea properly, we may recognize the EL2 trap level if the peak
i, located at 3351 for 1w being equal to 0.391s. EL2 can also be
tecoymteed for each temperature and corresponding tan in figure 5.6
Since it hao been determined from this plot.

lhe next trap to be discussed is also found in all samples with
the pear temperature near 300K for tn at 0 091s.  This is the left hand
e peak shown in fipgure 5 5 We have measured Ea and on with the same
method as described above.  We found an overall average in Ea equal to
JoomeV o £3ImeV with on equal to 3 Sw10”7em® 24.2%107cm® where the
capture eross section may vary considerably for the reasons mentioned
above This deep donor trap is identified as ELCS!1 with 730meV and
o™ e’ (797{83). QOur results agree with published results within the
limit ot error tfound above.

We have veritied this deep donor trap by comparing the DLTS
measutement made on samples at USTL Montpellier France and at Concordia
University in Montreal.  We took eleven samples at random (#AU & ALU)
that where characterized in Montpellier and thirteen samples at random

that where characteri. od in Montreal: samples series # S29E, S30R and
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R. Then we averaged up ecach set and we found the results which are
shown in table 5.S5. These results show that the ionization energies ta

were comparable fuor different samples where they were characterized at

two different laboratories.

TABLE 5.5: Comparison for ELCS! trap found at ditterent laboratories

Sample #] Ea(meV) [Sigma(cm-2)

AU & AL 726.8+341 4 3sE-13

S29E T12.3%431 5 77F-13
S30R 710.2426) 2.20E-13

R 715,427 3.28L-13

We have found another particular preak in samples D372 and D373
afcer annealing and etching them. Cight different measurements have
been taken for Ea. We found an average Ea equal to 614 75meV 2473meV

. 3 -15 2 ) .
with on equal™to 1.58%10 “cm’. We think that this trap was not found
elsewhere in GaAs epitaxial growth by (SVI. Of course more reqults
should be taken to ascertain the validity of this result, Thia trap
can be recognized for a temperature 255K for tn erqual to 0.73%15

Finally, in samples series D370 we found four donor traps afteg

s o,, - e

annealing the samples at 750 "C for 1/2 hour. Iheee are shown an
figure 5.8. Using always the same method, we found the fonization
energies and capture cross sections.  They are given in table 5.6 Lo

these traps found at low temperatures it is not possible Yo determine

3 15

- 2
Let Ea=C. 62eV and on=1.6x10 cm for convenlence, for this parLiou-

lar trap.
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La correctly with the cryostat we are usually using in our laboratory.
The reascii will be given in the next subsection. We can say that the

FEa values found are rough approximation for the latter case.

Sample : 360374 _2 Date : 28 Jun 13889

EAS N A S A B L S BN LS SN DR BELN B AL
- Ta~ B R ) -
9.6 |- -1
. | - //’ -
; N\
0. 7.2 |- /N .
/
N~ B // -
Cl . ‘i’ \

( T) * '/' /

,f”//i

0 TS YN SNIFSUE) SN VS KUY TSN SO SN VAN AT S NN TN DU T AU TN SN ENS S N T
85 105 125 145 [695 1dL 205 225 245 265 285 305 325 345 365 3B5

Temperature ( K )

Fig. 5.8 DLTS spectrum for sample D374

TABLE 5.6. Apparent activation energies for peaks shown in fig. 5.8.

Peak No. | EaimeV) [Sigma(cm-2)

1 238.00
2 327.70 | 4.83E-14
3 387.50 | 4.11E-15

4 S517.05 1.51E-14
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S5.2.2 Probable causes of error in finding Ea

From one DLTS measurement to another for a given rate window the
peak may shift a few degrees in temperature. This shift in temperature
may cause errors in finding Ea and on. turthermore, the thermal
velocity rate (AT) 1is supposc to be constant and slow (AT = 1 lao
2K/min. ) for a better averaging for the DL1S peak sipnal S(I).

From the discussion in the previous section, we know that we <an
rely on the equipment for the DLTS measurcment Consequently, Lhe
validity of our experiment depends on the temperature measurement al
the sample which is under vacuum inside the cryostat. The temperature
is measured with a platinum resistance which is placed on the sample
Then the temperature is calculated with equalion 4.28

To check the validity of our platinum resistance, we have measured
its resistance at liquid nitrogen (77K or -196"C), a! melling
temperature with deionized water (DI) (273K or 0°C), at ambient
temperature (288K or 25°C), and at boiling DI water temperature (37 3k
or 100°C ). Thus we have measured the resistance and compared with the
manufacturer specifications. Then we have calculated the corresponding
temperature using equation 4.28.

It is observed from table 5.7 that the ertors in resistance and in
temperature are low. Thus the temperature given by the platinum
resistance is reliatle.

Another point that we have verified was where to  put  the
resistance for maximum reliability in temperature? In order Lo
ascertain the wvalidity of our measurement in temperature depending
where the resistance is located, we have put two identical plalinum

resistances that we have tested before the experiment, and we have put
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TABLE 5.7. Error between theoretical and experimental temperature
measurements,

semperature T17 R {ohm) % Error [Temp(K) T2] DT [% Error
C g K Read i Given in R |Calculated; K T1 & T2
~146 9] ’““;YN» ’w}Ewél ! 21.00 2.95 80.79 3.79 -4.40
00 0 273 101.00 ! 100. 00 1.00 275.59 2.58 -0.94
250 0 293 110 08 E 110. 00 0.62 300. 47 2.47 -0.82
1o o 1 373 1 147 00 _§ 138.50 1 10 369.09 3.95 +1.08

one inside the cryostat tip tail (made of copper) and one on the sample
whith 15 placed on the tail inside the cryostat. Then we have
performed a DLIS measurement from 80K to 400K and we have measured the
values of K1 and R2 al an average spacing at every 3 ohms. The results
ar e <hown iIn table 1 in appendix IX.

the  results show that the sample and the cryostat tail are
tollowiny carh other in temperature within an average of 1% of error.
Ihi+ 15 very important that the sample and the cryostat tail follow to
cach other in temperature; if it is not the case, a large error in
temperature  reading will occur thus shifting the DLTS peak in
temperature anducing an error in finding Ea. Therefore, whether the
platinum rewistance is placed on the tip tail of the cryostat or on the
sample, the reading in temperature should be correct within 1% of error
in the resistance value.

Another problem in using the cryostat is the thermal rate velocity
in temperature (AT): the cryostats used are cooled down with liquid
nitrogen (77K) and warmed up to around 400K so the sample can follow

this range of temperature.
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The main problem is the high thermal velocity (K/min.) in low
temperature. The cryostat used in Montreal has a tendency to warm up
to rapidly from around 100k to 260k where the operator has no control
over it. An example is shown in figure 5.9 . This 1s the reason why
we cannot assure the validity of La found for the four DITS peaks given
in table 5.6, which was discussed in subsection 5.2.1. Therefore the
proper measurement of Ea for the peaks found below 260K should be done
with a cryostat that has a low thermal rate velocily in low temperature
from 77K to 260K.

For temperatures higher than 260K up to 400K, it is up to the
operator to control the temperature manually so that the thermal speed
be as constant as possible because we want a gnod averaging of the
signal S{T). Figure 5.9 shows a typical example of an average conlrol
in thermal speed where AT is around 1.5K/min. In this case L4 can be
determined properly. Figure 5.9b shows an example where AT varius from
around 1K/min. to 4.4K/min. For the latter case the signal averaging
is not correct thus inducing an error in the DS peak measurement

The cryostat used in Montpellier France had the possibillty of a
low thermal rate velocity in low temperaturc. In order to keep our &1
as constant as possible, we have bullt a temperature repulator. The-
circuit is shown in figure IX.1 in appendix 4. This circuit compares
the increment in temperature with a linear ramp where we can choose ite
desired increment in thermal speed. The ramp is generated by a simple
integrator circuit (81}, By comparing the two signals, the power
supply feeds more or less power to the heating element inside the tall
of the cryostat. This circuit worked out very well with the cryostat

used in Montpellier. Table IX.2 in appendix IX shows the results in
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AT for a DLTS experiment from SOK to 400K. The low variation in AT
(ATaverage = 1.5K/min.) shows that the increment in temperature was
fairly constant thus allowing the operator to determine Ea properly for
DLTS peaks found at any temperature range.

Unfortunately, this circuit did not function properly with the
cryostat used in Montréal because of the high thermal speed change in
low temperature. However it could work out for temperatures greate:
than 260K after a proper adjustment of the potentiometer in the
circuit. In order to make it work in low temperature, we suggest to
redesign the circuit using a pump that would cool down the cryostal by
injecting liquid nitrogen in it if the case may be.  This way, AT would

be constant throughout the whole experiment.

5.3 Experimental Results

The determination of deep level trap concentration N1 oallows to
draw interesting conclusions as it will be scen in further sections
We "ave determine the value of Nr cewperimentally using equation 4. 30
From the plot of DLTS experiments we have measured the peak heipht
S(TM). Then we find C(Vo) and C(Vi) from the C(V) plot (figure 5.1} in
order to find Wo and Wi. Finally A is found from equation 4 17 since
Ea has been found previously. Then the value for Hr were caleulated
for all samples.

Here we show the experimental results for samples R16, BA6 and B%1
put in tables 5.8, 5.9 and 5.10 respectively For example, table 5.%
shows the sample number on the upper left hand side rectangle. Then
'Tsubs" represents the substrate temperature during the epitaxial layer

growth for that particular sample (R16). Then the epitaxzial layer
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thickness, the free carrier concentration (NDH) and the mobility (u)

are given. Both NDH and p were found from the Hall effect

measurements. From the table, we can find in each column:

Ea. The apparent activation energy (eV)

wo: Depth from the junction corresponding to the bias voltage
VD (pm)

w] Depth from the junction corresponding to the bias voltage
V1 {am)

Ko:  The series resistance (Q)

Roh. The shunt resistance {(1*E6) (Q)

Js The reverse saturation current (1*E-9) (A/cmz)
Nr: Deep level trap concentration (1*E14) (Cm—3)
N - Concentration of shallow donor (1*E15) (cm_3)

n The ideality facter

¢h Barrier height determined by I1(V) measurement (eV)
Vb' Jarrier height determined by C(V) measurement (eV)
“oer  Percentage of error between Vb and n‘¢b.

For example, in table 5.8, in the first row, the values for Rs,

Rsh, s, ND’ n, ¢b and Vb are given from the experimental
characterization of a Schottky barrier discussed previously. The
results are now put in tables. Thus in the first row and the first

column of table 5.8. we may observe the apparent activation energy Ea
(0.80eV) where 1its corresponding deep trap concentration can be found
(in the same row). wo and wl correspond to the distance from the

Junction depth where the DLTS have been investigated in order to find

NT' For example, in the first (ow, at VO=—SV and V1=OV we have the
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TABLE 5.8: Results for sample R16

.80!1.53410.620130. 4 14C. |.625;0.417.03.89. =5 | 0 |1 074!0.880|1.060{12.1]

{ Sample R16 ' Tsups = ss0.0 °C )
g 5

| Thickness = 41.0 um :NDH = 8 15215 a:/cm3 o= 4760 em”T,V-s

2y | | .

(B2 ' \ >
i_a HO wl | Rs ; Rsa} Js NT ND JO V1 l n ¢b Vb err
tev | um | pm . a Do [Men®i3tén7 13807 Volt Volt, eV eV |V &
! | Es | E-3] E14 | EIS | | n*s |

0.631{03.69} -5 0

.8011.767]0.91%! 0.516,03.62! -7 | -1 |

.7211.767]0.911 0.572103.6%¢ -7 | -1

.8C11.767]0.911 0.485:103.6%; -7 -1

.72{1.767 0.91t 0.6038'03.63' -7 -1
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corresponding depth as WO=1.534pm and w1=0.620pm respectively. Then,
1n the second row, for Ea=0.72eV, we may find the same distances (WO
and wl) for the same bias since both traps have been found on the same
diode, It can be seen that other DLTS measurements have been performed
at different bias on the same diode. For instance, for Ea=0.8eV at
V0=-7V and V1=—1V for two different DLTS measurements at those bias,
we find NT=0.516 El4 cm—3 and NT=O.485 El4 cm-3 with 6.3% error between
the: two and similarly for Ea=0.72eV we find NT=O'572 El14 cm_3 and
NT=O.608 E14 cm_3 on the same diode with 6.3% error also. In appendix
I, we can find all the detailed values for all the DLTS experiments
pertormed to all samples studied.

Nete that, whenever Rs, Rsh, Js, ND, n, ¢b and V., are appearing in

b
a new row, this means that the following DLTS measurements have been
made on another SKB but on the same epitaxial layer (for R16 in this
casel, When, a dotted line cuts the table horizontally, this means
that an etch of about 1um was made on the epitaxial layer of that

sample Thus in table 5.8, in the first row below the dotted line we

have V0=—2V and V,=0V for a corresponding WO=1.2um and W

! =0. 166um, but

1
we have added 1lum to WO (2.2um) and wl (1.166um) since we are now
investigating at 1um deeper from the initial surface since we have
etched the sample

In summary, table R16 shows that the basic characteristics of the
fabricated diodes were good since n=l1.1 and ¢b20.85eV. With this in
mind, we observe that as we go deeper from the junction in performing
PDLTS measurements. We find that EL2 (Ea=0.8eV) seems to remain constant

whereas, the ELCS1 (Ea=0.72) tends to vanish. The same phenomena are

observed in sample B46 (table 5.9) and sample BS1 (table 5.10) but with
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more etching steps. In section 5.5 we will show the curves from these

data and discuss them.

5.4 n, Io, Vb, Rs and Rsh measurements

The values of n, lo, Vb, Rs and Rsh are also given in table 1 in
appendix I. The diodes are usually checked first with the curve
tracer but with no accuracy. This is a quick way to check if the
fabricated dicdes have a junction that can be exploited. The accurate
method to find the above results is done by using the I(V) measurcment
methoa as describe in section 3.2. A typical example of I(V)
measurement method is shown in figure 5.10 for 1n(I) as function of the

positive voltage applied. The accuracy of the measurement depends on

=

amnms

Fig. 5.10 An example of experimental curves of 1n(l] vs V
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the HP 3455A multi meter accuracy and the resistance R used to find I
(see figure 3.6).

The resistance R used have an accuracy of 1% of the nominal value.
The multi meter put in ohm-meter mode which reads the value of R chosen
by .he scanner has an accuracy of 0.0045% of reading +0.004% on high
resolution mode (6 digits used) operated at 23°C #1°C (82). The multt
meter in DC voltmeter mode which assign the voltage values on R has an
input resistance Rin greater than 10“%K2 on 0.1V through 10V range.
The accuracy of reading on 10V range on high resolution is *0.002% of
reading +0.0003%. Therefore, we can rely on the multi neler

measurement because of 1its high accuracy performance when |t is

periodically calibrated. A removable reference module can be sent
periodically for calibration (82) to ensure the accuracy of the
apparatus.

Here it can be observed from the tables in appendix 1 that we have
fabricated good Schottky barriers for our analysis purposes since most
of our diodes have an ideality factor n between 1.05 and 1.1. The
values of Rs and Rsh varies from one sample to the other since we used
an approximation method to find them. We require some approximating
values for Rs and Rsh in order to have a good idea so as to sce 1f
there are in a reasonable expected range since we don’t need them for

further analysis as far as we are concerned.
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5.4.1 Plots of Np vs éb_and Js vs ¢b

From table I.1 in appendix I, it can be seen that ¢b is not always
constant throughout the whole table. This depends partly on the free
carrier concentration No. We recall from section 3.2.1 that the
barrier height ¢b is lower by an amount A¢b due to the image force
lowering. From equai.ion 3.8, it is seen that A¢v is dependent on Nb.
We note also that ¢n is also dependent on the work function ¢ém. ¢Pm
should iemain constant since we are always using the Al-Pd metalization
system on our Schottky barriers thus not altering ¢b very much.

As discussed in section 5.1, Np may be different and not
unifoimly distributed in several samples; thus ¢b varies. We have plot
the free carrier concentration Np vs ¢b for samples series D369 through
D378 in order to show their dependence. This is shown in figure 5.11.

It is observe that for low ¢b, Nb is large and for ¢b increasing
Np is decreasing. This means that A¢b is increased as Np is increased,
thus decreasing ¢v» where ¢b is the height of the resultant barrier.
This experimental plot is in agreement with the image force lowering
theory explained in in appendix V and given in equation 3.8.

The dispersion between the points is about 0.6 decade. This may
be caused by the nron-uniformity in the doping. If Np varies for
different bias on the same sample ¢b will vary accordingly. Another
probable cause of error is the surface area of the junction. ¢b is
determine from equation 3.7; 1if there is a small change in S, it will
induce a change in ¢b. A third probable cause of error would be due to
some kind of contamination left on the sample surface when we where
fabricating the diodes. It is very important that the surface be very

cleaned. Unfortunateiy, we don’t have a perfect control over it due to
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Fig. 5.11 Graph of Np vs ¢b for samples D369 through D378
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too many parameters variations during the fabrication of Schottky
barrier diodes. If there is a layer in between the surface of the
sample ana the metal due to contamination, a voltage drop may occur
across this layer (23)(83), thus lowering the initial wvalue of ¢b
regardless Ad¢n. Therefore, if this layer varies 1in thickness,
dispersion of points may occur.

Since ¢b varies, we have plot in figure 5.12 Js (Js = Io/S) vs ¢b
for the same set of sample in order to verify -equation 3.7
experimentally. As ¢b is increased, Js decreases which verifies this
equation (22). Therefore, for each sample used, the characteristic of
each diode is slightly different from one to another which is due to
the change in Np and the diode quality fabrication to which we have a
good control on n but not as well on ¢b.

To show the dependence on other samples, we have plot Nb vs ¢b for
sampies series B39 to B60 as shown in figure 5.13. Due to a low
variation in Nb for this set of samples, there is a low variation in
¢v. This leads to A¢b mostly constant for this set of sample. This is
still in agreement with appendix V but with a slow decreasing slope.
The plot of Nb vs ¢v is also shown in figure 5.14 for samples series R2
through R16. It shows some dependence but with a steeper negative
slope within a small range in ¢». Therefore Np plays an important role

in the determination of ¢b.
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5.4.2 Plots of EL2 vs ¢b_and ELC31 vs ¢b

It is noticed that the DLTS signal for the mid gap level EL2 seems
Lo be dependent on the Schottky barrier height ¢v for samples labeled R
and B. Thus we have plot the con-entration Nt for EL2 vs ¢b. This is
shown in figure 5.15, That figure shows that the concentration Nt for
B2 is fairly constant for ¢bv greater than 0.75eV regardless the point
dispersions as discussed previously. As suggested by reference (22),
tor barrier height between 0.62 and 0.82eV, the observe DLTS signal
intensity is function of ¢b; consequently the deduced concentration of
FL2 level become unreliable. However, in our case, the EL2 deep level
donor trap concentration was not affected much by the change in ¢b as
the graph shows, leading to its proper measurement. The few points
left on the right hand side bottom where the ELZ2 is seen at a lower
concentration are found in samples R10 and B42. In sub section 5.5.1
we will discuss a proposed model for the EL2 donor trap level that will
give us some indication for its change in concentration in the
material.

Figure 5.16 shows the curve for NrT(ELCS1) vs ¢b for samples
labeled R and B. Note here that we have taken NT(ELCS1) at the surface
of the samples only:; that is no NT(ELCS1) after an etch are given on
the graph. From the results given in table IX.1, it can be seen that
after one etch of about one um at a time, NT(ELCS1) decreases even if
$b is increasing. We have plot NT(ELCS1) vs ¢b for all other samples
and they show similar results as the one shown in figure 5.16. Thus
for this trap (figure 5.16), we notice that NT(ELCS1) seems to be
dependent on ¢b. This is observed between 0.75 to 0.90eV. Therefore,

it seems that the measurement of the trap concentration Nr for ELCS1
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varies linearly within one decade for O0.75eVi¢p.0.90eV whereas the
measurement of NT for EL2 seems to be independent of ¢v as discussed

above knowing that ¢b lies within this range.

S5.4.3 Comparison for Vb from C(V) and for ¢b _from (V) measurement

We have stated in section 3.2.4 that the barrier height determined
by the I(V) measurement could be close to one determined from the C(V)
measurement if the former is multiplied by the ideality factor n. In
order to verify it we have taken the percentage of error for all
barrier height involving Vb and ¢v available in table IX.1.

For eight samples (series AL, AS and AU) available studied in
Montpellier France we have compared the barrier heights as follows; for
example, for sample (AS40MEP14,4), ¢b=0.785eV, n=1.265, Vb=0.97;
therefore Vb’'=0.785%1.265=0.993eV . The percentage of error between Vb
and Vb' is 2.3%. We have thus calculated each percentage of error for
all samples with ¢b and Vb available and we have made the average. Thus
we tound that the above statement is true but with a 12.7% of error.

We have checked with fourteen samples in the series D369 through
D379 (table 5.11) and, S29E and S30R (table 5.15) studied in Montréal
and we have found an average error between Vb and Vb’ of 11.3%. lhe
reasons for having Vb and ¢b different was stated in section 3.2.4.

The reason for correcting ¢v by a factor n can be seen by the fuct
that equation 3.7 does not take n into account. References (34) and
(85) suggest that n should be included in the expression for the
saturation current Io since the effects which cause the deviation from
n equal to unity at higher bias voltage are also present at zero

bias. Thus equation 3.7 can be rewritten as
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. -
lo=SA Tze( ¢b/nkT)

(5.1)

where

¢b’ = ngb = (nkT/q)ln(A-STz/Io) (5.2)

The average 10% of error between Vb and Vb’ is probably due to the
fact that Vb is taken on the x axis from the 1/C(V)2 plot. As
discussed previously, if points Pl and P2 are not properly chosen, it
may induce a small variation in the slope of the linear fit thus

changing the value of Vb (section 3.1.2).

5.5 Experimental Observations on EL2 and ELCS1 Traps

In samples R16, B46 and BS1, we have studied the as-grown
epitaxial layer grown by CSVT, by removing about 1um layer one step at
the time from the surface by chemical etching. The chemical etching
solution was made from HZSO4—H202-H20 (5:1:1) and was used at 60°C.

Figure 5.17 shows two DLTS spezctra of the CSVT epitaxial layers.
We have chosen sample R16 (substrate temperature Ts = 860°C) since it
represents well the two main traps found in section 5.2.1. In figure
5.17a, we recognize the trap at 300K (ELCS1) and the trap at 335K (EL2)
with both the emission rate at 0.39s for Schottky barriers made on the
as-grown surface. Figure 5.17b was obtained by the DLTS measurement
after a removal of about 1lum from the surface. It is noticed from the
figure that the EL2 trap level remains the same even after a chemical

etching whereas the other trap level decreases to a negligible amount.
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In order to verify further the depth profile of the concentrations
of these twe traps, we have plot their concentrations Nr as function of
the distance from the Jjunction. Different bias conditions and
progressive chemical etching depths were used in the DLTS scans.
Figures 5.18, 5.19 and 5.20 show the results ,or samples R16, B46
(Ts=850K) and B51 (Ts=880K) respectively. The lines linking the two
points corresponding to Wo and Wi represent the zones investigated
during the DLTS scan after every chemical etching step. It can be seen
for the three cases, that while the EL2 trap concentration remains
constant in the bulk, the density of the ELCS1 trap decreases with
depth in the epitaxial layer. Further investigations in sample B48 and
BS50 shows that after a chemical etch of about 5um to both samples, the
trap concentration Nr for ELCS1 1is not seen whereas the trap
concentration Nt for EL2 is about 3.8X10' em™

The trap concentration of the DLTS signal for ELCS1 from the
above samples studied varies approximately between 2 X 1013 to 2 X
10""em™.  However, it nnticed that the ELCS1 diminishes closer to the
as-grown surface with increasing deposition temperature. This 1is shown
in figure 5.21 were we have plot the concentration Nt for ELCS1 as
function of the substrate temperature.

Figure 5.22 shows the variation of the meaiured EL2 concentration
as tunction of the substrate temperature. It is observed that the
variation of its concentration is approximately between 1.0 X 10'? to
1.3 X 10 Yen™.  This comparable with those already reported in other
epitaxial growth technique such as VPE and OMVPE, where arsenic

pressure is taken into account (86). A monotonic increase of the EL2

concentration from 750 to 850°C deposition temperatures is observed.
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Above 850°C a decreasing tendency can be seen.

In order to verify if the wvalues of the shallow donorl
concentration had an effect on the EL2 trap concentration, we have plot
ND as function of the substrate temperature (NT(T}}. This plot |is
shown in figure 5.23 for samples series labeled with R and B. It is
observe that the free carrier concentration Np(T) is falrly constant
regardless sample R16 to which has a low free carrier concentration No.
This leads us to bel:eve, with the help of equation 4.30, that the the
trap concentration as function of substrate temperature NT(T) is not
influenced by ND(T) and should not be influenced by the term in the
bracket since it is usually very small (56). Therefore NT(T) depends

on the maximum DLTS peak S(Tu) measured from experimentation.
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5.5.1 Proposed model for EL2 deep donor trap

In order to investigate further the above observations, we discuss
first the EL2 model proposed by references (87)(88) and (89), which
suggests that EL2 is formed by a complex of gallium vacancies VGa in
As-rich conditions, and anti sites centers formed by the occupation of
a gallium vacancy by an arsenic atom of GaAs host lattice leaving
behind an arsenic vacancy VAS. This 1is represented in figure 5.24
{89). This figure shows the formation of the so called EL2 complex
(Asc., + VAS). Other authors also agree with the origin of the EL2

complex (65)(90)(91)(92) . In figure 5.24a, the gallium vacancy vGa is

shown and in b the complex is represented after the migration of an As

a) i z @ GC b) ’}:‘:/
QO as

|
2 T & //&”?’
j}lg\“ & b\,zg\)/ 7

\ -
Ga ASGqa = Vas

atom in V_ .
Ga

Fig. £.24 Formation for EL2 complex
The EL2 complex is assumed to be a divalent deep lying donor
center and a shallow monovalent donor level (87). This can be
explained by the electronic configurations for atoms in the ground
state and in the tetrahedral coordination system. For GaAs, the
gallium has the configuration; Ga: [Ar]3dlol]=524p1 meaning that there

are three electrons in the 4s and 4p sub shells whereas arsenic has the
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configuration; As: [Ar]3d104sz4p3 showing five electrons on the 4s and
4p sub shells (93). When one atom of Ga and one atom of As are brought
together to form GaAs crycstal, eight electrons are present on the 4s4p
sub shells completing the octet, thus forming the semiconductor's
predominantly covalent bonds. As shown in figure 5.25a, if a gallium
is removed from its site, thus leaving a gallium vacancy VGa, v o will
be surrounded by five electrons belonging to the four nelghboring
arsenic atoms. Now, as shown in figure 5.25b, if a neutral arsenic
atom with its five valence electrons occupies the gallium to form an
anti site complex, the result may be a site possessing ten eleclrons.
Since eight electrons complete the octet for tetrahedral coordination,
two free electrons are left in excess. These excess electrons are thus
responsible for the origin of divalent deep trap lying EL2 donor
center (87). Note that the arsenic vacancy V‘s left behind becomes a
monovalent donor.

The energy of activation Ea of the ELZ2 complex has been suggested
in the literature (65)(78) to be 25meV and 760meV for the shallow donor
(VAS) and for the deep divalent donor anti site AsGa respectively.

In order to allow the presence of a geaeral shallow donor of
variable concentration, silicon doping 1is introduced during GaAs
crystal growth (87). It has been shown previously that silicon (Si) 1is
an amphoteric impurity in GaAs (94) but because of our stoichiometric
conditions (As-rich condition), it is reasonable to assume that the
silicon acts as a shallow donor on the gallium sub lattice Sica (94)
(95). The presence of silicon as a shallow donor has an activation
energy Ea equal to 0.002eV (21). Note nere that Si can be introduced

involuntary due to the presence of Si in the system, or purposely added
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Fig. 5.25 Representation of EL2 formation
a) Gallium vacancy
b} Arsenic vacancy and arsenic

in site Gallium

for adjustable concentrations.

Now, by varying the Si shallow donor concentration impurity in
GaAs, the material may be considered as n-type, semi-insulating or
semi-conducting (21)(87) by compensatlion of the deep acceptor present
in the GaAs crystal. This can be explained with the help of the

diagram shown in figure 5.26.
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Fig S5.26 Diagram for compensation in GaAs crystal

The above figure suggests that Nl is the total concentration of
Gallium vacancy Vca' The total VGa concentration 1is due to the fact
that the crystal is grown in As-rich conditions (off-stoichiometric
condition: As/Ga ratio grater but close to one)d. For example, 1t has
been shown previously that the existing phase extent in GaAs containing
approximately 2.22 X 10*® atoms/cm™> (96), of the limiting composition

of the arsenic-rich side of 1its Ga (off-stoichlometry)

As
49.999 50.001

correspond to N1=3 X 10'7 atoms/cm’ corresponding to a maximum VGa (21)
(87). Then, N2 is the concentration of Si shallow denor introduced in
the crystal. N3 is the concentration of the EL2 in the crystal and is
formed with the gallium vacancy concentration available (N1-N2) for the
formation of anti sites (Asca) assuming that a fraction f of these
unfilled gallium vacancies become occupied by arsenic atoms resulting

in VA. The fraction f was calculated with the thermodynamics
S

Pure stolchlometry if As/Ca = 1
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expressions found in references (5){62) and (87), and was given as
0.15. Finally, N4 represents the concentration of gallium vacancy
(Vca) which are left unoccupied by either silicon or arsenic atoms.
Therefore, the deep acceptor concentration [A] available to compensate
the donors present in As-rich GaAs crystal is given by N4.

With the help of the above figure, we can explain the behavior of
EL2 by varying the stoichiometry with the temperature of a GaAs crystal
during its growth or by doping it with Si. For instance, according to
the above diagram, if we assume that the concentration of Si remains
constant (N2 constant), and during the post growth of the crystal, the
As/Ga ratio has 1increased, more gallium vacancies VGa are formed.
Since there 1is more Vca, more arsenic can take place in these, thus
increasing the probability of an As in Ga site (AsGa) with an arsenic
vacancy VA{ Therefore, it follows for this case, that the EL2 deep
donor trap in the bulk will increase in concentration since (Asca+ VAS)
will increase in concentration.

Now, if we vary the concentration of silicon, it is possible to
obtain a semi-isolating GaAs crystal. According to the diagram, by
introducing Si as donor impurity, it will influenced the ELZ2 donor trap
concentration. If both EL2 (N3) and Si (N2) as donors are in
concentration near to the deep acceptor VGa it will compensate to give
an SI material (87). The calculation of the Fermi level in order to
show whether if it is n-type, SI-type or semi-conducting type where
shown in references (£2) and (87} by using the Schottkly curves. Note
here that the silicon concentration influences the EL2 concentration
the following way: if more Si are introduced in the GaAs crystal, more

gallium vacancies will probably be occupied by Si thus forming an anti
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site Sica' This phenomenon will possibly live less gallium vacancies
Vca, there will be less Asca for the formation of EL2 leading to its
lower concentration (21)(87).

From our results obtalned, we recall that in sample Rl16 for
example, we were able to see the EL2 clearly after a DLTS scan. This
is because the shallow donor concentration Np found was around 3 to 4 X
10'® cm™ compared to as 3 to 4 X 10'%m™> for the other samples. In
most of the graphs shown before, we notice that the points plotted for
sample R16 are obviously lower in concentration. These points are
often apart from the others. It was shown by references (65) and (87)
that for high concentration of shallow donor Np, the ELZ2 is in very
low concentration and for Np low, the EL2 concentration is seen to be

higher which seems to agree with our results.

5.5.2 Application of the ELZ2 Model to CSVT epitaxial growth

By experimental evidences, the thermodynamic considerations
indicate that the CSVT deposited epitaxial layers are normally As-rich
since the partial vapor pressure of As containing species 1is higher
than partial vapor pressure of Ga20 (5)(62)(87). Thus because of the
arsenic rich condition, the EL2 originates from gallium vacancies V(_m
in the crystal (65)(88). The theoretical solidus curves, calculated
for simple atomic disorder, indicate an increasing phase extension
(As/Ga ratio) with increasing temperature between about 770°C and
1130°C (97). It has been shown that the concentration of the EL2 trap
increases with the increase As/Ga ratio in the vapor phase during the
growth (65)(86)(97) for LEC, VPE and MOCVD experiments. This suggest

that the evolution of EL2 concentration is function of the
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off-stoichiometry wvariation with the deposition temperature as was
shown in figure 5.22 with our CSVT system.

In order to analyze further the results obtained above, we have
plot the theoretical EL2 concentration (N3) as function of the
off-stoichiometry induced gallium vacancy density (N1) by using N3=
(N1-N2)f described from the diagram of figure 5.26. fhe result is
shown in figure 5.27. Here we have assumed the silicon concentration
constant (N2 = 5.8 X Mfﬁcm—a) for undoped layers based on previous
results (5)(62) and the fraction f of available gallium vacancies
contributing to the formation of the EL2 complex was assumed to be
0.0015. The value of f was equal to 0.15 originally from previous
results (21)(27), but was decreased tc¢ 0.0015 since in the case of
vapor phase growth at about 700°C in contrast to melt growth at 1238°C,
the EL.2 concentrations exhibit a 2 to 3 order mag-:itude decrease (86).
Thus, by wvarying the off-stoichiometry induced gallium vacancy
concentration (N1} from 6 x 1016 to 1.1 X 1017cm-3, we find that figure
5.27 is comparable to the DLTS measured EL2 concentrations as function
of the deposition temperature in figure 5.22 (64). Figure 5.22 has
been replotted with the same scale as in figure 5.27. This can be seen
in figure 5.28. The comparison is now obvious between figures S5.27 and
5.028.

The origin of the decrease of the EL2 concentrations for
temporature above $50°C in figure 5.22 is still unknown. However, it
might be related to a surface decomposition of the epitaxial layer

during the growth at thecse elevated temperatures.
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5.5.3 The 300K trap ELCS1

As shown in figures 5.18 to 5.20 , we have observed that the
ELCS1 trap is not characteristic to the bulk; this trap was shown near
the surface only. The source and substrate used were both S1 wafers.
While reference (79) suggested that ELCS1 trap is a bulk defects we
have shown that the ELCS1 traps in GaAs samples grown by CSVT were seen
near the surface only (64). After chemical etching of a few um In
depth from the surface, the ELCS1 (300K) trap has a tendency to vanish
while EL2 remain constant throughout the bulk. These 300K levels have
been found mainly in wafer submitted to a half and hour heat treatment
in the reactor after epitaxial layer growth. As a result the surface
structure of these layers might be altered (66). These can be due to
out diffusion of impurities or arsenic itself. Therefore, these
responsible decompositions of these effect surface layers might be

responsible for the 300K (ELCS1) peak.

5

The samples analyzed in reference (79) were fabricated using the  C3YT

set-up at Concordia University in Montreal.



6.0 CONCLUSIONS

Thic report has shown a thorough analysis on the DLTS method for
the characterization of deep level traps in GaAs epitaxial layers grown
by CSVT. The basic definitions on GaAs crystalline structure were
given as an introduction to the other chapters. Then the derivation of
capacitance~voltage characteristics of a Schottky barrier was given in
order to find the shallow donor concentration Nb. Furthermore, the
DLTS method required the capacitance of a diode under reverse bias for
the measurement of deep level traps.

The current-voltage characteristics of a Schottky barrier was
given also because of the importance for finding the ideality factor
and the barrier height. These two parameters were important to
identify since they indicated if the diode can operate properly. The
ideality factor n between 1 and 1.1 indicated the thermionic current
over the barrier and the barrier height ¢b greater than 8.2eV allowed
to see the EL2 trap level with confidence.

For a thorough understanding of the DLTS method, the general
equation of occupation of defect state was given in order to understand
Schottky barriers taking deep levels into account. Thus the
capacitance transient using a Schottky barrier was derived. This
allowed one to the explanation of the DLTS measurements leading to the
so called DLTS peaks. This was applied in practice using a capacitance
meter, a multi meter and a pulse generator all controlled by the HP-300
computer. Then, once the DLTS peaks were found, the activation energy
Ea was determined with the Arrhenius plot in(taT®) as function of

1000/T.



-115-

Therefore, the experimental procedure to find all parameters by
using the DLTS method required first to find the shallow donor
concentration Np by the C(V) method. Then the DLTS peaks were found
according to the DLTS measurement procedures. From those peaks, the
energies of activation were found. Then the trap concentration Nt was
found after the transition region region A was determined and the
widths Wo and Wi that were easily calculated from simple formulas
derived in the text.

The above analysis allowed the determination of the shallow donor
concentration Nb and the barrier height ¢b of Schottky barriers in
order to find the activation energy Ea and the carrier concentration Nt
of deep level traps for several samples under investigation.

It has been observed first that the shallow donor concentration Np
was found sometimes with and approxtimate 30% errordue to the surface
area of the metal junction of a Schottky barrier and the choice of the
points for the linear fit for the slope of 1/C(V)2. These errors were
taken into account during our experiments. Then ¢p and n were found.
¢b was found experimentally to be greater than 0.75eV in all the
samples for a proper measurement of EL2. n was also found in the limit
required. The values of Vb found with the C(V) measurement and ¢b used
with the I{V) measurement were compared by multiplying the latter by n.
An average 10% error was found. The equipment used for the measurement
of Nb and ¢b were discussed and were found to be accurate according to
the manufacturer when properly calibrated periodically.

The activation energy Ea was determined on several samples. A
peak at 300K and a peak at 335K labeled ELCS1 and EL2 respectively for

the same emission rate (tn=0.391) were found in all samples to be
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0.73eV for ELCS1 and 0.8eV for EL2 to which both agree with the
literature. These peaks were found when the source was SI whether the
substrate was SI or Si-doped. When the source was Si-doped, other
peaks with other energies of activation were observed. The probable
causes of error in finding Ea was discussed. It has been found that 1%
of error in the temperature could be induced due to the platinum
resistance. Another cause of error in temperature could be caused by
an unconstant increase in the thermal velocity for warming up the
cryostat. For a proper measurement of the DLTS peak, the thermal speed
was set up at a constant AT equal to 1.5K/min.

Finally, the ELZ2 and ELCS1 traps were analyzed in GaAs epitaxial
layers grown by CSVT. It has been shown that the evolution of EL2
concentration was function of the possible off stoichiometry variation
with the deposition temperature according to the proposed model
discussed. It has been shown also that ELZ is constant throughout the
bulk. Then it has been found that ELCS!1 was a trap found near the

surface of the epitaxial layers grown by CSVT.



REFERENCES

1. Karp, S., and S. Roosild, "DARPA, SDI and GaAs", Computer,
October 1986, pp. 17-19.

2. Cooper, J.A. Jr.,"Limitation On The Performance of Fleld-

Effect Devices For Logic Amplifications"”, Proceedings of the IEEE, Vol.
69, No. 2, February 1981, pp.226-231.

3. Lang, S.I., B.M. Welch, R. Szucca, P.M. Asbeck, C-P. Lee, C.G.
Kirkpatrick, F.S. Lee, G.R. Kaelin, and R.C. Eden, "High speed GaAs
Integrater Circuits", Proceedings of the IEEE, Vol. 70, No. 1, January
1982, pp.35-45.

4. Hirayama, M., M. Togoshi, N. Kato, M. Suzuki, Y. Matsuoka and,
Y. Kawasaki, "A GaAs 16-Kbit Static RAM Using Dislocation-Free Crystal"

Transaction of Electro Devices, Vol. ED-33, No. 1, January 1986, pp.
104-110.

5. Cobté, D., J.P. Drolet, B.A. Lombos, J.I. Dickson, "Epitaxy Of
GaAs By The Close-Spaced Vapor Transport Technique", Journal of .lectro-
chemical Society: Solid State Science and Technology, Vol. 133, No. 9,
September 1986, pp. 1925-1934.

6. Lang, D.V., "Deep-Level Transient Spectroscopy: A New Method
To Characterize Traps In Semiconductors", Journal of Applied Phisics,
Vol. 45, No. 7, July 1974, pp. 3023-3032.

7. Streetman, B.G., Solid Stade Electronic Devices 2nd ed.,
(New Jersy: Prentice Hall Inc., 1980), P.3.

8. Sze, S.M., Physics of Semiconductors Devices 2nd ed., (New
York: John Wiley & Sons Ltd., 1981), pp.8-9.

9. Leonard,W.F., and T.L. Martin, Electronic Structure And Trans-
port Properties of Crystals, (New York: Robert E. Krieger Publishing
Co., 1980), p.289.

10. Bube, R.H., Electronic Properties Of Crystalline Solids,
(New York: Academic Press, 1974), pp. 305-306.

11. Lanno, M., and J. Bourgoin, Point Defect In Semiconductors I,
(New York: Springer Series in Solid-State Science, Vol. 22,1981), p. 1.

12. Schneider, 'J. "The Role Of Point Defect In GaAs", Semi-Insula-
ting I11-V Materials Evian 1982, pp. 144-153.

13. Lanno, p. 2.
14. Leonard, p. 290.

15 Murr, L.E., Solid State Electronics, (New York: Marcel Dekker,
Inc., 1978), pp. 78-80.




~-118-

16. Grimmeiss, H.G., "Deep-Level Impurities In Semiconductors”,
Annual Review Material Science, 1977, pp. 341-376.

17. Miller, G.L., D.V. Lang, and L.C. Kimberling, "Capacitance
Transient Spectroscopy”, Annual Review Material Science, 1977,
pp. 377-448.

18. Streetman, pp. 28-49.
19. Sze, p. 21.

20. Vapaille, A., and A Castagné, Dispositif Et Circuit Integres
Semiconducteurs, (Paris: Dunod, 1987), p. 15.

21. Lombos B.A., N. Yemenidjian, and M. Averous, "Compensation by
Deep-Levels In Semi-Insulating GaAs", Canadian Journal of Physics,
Vol. 60, No. 1, 1982, pp. 35-40.

22. Ma, Q.Y., M.T. Schmidt, X. Wu, H.L. Evans, and E.S. Yang,
"Effect Of Schottky Barriers Height On EL2 Measurement By Deep-Level
Transient Spectroscopy", Journal of Applied Phisics, Vol. 64, No. 5,
September 1988, pp. 2469-2472.

23. Sharma, B.L., Metal-Semiconductor Schottky Barrier Junction
And Their Applications, (New York: Plenum Press, 1984), pp. 46-48.

24. Sze, p. 300.

25. Sze, pp. 805-806.
26. Sharma, pp. 3-€.
27. Sze, pp. 246-249.
28. Sharma, p. 31.
29. Sharma, p. 34.
30. Sharma, p. 20.

31. Burden, R.L., et al, Numerical Analysis, (Boston: Prindle
Weber & Schmidt, 1981), pp. 320-323.

32. Nguyen,P.H., B. Lepley, A. Nadeau, and S. Ravelet, "Computer
Techniques For Solving Metal-Semiconductor Barrier Height", Proceedings
of the IEEE, Vol. 122, Nc. 11, November 1975, pp. 1192-1199.

33. Streetman p. 190.

34. Sharma, pp. 6-S.

35. Sharma, pp. 27-29.

36. Streetman, pp. 142-147.



-119-

37. Sharma, p. 199.

38. Srivastava, A.K., B.M. Arora, and S. Guha, "Measurement or
Richardson Constant Of GaAs Schottky Barriers", Solid State Electronics
Vol. 24, pp. 185-191.

39. Sharma, pp. 16-17.

40. Sze, pp. 250-254.

41. Bourit, C., J.C. Georges and, S. Ravelet, "Computer Technique
For Solving Schottky Barrier From Dark Foward Current-Voltage Characte-
ristics", JEE Proceedings, Vol. 127 Pt, I, No. 5, October 1980, pp.
250-253.

42. Sze, p. 279.

43. Sharma, pp. 21-22

44. Sze, pp. 304-307.

45. D’Asaro, 1.A., S. Nakahara, and Y. Okinaka, "Electroless Gold
Plating On III-V Compound Crystals", Journal of Electrochemical Socle-

ty: Electrochemical Science and Technology, Vol. 127, No. 9, September
1980, pp. 1935-1941.

46. Bourgoin, J., M. Lanno, Point Defects In Semiconductors II,
(New York: Springer Series in Solid-State Science, Vol. 35,1983),
pp. 155-169.

47. Sah, C.T., R.N. Noyce, and W. Shockley, "Carrier Generation
And Recombination In p-n Junction Characteristics", Proceedings of the
IRE, Vol. 45, 1957, pp. 1228-1243.

48. Sze, p. 36.
49. Bourgoin, p. 158.
50. Bois, D., Deep Level and Optical Spectroscopy in "Electronlc

Structure of Crystal Defects and Disordered System” Ausscis Sept. 1980
(Paris: Les editions de Physique, 1981), pp. 337-440.

51. Bourgoin, p. 155.

52. Bourgoin, pp. 163-164.

53. Bourgoin, p. 157.

54, Blackmore, J.S., and S. Ranhimi, Semiconductors And Semimetals

Semi-insolating GaAs, (MNew York: Academic Press Inc., Vol. 20, 1984),
pp. 294-296.

55. Bourgoin, pp. 159-162.

56. Bourgoin, p. 168.



-120-

57. Streetman, pp. 75-77.
58. Bourgolin, pp. 164-167.

59. Weast, R., et al.,CRC Handbook QOf Chemistry And Physics 65th
ed., (Florida: CRC Press, Inc., 1984-1985), p. A-84.

60. Bourgoin, pp. 177-181,

61. HP. 4280A 1MHz C-Meter/C-V Plotter, Operating And Service
Manual, (Tokyo: Hewlett-Packard, Ltd., 1983)

62. Lombos, B.A, D. Cété, J.P. Dodelet, M.F. Lawrence, and J.I.
Dickson, "Thermodynamic Equilibrium Displacement Controlled Epitaxial
Growth of GaAs", Journal of Crystal Growth, Vol.79, 1986, pp. 455-462.

63. Pauw van der, L.J., "A Method Of Measuring Specific Resistivity
and Hall Effect Of Discs Of Arbitrary Shape", Phillips Research Reports,
Vol. 13, No. 1, February 1958, pp. 1-9.

64. Lombos, B.A., T. Bretagnon, A. Jean, R. Le Van Mao, S.
Bourassa, and J.P. Dodelet, "ELZ Trends In As-Rich GaAs Grown By Close-
Space Vapor Transport", Journal of Applied Physics, Vol 67, No. 4,
February 1990, pp. 1879-1883.

65. Lagoski, J., H.C. Gatos, J.m. Parsey, K. Wada, M. Kaminska,
and W. Walukiewicz, "Origin Of The 0.82-eV Electron Trap In GaAs And
Its annihilation by Shallow donors", Applied Physics Letters, Vol. 40,
No. 4, February 1982, pp. 342-344.

66. Chichibu, S , N. Ohkubo, and S. Matasumoto, "Effects Of Con-
trolled As Pressure Annealing On Deep Levels Of Liquid-Encapsulated
Czchralski GaAs Single Crystal", Journal of Applied Physics, Vol. 64,
No. 8, October 1988, pp. 3987-3993.

67. Blight, S.R., R.E. Nicholls, S.P.S. Shangha, P.B. Kirby, L.
Teale, S.P. Hiscock and C.p. Stewart, "Automated Hall Profiling System
For Characterization Of Semiconductors At Room And Liquid Nitrogen
Temperatures", IOP Puplishing Limited, 1988, pp. 470-479.

68. Koskiade,E., E.Verney, J.P. Dodelet, M.F. Lawrence, B.A. Lombos
and R. Philippe, "Charge Density Profiles Of Closed Spaced Vapor
Transport GaAs Epitaxial Layers", Journal of Electrochemical Society:
Solid-State Science and Technology, Vol. 135, No. 10, October 1988,
pp. 2634-2640.

69. Koskiahde,E., D. Cossement, R. Paynter, J.P. Dodelet, A. Jean,
and B.A. Lombos, "Doping Of GaAs Epitaxial Layers Grown On (100) GaAs
By Close-Spaced Vapor Transport", Canadian Journal of Physics, Vol. 67,
1989, pp. 251-257.

70. Talysurf 4, QOperator’'s Handbook, (Rank Precision Industries
Ltd.).




71. Goodman, A.M., “Metal-Semiconductor Barrier Height Measurement
By The Differential Capacitance Method-One Carrier System", Journal of
Applied Phisics, Vol. 34, Nn. 2, February 1963, pp. 329-338.

72. HP. 4280A 1MHz C-Meter,/C-V Plotter, pp. 1-1, 1-2.
73. HP. 428CA 1MHz C-Meter/C-V Plotter, pp. 3-34, 3-3S.
74. HP. 4280A 1MHz C-Meter/C-V Plotter, p. 4-15

75. Martin, G.M., A, Mitoneau, A. Mircea, "Electron Traps In Bulk
And Epitaxial GaAs Crystals", Electrinics Letters, Vol. 13, No. 7,
March 1977, pp. 191-192.

76. Walpole, R.E., and R.H. Myers, Probability And Statistics For
Engineers And Scientists 2nd ed., (New York: Macmillan Publishing
Co. Inc., 1978), pp.161 & 165.

77. Sze, p. 849.

78. Walukiewicz, W., J. Lagowski, and H.C. Gatos, "Shallow Donor
Associated With The Main Eiectron Trap (EL2) In Melt-Grown GaAs",
Applied Physics Letters, Vol. 43, No. 1, July 1983, pp. 112-114.

79. Massé, G., M.F. Lawrence, and J.M. Lacroix, "Dominant Donor
Trap In n-Type Epitaxial GaAs Grown By CSVT", Journal of Physics Che-
mical Solids, Vol. 49, No. 11, 1988, pp. 1349-1353.

80. Massé, G., J.M. Lacroix, and M.F. Lawrence, "Decp-Level Tran-
sient Spectroscopy Study Of n-Type GaAs Epitaxial Layers Grown By
Close-Spaced Vapor Transport", Journnl of Applied Physics, Vol. 65.,
February 1989, pp. 1126-1129.

81. Sedra, A.S., and K.C. Smith, Micro-Electronics Circuits, (New
York: CBS College Publishing, 1982}, pp. 74-75.

82. HP. 3455A Digital Voltmeter, QOperating And Service Manual,
(Colorado: Hewlett-Packard Company, 1976}, pp. 1-1 & 1-2.

83. Hasegawa, F., M. Onomura, C. Mogi, and Y. Nannichi, "Reductjon
Of Schottky Barrier Heights By Surface Oxidation Of GaAs And Its Influ-
ence On DLTS Signals For The Midgap level EL2", Solid State Electronico
Vol. 31., No. 2, 1988, pp. 223-228.

84. Tyagi, M.S., and S.N. Arora, "Metal Zinc Selenide Schottky
Barriers", Physics State Solid, Vol. 32, 1975, pp. 165-172.

85. Hackman, R., and P. Hanop, "Temperature Dependence Of The
Schottky Barrier Height In Gallium Arsenide", Solid State Communication
Vol. 11, 1972, pp. 669-672.

86. Gatos, H.C., and J. Lagowski, "EL2 And Related Defects In GaAs
~--Challanges And Pitfalls", Material Research Society, Vol. 46, 1985,
pp. 153-167.




-122-

87. Lombos, B.A., M.F. Lawrence, J.P. Dodelet, D. Co6té, and M.
Averous, "Vacancy Doping Of GaAs", Physics State Solid, Vol. 96, 1986,
pp. 663-674.

88. Lagowski, J., M. Kaminska, J.M. Parsey, H.C. Gatos and, W.
Walukiewicz, "Microscopic Model Of The EL2 Level In GaAs", Institute
Physics Comference Series, No. 65: Chapter 1, 1982, pp. 41-48.

89. Baraff, G.A., and M. Schulter, "Bistability And Metostability
Of Vga In GaAs", Proc. 1CDS 14: Material Science Forum, Vol. 10-12,
1986, pp. 293-298.

a0. Miller, M.D., G.H. Olsen, and M. Ettenberg, "The Effect Of
GaAs-Phase Stoichiometry On Deep Levels In Vapor-Grown GaAs”", Applied
Physics Letters, Vol. 31, No. 8, October 1977, pp. 538-54C.

91. Fang, 2.Q., T.E. Schlesinger, and A.G. Milnes, "Evidence For
EL6 (Ec - 0.35eV) Acting As A Dominant Recombination Center In n-Type
Horizontal Bridgman GaAs", Journal of Applied Physics, Vol. 61, No. 11,
June 1987, pp. 5047-5050.

92. Cho, H.Y., E. Kyu, and S.K. Min, " A Relation Between EL2
(Ec - 0.81eV) And EL6 (Ec - 0.35eV) In Annealed HB-GaAs By Hydrogen
Plasma Exposure", Journal of Applied Physics, Vol. 66, No. 7, October
1989, pp. 3038-3041.

93. Stireetman, pp. 48-49.

94. Teramoto, I., "Calculation Of Distribution Equilibrium Of Am-
photeric Silicon In Gallium Arsenide", Journal of Chemical Solids,
Vol. 33, 1972, pp.208%-2099.

95. Hurle, D.T.J., "The Site Distribution Of Amphoteric Dopants In
Multiply-Doped GaAs", Journal of Crystal Growth, Vol. 50, 1980, pp.
638-643.

96. Streetman, p. 10.

97. Lagowski, J., and H.C. Gatos, "Nonstoichiometric Defects In
GaAs And The EL2 Band", 13th International Conference in Semiconductors
Proceedings, (Publication of the Metallurgical Soc. of AIME, 1984),
pp. 73-SS.




Appendix I:

I.1 List of symbols

A
»

A

As

AsGa

CJ
Cn
Cp
C(t)
C(v)

CB

DLTS
AC/C
Agb
AHn
ASn
At
Ea
Eb
Ec

Ei

Arbitrary constant

- -
Rickardson constant (Acm “K 2

)
Arsenide atom

Arsenide in gallium site

Arbitrary constant

Arbitrary constant

Capacitance (F)

Arbitrary constant

Junction capacitance of the diode (F)
Coefficient capture for electrons (cm3/s)
Coefficient capture for holes (cm3/s)
Capacitance as function of time
Capacitance-Voltage measurement method
Conduction band

Diameter (cm)

Deep Level Transient Spectroscopy

Normnlize value of C(t)

Variation in ¢b due to image force lowering (eV)

Enthalpy

Entropy

Pulse width (sec.)

Apparent activation energy (eV)

Gibbs free energy of transition (eV)
Energy level at the conduction band (eV)

Ionization energy level (eV)

List of Symbols and Results for all Samples



Efs
Eg
ET
Ev
eV
e

nher

Ga

Gsh

Imes

ltheo :
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Fermi level (SC) (eV)

Band gap (eV)

Energy level of a trap (eV)

Energy level at the valence band (eV)

Electron volt

Emission rate for electron (sec_l)

Percentage of error between Vb and n*¢b
Emission rate for hole (sec—l)

Semiconductor permitivity (F/cm)

Electric field at any point x in the SC (V/cm)
Barrier height determined by the I(V) measurement (eV)
Work function of the metal (eV)

Energy difference between Ec and Efs (ev)
Work function cf the semiconductor (eV)
Conductance (1/Q)

Gallium

Conductance shunt (1/Q)

Degenerency factor

Current (A)

Current flowing out of the non-ideal diode (A)
Current flowing out of the ideal diode (A)
Current-voltage measurement method

Reverse saturation current (A)

Reverse saturation current density (A/cmz)
Kelvin (K)

Boltzmann constant (J/K)

Capture rate for electron (Ccm3/s)



Hp

Na
Ne
ND
NDH
NT

Nv

nt{t)
an(t):

nTe(t):

Rs

Rsh

sC
Si
SKB

S(Tu)
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Capture rate for hole

Transition region {(cm)

Electron mass effective {(kg)

Hole mass effective

Electron moblity (cmz/V—s)

Hole mobility

Shallow acceptor impurity density (cm—3)
Effective density of states in conduction band (cm’3)
Shallow donor impurity density (cm—3)

Shallow donor impurity density found by Hall measurement (cm_3)
Deep level trap concentration (cm—3)

Effective density of states in the valence band (cmﬂs)
Ideality factor

Concentration of electrons in the conduction band (cm-3)
Fraction of Nt (cm_3)

Fraction of Nt for trap filling (cm °)

Fraction of Nt for trap emptying (cm_3)

Magnitude of electronic charge (C)

Resistance (Q)

Series resistance (Q)

Shunt resistance {Q)

Junction area (cmz)

Semiconductor

Silicon atom

Schottky barrier

Maximum height of the exprimental DLTS peak

2
Capture cross section for electron (cm™)



op

™
Tsub
t

tn

\
vAs
Vb
Vi
VGa

Vmes

Vtheo :

<Vthn>:
<Vthp>:
W

Wo

-126~

Capture cross section for hole

Temperature (K)

Maximum temperature (K)

Substrate temperature (K)

Time (second)

Rate window (second)

External voltage applied (V)

Arsenic vacancy

Barrier height determined by the C(V) measurement method {(eV)
Contact potential (eV)

Gallium vacancy

Measured voltage at the non-ideal diode (V)

Voltage of the ideal diode (V)

Average thermal velocity of an electron (cm/s)
Average thermal velocity of a hole

Space charge region width at voltage V applied (cm)
Space charge region width at voltage Vo applied

Ohm (Q)
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X.2 Results for all samples

The results of our experimental data are given in the follownig
table. In the table, "Tsubs" represents the substrate temperature
during the epitaxial layer growth for a particular sample. Then the
epitaxial layer thickness, the free carrier concentration (NDH) and the
mobility (p) are given. Both NDH and p were Tonund from the Hall effect
measurements. Thus from the table, we can find in each column:

Ea: The apparent activation energy (eV)

WO: Depth from the junction corresponding to the bias voltage

Yo (um)
wi: Depth from the junction corresponding to the bias voltage
V1 (um)

Rs: The series resistance (Q)

Rsh: The shunt resistance (1*E6) (Q)

Js: The reverse saturation current (1*E-9) (A/cmz)

NT: Deep level trap concentration (1*El4) (cm-:})

ND: Concentration of shallow donor (1*E15) (cm_a)

n: The ideality factor

¢b: Barrier height determined by [(V) measurement (eV)

Vb: Barrier height determined by C(V) measurement (eV)

%er: Percentage of error between Vb and n“tpb,
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TABLE 1.1: Results for all samples studied

Ea wo wl Rs Rsh| Js NT ND VO V1 n ¢b Vb serr

eV um um | Q Q %mz a%m3 3%:113 Volti{Volt eV eV Vb &
Es | E-9| E14 | EI5 n*,

| Sample D369 ' Tsubs = 820.0 °C

| Thickness = 8.0 um INH = at/cms o -

.5210.416{0. 269:5.43]3.95|69.8[05.59{13.30{~. 75| O |1.008|0.7920.860{07.7

.7210. 416]0. 269 13.10{13.30|-. 75 o©

.24]0.925/0. 583 07.72|13.30] -7 | -2

.33{0.925/0. 583 08.71]13.30] -7 | -2

39/0.9250. 583 07.78]13.30{ ~7 | -2

s2|0.925|0. s83| 03.37]13.30{ -7 | -2

.72]0.925/0. 583 18.60[13.30| -7 | -2

2411, 416[1.225[9.9613.4|0. 54/09.46|23.50] ~2 | -0 |1.032|0.790|0.850|04.3

.33]1. 416{1. 225 10.50|23.50] -2 | -0

.3911.416]1. 225 09.71123.50f -2 | -0

.S211.416)1. 225 04.66123.50f -2 | -0
L7201, 41611, 225° 17.80]23.50¢ -2 | -0

!
24M1085T|1 15 8.25§2.82 37.2;09.97,25.90) -5 | -2 |1.00610.793/0.990{24.1

.33/1.557|1. 416 10.70125.90} -5 | -2
3911.5571 416| 09.84|25.90f -3 | -2
5211.557|1. 41w 04.85{25.90|( -5 | -2
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TABLE I.1 (Continued)

Fa | Wy | W | Rs | Ren| gs | .| Ny vg |y | n oy | Yy |terr
| wm| wmln | o [%n?|2n3{25n |Volt|volt ev| ev |V &
l E6 | E-9| E14 | EI5 n*g,
Sample D371_1 l Tsubs = 810.0 °C 1 etch of 1pum
Thickness = 8.1 um | NDH = at/cm3 = cmZ/V-s
.24]1.308{1.167:5.15:0.11|211. |05.43{43.90] -2 | o |1.016]0.750|0.840]10.2
,33]1.308|1. 167 05.96{43.90| -2 | ©
.39]1.308]1. 167 05.71]43.90] -2 | ©
.7211.308]1. 167(66. 4! 2.45/163. |[18.90{43.90| -2 | 0 |2.151]0.755| ~~-
.24|1.438|1.308/4.962.37|57.8/04.86|46.00| -5 | -2 [1.034|0.784]0.800]-1.3
.33/1.438{1. 308 04.85|46.00| -5 | -2
.3901.438(1.308 04.96|46.00| -5 | -2
.72/1.438[1. 308 14.60{46.00| -5 | -2
Sample D372 Tsubs = 760.0 °C
Thickness = 2.5 um N_H = 3.23E17 at/cm> ‘i = 1480 em®/V-s
.39]0.3410.185/1.1210.51]3. 77{11.50|36.60] -2 | o0 |1.120]0.845]0.900{-1.9]
.62/0.341/0. 185, 123.0{36.00] -2 | ©
30]0. 438]0. 341 07.13|36.00{ -4 | -2
.62]0. 438(n. 341 112.0{36.00| -4 | -2
,3910.371]0.181{54. 1 12.86|5.08{10.60{35.40| -2 | O |1.043/0.83440.850-1.4
.62|0.371/0. 181 114.0{35.40| -2 | ©
.39|0. 452{0. 371 10.70{36.90{ -4 | -2
.62/0. 452/0. 371 151.0({36.90] -4 | -2
.3910.23110.137]27.7/3.7810. 15/11.90[63.90(-1.5; O |1.144/0.830/0.850]-10.
62!0.23110.137/29.914.9915.34/151.0163.90!-1.5! 0 |1.086/0.857 ---
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TABLE I.1 (Continued)

s2!1.139]1.067 E 1.7i2
1
f | !

Ea | Wy | W, l Rs |Rsh| Js | N | Ny | Vg |V, | n oy | vy [err
eV | um um ; Q Q 9ém2 a;ém3 a;éma Volt /Volt eV eV Vb &
‘ I E6 | E-9{ El4 | EIS5 n*ey
Sample D372es! ! Tsubs = 760.0 oC 1 etch of lum
Thickness = 2.5 um :NDH = 3.23E17 at/cm3 :u = 1480 cmZ/V-s
5211.128]1.077,68.6,2.26/124. |57.30|243.0{-1.5| 0 |1.175|0.772| ---
.6211.128(1.077 55.50|243.0{-1.5{-.08
62/1.278 1.077[48.3! 4.96|09.85|243.0{~-0.5| -0 [1.360(0.739{1.260!25.3
Sample D373%2 ] Tsubs = 810.0 °C
Thickness = 2.3 um :NDH = 1.53E17 at/cm3 :u = 2300 cmZ/V-s
.6210. 432 0.179;25.2 ‘1.47 05.93143.20| -5 | 0 |1.094,0.878|0.970|01.0
.39|0.452]0.179% 43.20( -5 0
Sample D374e#2 |  Tsubs = 760.0 °c 1 etch of 1um
Thickness = 3.5 um :NDH = 4,77E17 at/cm3 tpo= 1640 cmz/v-s
6211.116]1.473 34.23.81'15.6/22.20{274.0/-1.5! o 11.073(0.839/1.020/13.3
6211, llo!l o7 3; g 20.30(274.0 -1.5'-.08'
.62]1.091|1. 073|52 55 2.57127.5123.00(274.0]-0.5{~-.08]1.095/0.824| ==~
: l
Sample D374Re2 |  Tsubs = 760.0 °C 1 etch of 1 um
Thickness = 3.5 un :NDH = 4,77E17 at/cm3 o= 1640 cmz/V-s
.99132.9!111.00§325.0} -1 0 [1.097]0.817|0.950(06.0
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TABLE I.1 (Continued)

\ n

Ea wo wl Rs | Rsh| Js NT ND V0 1 ¢b Vb Yerr
ev| un| wm| Q@ | @ [Mn®|3%n3|2%n|volt|volt eV | ev v &
. £5 | £-9] EI14 | EI5 n'a’b

Sample D374R_2 | Tsubs = 760.0 °C

Thickness = 3.5 um :NDH = 4. 77817 at/cm3 tp = 1640 cmz/v-s
.24‘1.422 1.023:59.5|12.6 .668(3.920{32.60( -1 0 [1.092(0.921| ~---
33|1.422{1.023155.3 4.1001(32.60| -1 0 |3.3640.582| ---
.39(1.422 1.023' 3.700(32.60] -1 0

Sample D374 Tsubs = 760.0 °C

Thickness = 3.5 um :NDH = 4. 77E17 a\t/cm3 cu = 1640 cmZ/V—s
2410.555(0.468{24.1|22.4(.215|21.10/35.30} -2 0 {1.100{0.920f ---
.3310.555]0. 468 29.16(35.30] -2 0
.39]0.555|0. 468 29.11|35.30| -2 0
.5210.555{0. 468 12.20(35.30| -2 0
.2410.641,0.555, 26.20|74.60| =7 | =2
.3310.641 0.555! 42.40|74.60} -7 -2
.39(0.641 0.555: 43.80|74.601 -7 -2
.5210.641 0.555; 30.20174.60] -7 -2

I

Sample D374_1 Tsubs = 760.0 °C

Thickness = 3.5 um :NDH = 4.77E17 at/c:m:3 i = 1640 cmz/‘/~s
.2410.550 0.507‘25.3 14.2].467125.70|33.60| -1 0 |1.062!0.906| =-=--
.33]0.550!0. 507 2%.00(33.60| -1 0
.39|0.55010. 507 .126.90(33.60} -1 0]
.52!0.535010. 507 11.001233.601 -1 0
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TABLE 1.1 (Continued)

Ea wo wl Rs | Rshy Js NIA ND VO | V1 n cpb Vb l'/.err
'eY um um | Q i Q éémz a}ém3 asém3 VoltVolt eV eV Vb &
l ‘ ! ES | E-9| El4 ELS n'¢b

{ Sample D374_2 ; Tsubs = 760.0 °C

Thickness = 3.5 um :NDH = 4.77EL7 at/cm3 cu = 1640 cmz/V-s
.24]0.620{0.550;29.3,5.52|4.33(30.07|54.80| -4 | -1 |1.095/0.871| --=
.3310.620]0.550 50.20(54.80| -4 -1
.3910.62010. 550 54.40154.80| -4 -1
.5210.620!0. 550 29.50|54.80{ -4 -1

Sample D374_la ’ Tsubs = 760.0 °C

Thickness = 3.5 um :NDH = 4.77E17 at/cm3 = 1640 cmz/V—s

.2410.445)0.408(24.915.45(2.40(23.90(52.80| -1 0 |1.053/0.887| =--

.33/0.445(0. 408 29.4i5.54 4.33(27.90152.80| -1 0 |1.095/0.871| ---

39l0.44s/0. 408" | 27.20|52.80| -1 | o
.s210. aas 0.408: ; 13.70{52.80| -1 | O
2410. 499 0.a35s 39.90/89.40| -4 | -2
.33!0. 498 o.44sf g 72.10{89.40{ -4 | -2
.39{0. 498 o.445i 76.60|89.40| -4 | -2

.5210.498/0. 445 . 43.20189.40( -4 -2
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TABLE 1.1 (Continued)

Ea WO wl Rs Rsh| Js NT ND Vo V1 n ¢b Vb Yerr
eV Hm um | Q Q ,A/cm2 a%m3 a;éms Volt|{Volt eV eV Vb &
Es { E-9{ El4 | EI5 n'«bb

Sample D375 Tsubs = 810.0 °C

Thickness = 10.0 um :NDH = {.8TE1S at/cm3 YT cmZ/V-—s
.2411.316{0.063141.6{3.28/44.21.910{22.80] -2 ¢ |1.281{0.810f ---
.33|1.316]0.063 2.990(22.80f -2 0
.J39|1.316(0.063 3.800(22.80) -2 0
.5211.316(0.063 3.610|22.80( -2 0

Sample D377#1 Tsubs = 780.0 °C

Thickness = 3.7 um :NDH = 04.0E17 at/crn3 tuo= 1770 cmZ/V-s
.7210.27810.11924.6{3.13|7.4135.90{89.70| -4 0 [1.03610.836{1.010}16.0
.3910.27810.119 64.20{ -4 ]
—: 72‘--; —5~8;-1m5—45— 2’3-572—97 . 178-—;2-. 60|52. 101 -2 T —(—Jﬂ ‘ 1:-(_)A8;TO.-8*16“0.—9£J-~3. 81‘
.39(1.589 1.5401 52.10f -2 0]

| l

Sample D378_1 | Tsubs = 780.0 °C 1 etch of 1 pm

Thickness = 3.8 um :NDH = at/cm3 tpo= cmz/‘/-s
.6210. 256 0.146:5.39‘5.48 345. {14.60|53. 40} -2 | 0 |1.021|0.73640.880(17.1
.6210.37110.25615.50).1811843. }11.40(64.20] -5 -2 11.075{0.709(0.880}15.3
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TABLE I.1 (Continued)

Ea | ”O Hl Rs | Rsh| Js NT V ND V0 V1 n ¢b Vb Y%err
ev | um | | o | o |Pn®|2%n|2%n>|voit|volt ev | ev |V &
| ! ES | E-9| El4 | EIS n*e,

Sample D379#2 [ Tsubs = 780.0 °C
| Thickness = 4.2 ym INoH = 2.20E17 at/cm> ‘4 = 1500 em“/V-s
.24]0.857]0.729.48. 6/ .121]13.30]29.80] -4 | -0 |1.571]0.822] ---
.33{0.857(0.729 25.20{29.80| -4 | ©
.39[0.857{0.729 07.08[29.80| -4 | ©

5210.857|0.729 03.57|29.80| -4 | ©

Sample R2 , Tsubs = 776.0 oC 1 etch of 1lum

Thickness = 10.0 um :NDH = 5.67El6 at’./cm:3 :u = 3680 cmz/V-s
.80[1.833|1.276]46. 4|38.7|.407]0.284|16.50| -7 | © |1.072|0.874]0.960]02.5
.72(1.833{1.276 1.040{16.50| -7 | ©
.80{1.833{1.279(37. 1|4.77|.245[0.236[16. 10| -7 | 0 [1.099]|0.832/0.960]05.0

r211.833 1.279: 0.957(16.10] -7 | ©

$0/1.833[1.41% 0.290{16.10]| -7 | -1

7211.8331 1. 415! | 1.070{16. 10} -7 | -1

!48 719.5111.13 16. 50 1.087|0.850(0.970|05.0
|

Sample R3 | Tsubs = 776.0 °C

Thickness = 10.0 un  :NJH = 4.35E16 at/em ‘u = 3660 cm>/V-s
.s0]0.738{0. 521 0.399|21.11| -3 | o |1.200]0.830| ---
.72/0.738 0.521' 2.020{21.11| -3 | o©

l |
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TABLE I.1 (Continued)

Ea wo Wl Rs Rsh| Js NT ND VO V1 n ¢b Vb Kerr
eV um um Q Q 5ém2 a;éma a56m3 VoltiVolt eV eV Vb &
E6 | E-9]| E14 | E1S n'¢b
Sample RS Tsubs = 774.0 °C
Thickness = 09.0 um :NDH = §5,20E16 at/cm3 14 = 3390 cmz/V—s
. 480 13.50| -7 0 |1.138,0.870(1.010|02.1
. 344 25.73| -7 0 |1.170{0.881{1.240(20.3
23.90| -7 0 j1.147/0.864(1.030|03.9
Sample R6 Tsubs = §10.0 °C
Thickness = 13.0 um :NDH = 3.83E16 at/cm3 :p = 4080 cmZ/V-s
.80(0.572[0.193|31.2 1.08{0.54838.80| -7 0 [1.082]0.860|0.910(02.2
.7210.572|0.193 1.820(38.80( -7 0
.80/0.286(0.193 --- [38.8G -1 0]
72;0.2860.193 2.230(38.8C! -1 0]
.80{0.57210. 353 0.548{38.80f -7 | -2
.7210.572]0.353 1.828138.80| -7 | -2
.80(0.521,0.182140.8|17.1|.721!0.511{40.10} -7 O {1.091{0.84610.920|00.3
.72]0.521|0.182 1.641140.10) -7 o
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TABLE I.1 (Continued)

Ea NO Hl Rs Rsh| Js N.r ND V0 V1 n ¢b Vb narr
el um um Q Q ﬁémz a;ém3 a}éms Volt|Volt eV eV Vb &
, ES | E-9| E14 | EIS n*g,
Sample RS ! Tsubs = 860.0 °C 1 etch of lum
Thickness = 30.0 uml :NDH = 6.606E16 at/cm3 4 = 3850 cmz/v-s
.80 1.595‘1.282 13.4.86.9|.701{0.570|33.80| -7 -1 11.080({0.868{0.850(05.1
.72]1.595)1.282 0.400|33.80) -7 | -1
.80]1.595,1.282 0.526133.80) -7 | -1
.7211.595]1.282 0.400/33.80| -7 | =1
.80(1.282}1.194,; 0.452]38.80| -1 0
.80]1.282 1.194; 0.799]38.80} -1 0
Sample RI10 Tsubs = 750.0 °¢C 1 etch of = 1um
Thickness = 06.0 um :NDH = 2.90E16 at/cm3 g = 3680 cmZ/V-s
.80/2.051|1.329!255. |174. |. 640 0.071'08.39 -7 0 (1.089|0.877]1.30G6/35.0
. 7T212.051 1.329i --- 108.39| -7 0
.80!11.772 1.303j 0.052,07.41| -2 0 {1.089|0.867|1.000/05.9
LT200.7T72 1.303; 0.529107.41] =2 0
.80(2.760(1.772 0.089|09.63} -7 | -2
72,2.760;1.772" 0.835;09.63| -7 | -2
205.]10.8{.430 1.080]0.879| ~--
203.|14.5}.350 1.079{0.781(0.980|04.3
256.114.6].402 1.089|0.867{1.000/05.9
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TABLE 1.1 (Continued)

Ea wo wl Rs Rsh| Js N.r ND V0 V1 n ¢b Vb derr
eV um um | Q Q éémz a}éma a&éma Volt!Volt eV eV Vb &
ES E-9| E14 | EIS n'¢b
Sample R16 Tsubs = 860.0 °C
Thickness = 41.0 um :NDH = 8. 15E15 at/cm3 tp o= 4760 cmZ/V—s
.80[1.534 O.620|30.4 140. |.626(0.417{03.69%} -5 0 |[1.074:0.880{1.060{12.1
.72]1.534}0.620 0.631]03.69| -5 0
.80]1.7670.911 0.516(03.69| -7 -1
.7211.76710.911 0.572103.69¢ -7 -1
.801.767]0.911 0.485{03.69| -7 -1
.72]1.767/0.911 0.60803.69( -7 -1
.8011.985)1.029|33.1{9.64}.907(0.394{02.93] -7 -1 ]1.095)0.847)0.950(02.4
.7211.985{1.029 0.461}02.93| -7 -1
.80(1.985}1.029 0.390(02.93| -7 | -1
7211.985 1.029’ 0.447]02.93| -7 -1
[50]2.200(1. 165] 163. | 11.0|.86:|0.7a9]0.861] -2 | o |1.099]0.887] - |
.7212.200(1. 168 0.110({0.861} -2 0]
.80(3.470(2.45C 0.622|1.061] -7 -3
.72]3.470|2.450 0.097|1.061| -7 -3
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TABLE I.1 (Continued)

[Ea Wy | W, l Rs | Rsh| Js | N. | Np | v, v, | n ¢, | v, |nerr
jeV Mm um Q 9] 5ém2 a}ém3 a}ém3‘Volt Volt eV eV Vb &
i | | ' E6 | E-9| El4 | EIS ne,
(ﬁrSdmple 213 | Tsubs = 805.0 °C
| Thickness = 21.0 um N H = 7.53EL6 at/cm® 'y = 3460 cm>/V-s
| i 139. [.381] --- |29.10] -5 | 0 |1.087|0.872]1.030|8.66
4.69(3.63] --- (23.30{ -4 | 0 |1.089|0.821]0.870{02.3
Sample B4l ‘ Tsubs = 800.0 °C
Thickness = 0.0 um N = 7.00E1§ at/cms .4 = 3530 cn®/V-s
.72]0.729]0.223/5.93]11.7|.750|0.660|22.40] -7 | 0 |1.070 o.saol - l
T | ,
Sample B42 Tsubs = 800.0 °C
Thickness = 20.5 un  :NJH = 4.30E16 at/cm> ‘u = 3825 cmi/Ves
30/7.059]5 S60°23.3.9.38 1.14]o.o4xi19.9o] -7 | o |{1.087|0.860|0.930]|-.52
7:!7.050 5,550 | 0.215 19.90% 71 0
3017.05013 S50 | 0.049 19.90! 71 o
|
TZiT 050]5. 560" ; 0.215 19.90' 71 o
| | _
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TABLE 1.1 (Continued)

Ea V wo Wl Rs Rsh| Js NT ND VO V1 n ¢b Vb er;W

eV pm um | Q Q ﬁémz a}ém3 a}ém3 Volt|Volt eV eV Vb &
| 5 | E-2| E14 | E1S n*s,
Sample B46 Tsubs = 850.0 °C
Thickness = 7C.Q0 um :NDH = 5.11E16 at/cm3 ' o= 4150 cm2/V—s

.so'o.535’0.23054.33.2.39 99.0[01.13132.10| -5 | o |1.316]0.757| ---
.72'0.535 0.230i -—- |32.10] -5 | ©

.80/0.663{0.416|5. 47 34.6(01.27|27.26{ -7 | -2 |1.310{0.768| ---
.7210.663|0. 416 08.91(27.26] -7 | -2

.800.353|0.237 0.806(73.90| -1 | 0 | --- | === |0.970
.72/0.353/0.237| 12.40(73.90{ -1 | ¢
[ 8001.116!1.035|5.27113.2]1.07|2.655]40.70] -1 | o0 |1.091]0.854]0.890]-4.5

7211.116{1.035 12.30(40.70{ -1 | ©

.80(1.395/1.136 01.16{40.70{ -7 | -2
L.72 1.395]1.186! 09.10140.70] -7 | -2

jé&jz 47si2 363 T 7T To.7se|79. 200 -1 | o |1.083l0.3460.850!-7.2]

7212.475i3.3s:. 6.420{79.201 -1 | 0O

8012.?37i2.475§ 0.551179.201 -5 | -1

72:2.737i2 475 i s.1so‘79.zog -5 | -1
_.éoTﬁlagsTa.éioI T T ] == |22.00] -2 T 0 T1.068T5.894*0 830]-7.8
7203, 285 3.4103 ; 4.781122.00! -2 | 0

.80(3. 465 3.4esi : --= |22.00| -7 | -2

72i3.s46 3. 465, % 4.180{22.00} -7 | -2 l

| ! ! ]
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TABLE 1.1 (Continued)

Ea wo wl Rs Rsh| Js NT ND | V0 V1 n ¢b Vb %err
eV um um | Q Q 5ém2 a§5m3 a;ém3 Volt|Volt eV eV Vb &
| | E5 | E-9] E14 | EIS n*e,
Sample BA47 l Tsubs = 840.0 °C 1 etch of ium
Thickness = 32 0 um :NDH = {.07E17 at/cm3 o= 3290 cmZ/V—s
15.09,6.58|2.81] --- |78.40] -5 | 0 |1.094|0.824]|0.880|02.4
5.3212.94(25.3| --- [78.301 -7 { o |1.162]0.777|0.830{08.1
7.90(2.65(40.0] --- |71.60| -7 | 0 |1.108|0.757|0.840(00.2
Sample B4S | Tsubs = 860.0 °C Etch 4.8um
Thickness = 50 0 um :NDH = 2.76E16 at/cm3 tu o= 4260 cmZ/V-s
.80[5.463/5.077:8.15i15.9|.990|0.385|24.60] -7 | 0 |1.084!0.860|0.940{0.83
.80(5. 494|5.15618.09|6.85|.698|0.247(24.70] -7 | -1 |1.073]0.854|0.970]5.80
| |
Sample BS0 ! Tsubs = 815.0 °C Etch 4.8um
Thickness = 1S 0 um :NDH = 7.11El6 at/crn3 tp = 4290 cmZ/V-s
| 33{5 355:5.033 15 s)14.si1.o7 o.3ssizz.soi -4 | o !1.06210.830|0.880]06.9
| ! ! 15 2 29.0/.686] --- {24.20] -7 | 0 |1.07410.868[0.990|06.2
f f : 6.5 5 1451.25 —- 36.30? -7 { 0 11.089/0.853/0.890{04.2
L C | l
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TABLE I.1 (Continued)

Ea wo wl Rs Rsh| Js ' NT ND VO V1 n ¢b Vb Yerr
eV um um | Q Q 5ém2 aEémJ aféma VoltiVolt eV eV Vb &
E6 5-9' E14 | EI5 n*p,
Sample BS1 Tsubs = §80.0 °C
Thickness = 42.0 um :N_H = 6.90E16 at/cm> ‘u = 3940 em>/V-s
.80/0.670]0.26713.61{10.9]53.1]0.292¢18.20] -5 | o |1.38210.76c|0.940}10.5
.72]0.670|0. 267 -— |18.20| -5 | o©
.80!0.757(0.535 0.403118.20| -7 | -2
.7210.757/0.535 2.183{18.20| -7 | -2
.80|0. 416/0. 267 C.680{18.20 -1 | ©
.7210.416(0. 267 2.270{18.20 -1 | ©
.80(0.729(0.286(5.929.45|1.89{0.274{16.70] -5 | 0 |1.314{0.786{0.910|11.9
.72|0.729!0. 236 -—- |16.70| -5 | o
--- |13.30] -t | o0 |1.064]0.876|1.330|0.85
! -—- 113.30] -1 ] o©
.so:1.433|1.147; o.4zoi13.3o 71 o
72 1.43311.147: ! 0.229113.30] -7 | o
s0l2 véé"zfs"sél—a‘s?ic?.'%"z:b’é_if{éo;"u.'.éoT 2] o |1ozsio.911] —== |
.7212.706 2.382{ - |1a.50f -2 | o©
.30 3 1.230{14.50| -7 | -2
.72 J --- |14.50| -7 | -2
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TABLE I.1 (Continued)

Ea wo wl Rs | Rsh| Js NT ND V0 V1 n ¢b Vb Z%err
eV | um | pm | Q | [|Hn®[3%n3|2%n3|volt|Volt ev | ev v &
, E5 | E-9| E14 | Ei5 n*s,
Sample BS2 Tsubs = 760.0 °C
Thickness = 07.0 um :NDH = 7,79El6 at/cm3 :u = 3580 cmz/V-s
30 41.8i6.69|2.08|0.294[17.10] -2 | o |1.130|0.862]0.910|6.57
.72 1.950(17.10{ -2 | ©
.80 0.273[19.501 -7 | -3
72 1.65319.50| -7 | -3
Sample BS7 Tsubs = 840.0 °C
Thickness = 25.0 um :NDH = 8.98El6 at/cm3 :p = 3000 cmZ/V-s
.80[0.932|0.39717. 18] 3. 46]1.23|0.35710.70] -5 | 0 |1.109]0.864]0.910]s.03
.72]0.932 o.397' 1.660[10.70{ -5 | o
Sample BS3 i Tsubs = 750.0 °C
Thickness = C6 0 unm :NDH = 5.35E16 at/cm3 u = 3300 cmZ/V-s
| 721t 20810 341 21.2735.30.504]0. 41s113.90! -7 | o |1.0sslo.s70l0.910]04.0
72!1.296%0.511 ; 0.445’13.40! -7 | -1
.720.972|0. 3411 | 0.403 11.70' -3 o
i - |
Sample B&0 | Tsubs = s00.0 °C | etch of = 1 pm
Thickness = 15 O ya  :N_H = 6.07E16 at/em® ‘u = 3080 cm>/V-s
!.so;1.543!1.09::36.:!11.3!1.53!0.254'16.30i -7 | o |1.091]0.857]0.980]3.61
% s43ix.o9:x i ' 0. 989 15.30{ -7 0
; !

T2




-143-
TABLE I.1 (Continued)

Ea | W W, | Rs | Rsh| Js | N N v

0 ! | Ml Ve | Vi | ™| % Vb |Rerf
ev | un | pn | a | a [Bn?|20m3|35n3|vort|volt ev | ev (v, &
E6 | E-9| E14 | E15 n*e,

Sample AS4OMEP14,4 | Tsubs = 750.0 °C

Thickness = 14.4um | :NDH = at/cm3 ‘M= cmz/v—s
.72 1.268:0.67S£24.2 27.3|11.8]2.944]{04.60] -2 | o |1.265/0.785]0.970{02.3
.72 1.827‘1.268! 2.810 -5 | -2
.72(1.827]0.675 3.263 -5 | -0
.72]1.664 (1,028 3.110 -1 | -1

Sample ASIOME?3,3 | Tsubs = 750.0 °C

Thickness = 3.3um :NDH = at/cm3 ‘g = cmz/V-s
.7211.165!0.681{26.1114.2119.0|2.070]08.50| -6 | -2 |1.350|0.777|1.000|04.8
.7211.109/0. 420 2.180 s | o
.7211.10910. 716" 1.343 -5 | -3

o |

Sample ASZ2CM43C,2 l Tsubs = 750.0 %

Thickness = :NDH = at/c:n3 T cmz/v-s
.7201.493 o.ezz|ea.s‘5.49'17.8&2.620504.405 -5 | o |1.165]0.783(1.420}14 2
.72 1.493{1.093? l 2.260 -5 | -2

R
Sample ALUTHI32_2 |  Tsubs = 750.0 C
Thickness = :NDH = a:/c:n3 T cmz/V-s
7210 329'0.565‘23 .;408.}3.87%7.780!29.00l -s | o |1.320]0.830{1.q00{12.5
.7210.496]0. 388" i ! 2 2703 ‘ -y | -2
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TABLE I.1 (Continued)

t )
Ea wo Jl Rs Rsh| Js NT ND VO V1 n ¢b Vb derr
ev | wm | um ! | a |Y%n®2Mn13%a Vo1t |Volt ev | ev|v &
l l | E6 | E-9| E14 | E15 n*g,
Sample ALUSMIN.2 |  Tsubs = 750.0 °C
t  Thickness = :NDH = at/cm3 NTa cmZ/V-s
72‘1.042io.690. 0.149]09.30] -5 | -1
72 O.690'O.489£ 0.679]06.40| -1 | o
Sample AU20M18,2 ‘ Tsubs = 750.0 °C
Thickness = :NDH = at/cm3 Tl = cmz/V-s
.72]0.907|0 580i63.813.66/15.4[1.770]03.30{ -2 | o |1.1380.840]1.020]06.7
|
.72'1.318 0.580| 1.920{06.30| -6 | ©
Sample AL20M18,2 l Tsubs = 750.0 °C
Thickness = :N.H = at/cm3 M= cmz/v-s

D
0.695.0.372 198.110.Oj370. 7.380 1o.ooi -2 ! o |1.897]0.787] ~--

0 372’ | | 7.1eol1z.oo| -5 | 0 |1.897|7.280(1.16016.0
| ] | | !
Sample AU20M1S,2 ' Tsuds = 750.0 °C
- . = N H = 3 A 2
LgﬁThlLkneSa = .NDh = at/cm tH= cm /V-s

72 0.789'0.169i47.1|17.0%285.‘5.770 0s.10| -2 | o0 |1.062{0.757|0.990|23.0

T210.987 O.lé?i i i 4.760{09.10| -5 0
[ .
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TABLE 1.1 (Continued)

Ea | Wy | W, [ Rs | msnf us | owo | oo | vy | v, ENENEA verr!
eV um Km 9] Q ﬁémz aﬁéma a}ém3’Volt Volt eV eV Vb &
| ‘ | E6 | E-9| E14 | E15 l n®,
| Sample 2452CM18,2 | Tsubs = 750.0 °C
Thickness = :NDH = at/cm3 T cm2/V—s
.7210.48910. 435, 03.03[13.00] -2 | o©
.72{1.078/0. 489 03.09(13.00{ -5 | -2
.72|1.07810. 435 03.17[13.00{ -5 | ©
.7211.078(4.899 03.06{13.00| =5 | -2
Sample AUSMIN | Tsubs = 750.0 °C
Thickness = :NDH = at/cm3 ‘g o= cmz/V—s
) 28.6|3.85!336. |0.521]09.31] -2 l o |1.500(0.738]2. 260
Sample 24S2CM1S.2 | Tsubs = 750.0 °C
‘ Thickness = .NDH = at/cm3 M= cmZ/V-s
§.72§0.58650.408£ | | 08.s4}26.00] -1 | o
T:io 946;0.408i g 09.96,26.00| -5 | O
72%0.748!0.4085 ] 09.87(26.00| -3 | o0
.72!0.946'0.334; ! 07.48:256.00] -5 | -4
.
72%0.334‘0.701; i 11.10[26.00{ -4 | -2
{ | ! !




TABLE 1.1 (Continued)

146-

58.00‘ -3

Ea wo wl Rs Rsh. Js N.r ND VO V1 ¢b Vb “%err
eV Km um [ Q Q 5ém2 a}éma aﬁéma VoltiVolt eV eV Vb &
E6 | E-9| E14 | E1S n*¢,
Sample EPI6MIN, 1 ] Tsubs = 750.0 °C
Thickness = NDH = at/cm3 = cmZ/V—s
.72{0. 643 0.295' ’ 06.99(27.00| -5 | o 2.530
Sample ASGASMIN, 3 Tsubs = 750.0 °C
Thickness = NDH = at/cm3 M= cm /V-s
.72 14.30|74.60] -5 | o 1.350
12 08.90(74.60] -1 | ©
72 10.90(74.60{ -4 | -2
Sample EP18MIYN, 3 Tsubs = 750.0 °C
Thickness = NDH = at/cm3 tH = cm /V=-s
72io.31sfo.133: 15.40l99.00| -5 | o 1.166
I.?:’o.1sz 0.133 ’ 12.00{99.00{ -t 0
.7:10.270’0.133; ' 15.50{99.00] -3 | O
Sample 2AS9MIN, 1 | Tsubs = 750.0 °C
Thickness = NDH = at/cm3 M= cmz/V-s
.7210.5140. 199/ 03.18 | -5 | 0. 960




-147-

TABLE I.1 (Continued)

Ea | W, ' W, g Rs % Rsh} Js ' Ny i Ny ' v, ' v, % n l o, ' v, Ixer.
aY i um i um @ Q "/\émzia,;c:'m3;a,tcm3£Volt Vclti oV i eV Vo
! I } | E3 | 5—9{ E14 } EiS i | | i j n*v
Sample S29E:12 Tsubs = 797.0 °C
Thickness = 22.0 um :NDH = 1.63E156 at/cm3 : o= 3430 cmz/v-s
'.72io.73s‘o.4zei ; 2.990{07.05] -2 o |1.082]0.800]1.070{23.5
.7210. 641 0.356: ! 3.180{07.48] -2 | 0O [1.028;{0.910{1.000/06. 9
72{1.043/0. 641 i 1.830107.90) -7 | =2 |1.025/0.910|0.810
7211.785 1. 455 T T Jo.arsjor.ar| -0 | o |1.0s2'0.380]1.070]12 -
.72i2.226 1.7ssf ; 0.559{08.161 =T | -2 {1.047{0.9761.490
.72'1.817 1.479; | 0.285i06.55, -2 | 0 |i.047,0.976|1.080]05.
8011.817(1 4795 i 0.287{06.55{ -2 | ©
7212.463|2. 257 ‘ 0.514!19.20] -2 | -0 |1.120/0.839/0. 880]06.3
72|2.725}2 4631 ; 0 332|20 90 -7 | -2 :1.130;0.339 1.170i
72 2 45112.2587 0.216'1% 101 =2 | -0 ,1.306 0 T92°'C 870 -1

i
b
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TABLE I.1 (Continued)

wo wl Rs Rshi{ Js NT ND V0 V1 n ¢b Vb verr
um km | 19} Q ﬁémz a}ém3 a}ém3 Volt|Volt eV eV Vb &
, E6 | E-9| E14 | EIS n'¢b
Sample S30R3 ‘ Tsubs = 778.0 °C
Thickness = 22.0 um :NDH = 2.15E16 at/cm3 :p = 3330 cm2/V—s
.7210.2480.238] 2.450¢21.19] -2 0 [1.055(0.895]0.850;10.0
.80(0.248|0.238 0.518)21.19( -2 0
.7210.695)0. 428 1.860121.40| -7 | -2 [1.096(0.864{0.770
8010.695(0. 428 0.380(21.40| -7 -2
.7210.47610.238 2.200)21.90] -2 0 |1.096/0.864|0.840|~11.
.80(0.476(0.238 0.441(21.90| =2 0]
h.72 1.672}1.376 0.546(09.52! -2 0 }1.080|0.910(1.140
.7211.683[1.379 0.542109.04 -2 0 [1.131]0.882|0.920|07.7
.7212.39712. 235 0.496(27.30f -2 0 |1.100{0.884{1.040}06.9
72:12.61442 397: 0.475(31.10) -7 -2 [1.10010.884}1.4%0




APPENDIX II: Space charge region derivation for a Schottky barrier

In an n-type non degenerated and uniformly doped SC of a Schottky
barrier, the Poisson equation for the space charge reglon can be

written as (35)

av_

2

L [p(x) - n(x) + Nol (11.1)
€s
dx

where es is the SC permitivity, Np is the stallow donor concentrationl.
and n{x) and p(x) are the electron and hole concentrations at any point
x in the SC respectively, and are given by (35)

qVv(x)/kT
No€

n(x) = (11.2a)

and

b(x) = poe-qv(x)/<T

(IT.2b)
where no and pe are the intrinsic carrier concentrations, q 1is the
electronic charge of an electron, k is the Boltzmann’s constant, T is
the absolute temperature and V(x) is the voltage an any point x in the
SC.

Equation II.1 can be simplified by neglecting the contribution
of carriers (p-n) to the space charge region. Thus assuming complete

ionization of the impurity (M= Nb), we have

1
Here NA is neglected since ND >> Na.
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'Q.
<<
i
|
ml.Q
=
o

0<x < W (II.3a)

)
9

=0 x>0 (II1.3b)

where €z is the semiconductor permitivity, Np the donor concentration,
and n and p are the electron and hole concentration in the
semiconductor respectively.

Now, referring to figure I1.1 (36), we can solve the above

equation by using the point form of Gauss law, de/dx=(q/es)Np, as

follows:
0 W
de = :g—NU dx 0<x <MW (I11.4)
€m s 0

where the solution is

em = —L NpW (11.5)
€s

and

elx) = em[l - %] (11.6)

according to figure II.1c. Note that for the case where the electric
field has to be found at e(W-A), we have to change the limit of

integration of equation 1I1.3 as follows;

(o] W

[ de = —Nbp J dx 0 < x < W-A (11.7)
£(W=-)) € W)

where the solution is
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e(W-a) = - 9O (11.8)
€s

With the electric field it is now possible to relatc the contact
potential Vi by the relation;

_ _ dv(x)
e(x) = = (11.9)

Thus, substituting equation

I1.6 into equation II.9 and solving fo1
V(x) with the boundary conditions:

V=0 at x = W we get,
X
gNp 2 x}?
V) = | el ax = - -0y [1 - r«] (I1.10)
)
The contact potential is obtained for V{x) = O in equation 11.10.
Thus,
vi = L Npw? (11.11)
2es

Rearranging equation

11.11 we obtain the space charge reglon at zer~
bias as

172
_ 2¢€s,,,
W= [END—VI]

Finally,

(11.12)

with an external bias voltage V (reverse or forward), the

space charge region can be written as follows (36);

172
W= [ZES(Vi - V)] (11.13)
gNp
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Metal -+ sy n type SC

a) Transition region

~

qna” ——-—~————7Q+=qSWNd
+

W X
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Q.
b) Charge density
e(x)
oi\ w

| /‘ ]

/

s
le

c) Llectric field distribution

Vix )
T W
|

0 X

Vi

d) Potential distribution

Figure II. Schematic representation of a Schottky Barrier
a) Transition region b) charge density Q
c) Electric field dstribution

d) Potential distribution
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A more accurate result is obtained when n(x) is taken into account and

p(x) is neglected in equation II.1, thus (27)

2es 72
W= [&ND (Vi - kT/q - Vq (11.14)

Now referring to figure I1.1, it 1s seen that the charge Q In the

transition region W (36) is given by

Q, = qSWNo = s[zeSqu(Vi - KT/q - V)]”2 (11.15)
where S is the surface cross sectional arca of the junction.

With the charge Q in the transition region, the capacitance oi the
junction is easily found by using (27} (28) the relation

C = dQr/dVv (11.16)

Thus differentiating equation I1.15 with respect to Vo owe have the

Jjunction capacitance as

. ges 1/2 (11 17)
¢ S[Z[Vi-(kT/q)-V]ND]
where (kT/q) is the contribution of the majority carriers to the space
charge.
Is is clear here that the reverse bias structure forms a parallel
plate capacitor comprising a layer c¢f dielectric thickness W and

dielectric constant cs between two condurting electrodes (28).



APPENDIX 1II: The image force barrier lowering

The image force barrier lowering known as the Schottky effect can
be understood by referring to figure I11.1 below. If an electron is at
a distance x from the metal, an electric field perpendicular to the
metal surface is created. This field 1is calculated by assuming a
positive Iimage charge q located at a distance -x inside the metal.
This creates the potential energy Fx of the electron relative to an
clectron at infinity. The potential energy Fx is thus added to the
theoretical barrier energy -qex giving the resultant barrier shown by
the hard line on the figure. The maximum barrier height energy occurs
at a distance xm from the metal surface. The barrier height is
therefore lowered by an amount (39)

174

A(’)l) = (VI - V) (III.l)

o
2 3

Sn“Es

where e4 15 the permitivity and Vo the applied voltage.

0 X
) A e —— = = = == > X
-~ T \\ 0 // —
L, - - |
D (=)
v N / Schottky ég:g-‘ potential
i // 2N barrier gy
{ S
¢
s
‘ P Resultant
b .
! tarrier
N \l
E
fm )
Metal Semiconductor

Fig. V.1 Diagram of the image force lowering of the barrier



Appendix IV: Emission rate at thermal equilibrium

An electron trap exchange carriers with the conduction band and a

hole trap exchange carriers with the valence band. For the case of an

electron trap, equation 4.1 can be rewritten as

dnt _ nCn(NT-nT) =-enntT (Iv. 1)

dt
At thermal equilibrium the probability fT that the state 1s
occupied is given by the ratio of the concentration of defects occupled

by electrons nt to the total trap cencentration Nr, thus (50)

nt (V. 2)

"
l

fT

vwhich can be described by the Fermi-Dirac statistics

Recalling for the present case, that the Fermi-Dirac statistic

states the probability that an energy level Er is occupied by an

electron at a given temperature T (S0), thus
1
= . - - {Iv 3
fr 1+ gne {(EF - ET)/KT} )

where g; is the degeneracy factor and EF is the Fermi lewvel.
Now, substituting equation IV.2 into equation [V.1 we get
(1V.4)

diT = ~enfT + NCn(l - 1)

Q.
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Consequently, the value of the emission rate e can be found by
using the principle of detailed balance, which states that in thermal
coquilibrium the carrier capture and the emission for each electron

state must be equal (16) {S4). Thus, at equilibrium dfrt/dt = 0 and

equation V.4 becomes

¢ fT = nCn(l - fr) (IV.5)

Substituting equation IV.5 into equation IV.3 and solving for e

we obtain

e = nCogm o L (EF-ETV/KT) (1V.6)
where the electron concentration n is given by (57)
n = Ne p[—(EC'LF)/ k’ll (IV7)

with Noo the eftfective density of states at the conduction band edge

given by (57)
lnm.\. 32
Neo= 2t (Iv.8)
h2
whete h is the Plank's constant. Now with Cn=en<Vthn> and IV.7 into

equation V.6 we find the required value of e as (16)(17) (54)
n

¢ = 1.1n = NcO‘n\Vthn,\g:\e-(ED/kT) (IV9)

n
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where Ep is the Gibbs free energy of transition between the energy
levels Et and Ec (Ep = Ec - ET).
Similarly, for an hole trap we obtain;

ep = 1/1p = Nvop<Vthp> (gn) ™" e "EP/KT) (IV.10)



Appendix V: Determination of the transition region A

The transition region A can be found by integrating Poisson’s
equation where A is defined in the space charge region as shown in
figure 4.2b After some mathematical manipulations, equation II.3 an

be rewritten as

é_[‘ v _ v] =y el (V.1)
dx

[ntegrating the above equation from (W-A) to W we find A as follows;

W W
_dv _ _ .1 .
[A 0= V](W_A) = EJ(W—A) %x plx)dx (v.2)

which leads to

ghio

2 2
Ze<w - (W=A)7} (v.3)

VIW-21 = V(W] + (W-X)e(W-A) =

Now, from figure 4.2 it can be seen that {V(W-A) - V(W}} correspond to
[(I¥-ET)/q] and €{W-A) 1is simply equal Lo (gNdAs/e) (equation II.8

appendis I1). Therefore,

(W= ) =i aND 2 (-a) @) (V.4)

by -Er) -2gNpA _ gNp
q 2€ 2€

By simplifying this equation we obtain the transition region A as (56)

\ = |-=S-(EF-E) (V.5)



APPENDIX VI: Determination of AC/Co

In order to find AC/Co, we have to find the variation of the
defect concentration between the limits (Wi-A1)} and (Wo~Xo) as shown in
figure 4.4c. This is done by solving Poisson's equation or equation

V.1 with the limits shown in figure 4.4c. Thus, we have

o} 1-A1 0-A0 —t/t
V(t) = xg—ND dx + xg—NT dx + x%—NT(I—e ") dx
o °° 0 s Wi-a1 =0

(VI. 1)

The solution of the above equation is therefore

- 9 2 g Y q RV A TR Y-S P 74 1)
V(it) = ZESND WO + 26SNT (Wi-A1)" + ZESNT [(Wo-A0) =(Wi-A1)" ) (1-e )

(VI.2)
At t=0, the initial condition, we consider the initial width Wo,
the capacitance Co and (Wi-A1) = X o Therefore equation VI.2 is

rewritten as

=_q__. 5 i Wi~ 2::..9... ,2 ._.9_- w2
v(0) 265ND Wo + ZesNT (Wi-2A1) ZESNo Wo + ZESNT “
(VI.3)
At V(0) we have an initial value of (Vi + Vo) as shown in figure 4.4a

which is therefore replaced in equation VI.3. We can rearrange the

above equation in the following form as

2(Vo+Vi)es NT| %o 2

- Nti o (V1.4)
qNoWs T |

Now with Co equals to es/Wo substituted in equation VI.4 we obtain



1/2
2{Vo+Vi) _ o
Co ——-—-——-————qNDes = 1+ N—D' w—o (vI1.5)

The root of the right h..d side of this equation can be eliminated by
expanding it in binomial expansion (59) and keeping the first order

term since the total trap concentration is a lct smaller than the

shallow donor concentration (i.e. Nt<<Np). Therefore, equation VI.5
becomes
1/2 X |2
2(Vo+Vi) N NT[ 0
o e | | T 2| (V1.6)

Now, at some value of t we consider the value of Vo + Vi constant
since the variation in voltage is negligible due to the small change in
nt_ between (Wo-A0) and (Wi-21) (i.e. V(t)=(Vo+Vi)). Thus proceeding

the same ways as the above we obtain

2o |, Nrfol® Nr {(Wo-a0)®-Wi-aD)®) () -t/
’ qNbes No|{Wo ND W2
(VI.7)

Now, using the ©binomial expansion in equation VI.7 and keeping the

first order term we gel

1/2

cl2tosviVE b | Tol® | Nt {(Hom20)®-(Wi-AD)®) -t/
gNnes ) 2Np|Wo 2Np Wé
(VI.8)

We notice that the first two terms in the square bracket on the right

hand side of the above equation is equation VI.6. This leads to
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€ - coy|2VervDI T2 N ((Ho-20)®-(Wi-an)®) ) -t/
qNpes 2ND W3

Y(VI.®)

Finally, the term 1inside the left hand side bracket in equation V1.9
is the value of 1/Co by comparing to equation 11.17. This 1is

justified by rewriting equation V1.6 in the following form;

X 12

9€s __INp + Nr

_ (o]
Co = 5Vorvi) o (VI1.10)

Since Nr << Np and X, << We, No remains and Nt 1is neglected.

Therefore, equation VI.9 becomes (58)

AC _ C -Co _ Nt {(Wo-20)*~(W1-A1)?%)

-t/In
Wo

(1- ) (Vi.11)

Co Co 2Np

which the normalized variation of the capacitance between (Wo-Ao) and

{(W1-2A1) due to trap defect when a blas pulse is applied to the Schotlky

barrier under reversze bias



APPENDIX VII: Arrhenius Plot and Rate Window

VII.1 Arrhenius plot

The relation 1/tn was given by equation 4.14 Now rewriting
equation 4.14 and taking the natural logarithm on both sides we get

In(1) = In [tnNcon<Vense 227KT, (VII. 1)

The above equation can be rearranged by multiplying it by TZ/T2 inside

the bracket of the right hand side, thus we obtain

N_(_:_(In<Vth>
Tz

(VII.2)

ln(rnTz) = = - 1n {

where Nc and <Vwn> can be simplified as ol and BTUZ respectively

where

2

_ 2rmnk |2 *.1/2
a =2 and B = {3K/m } (VII.3)
h n

Therefore, the second term of the right hand side in equation VII.2 is
independent of the temperature, thus
2 Ea
In(wnT”) = T In{apon} (VI1.4)
Thus, the slope In(tnT?) vs (1000/T) is called the Arrhenius plot (6).
[ts slope allow us to find the apparent activation energy Ea of the
deep level trap and the capture cross section is obtain by the

intercept with the y axis.
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In fact, equation VII.4 is a straight line of the form y = ax +

b where x represents 1/T. The slope is then given by

a = Eask (VII.Sa)

and the intercept;

b = -In{xfon} {Vii.sb)

which cuts the y axis. We recall here that a and b can be found from

the least square method (31).

VII.2 Rate window

The rate window Tn can be found by differendiating the normalized
value of the DLTS peak S(T)/Co and equate it to zero in order to find

its maximum. Thus,

2 2
S(T) - NT {{Wo-A)"=-(W1-2) }} (e—t1/rn _ e-tz/rn) (VI 6)
Co 2Np 2
Wo
or
S(T) NT {(WO-A)Z-(Wl—A)Z} ~t1en(T) -ta2en(T)
— = |z (e - e )
Co 2ND w%

(VILI.7)

Thus, differentiating with respect to temperature T we have

S(T) d | Nr {(Wo-A)%-(Wi-2)%}| , -tien(T) ~t2 en(T), _
e = {e - e ) =0
Co dT [2Np wg

Q.IQ.
]

(VI1.8)
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Therefore
d S(T) _ den(T) -tien(T) den(T) ~tzen(T)} _
'd—,r— ——c—:'a- = [ tl-“—-——d,r e +t2 aT e =0
(VII.9)
thus
den(T) -t e—tlen(l) + t2 e-t2en(T) = (VII.10)
dT
We can now rewrite the above equation as follows
t1 e'tlen(T) = t2 e—t2€n(T) (VII.].].)
or
ta/ty = een(T)[tz—u] (VII.12)

Finally, rearranging the above equation we obtain the rate window as

_ [ta -t1)

rn In(t2/t1) (VII.13)

TTn = 1/e



APPENDIX VIII: Summary on epitaxial layer grown by CSVT technique

The closed space vapor transport (CSVT) is a chemical transport
betwezen source and substrate separated by a fused silica spacer plate.
For GaAs, water is used as the transport reagent operating at

atmospheric pressure and moderates temperatures which make a cost

effective procedure. The reaction used for the transport of GaAs is
(5)(62)
2GaAs(s) + HO(g) . Ga_Olg) + As_(g) + H_(g (VIII.1)
2 — 2 2 2

The source and substrate may be both semi-insulating (SI) type or
Si-doped GaAs n-type. For the epitaxial growth of GaAs on GaAs, this
reaction is happening at two places in the system; on the surface of
GaAs source at temperature Ti1i and, on the surface c¢f GaAs substrate at
temperature T2. The source temperature is higher than the temperalure
substrate by 40°C and the equilibrium is displaced to the left onto the
substrate surface resulting in GaAs deposition onto the epitaxial
layer.

The epitaxial layer set-up consists of a rectangular cross section
(6.8 X 6.8 cm2) fused silica chamber containing two graphlite blocks as
heat susceptors sandwiching between them the GaAs source and substrate
separated by a thin fused silica spacer on the order of O.3mm. One end
of this reaction chamber, designed to accommodate Scm diameter slice,
is sealed while the other side is equipped with a fused slilica taper
joint containing the gas and thermocouple connections. The heat source

is a set of 2KW globar (SiC) heating elements. The temperatures are
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controlled by two ther.ocouples positioned in appropriate wells inside
of the graphite blocks. The transport agent is wet hydrogen containing
triply distilled water vapor corresponding to a saturator temperature

of 0°C. The diagram of the CSYT system used for the growth of GaAs

epitaxial tayer is shown in figure VIII.1 (.)(62).
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Fig VIII.1 Diagram of the CSVT system: (1) N2 and H2 gas cylinders;
(2) valves; (3) fluxmeter; (4) water saturator; (5) ther-
mocouples; (6) graphite blocs; (7) GaAs source and subs-
trate; (8) fused silica spacer; (9) fused silica supporting
plate; (10) fused silica reactor; (11) 2000W tungsten-
hallogen lamp; (12) trap; (13) glycerol bubbler; (14)

burner.



Appendix IX: Results for temperature regulator for DLTS

TABLE IX.1: Readings for R at the cryostat tail and at the sample

Cryostat Sample Yo error : Cryostat Sample %—;;:;;“’

R1 (Q) R2 (Q) R1 & R2 | Rl {2 R2 (R0 Rl & R

I S S
21.6 23.9 -9.62 | 88.0 87. 8o 0. 46
22.0 24 2 a0 | 900 8.5 0. 56
27.0 27.4 -1.46 | 95.0 aq 5 053
30.0 29.9 0.33 | 97.0 96. 6 0.62
33.0 32.7 0.92 | 100.0 99, 1 0. 91
36.0 35.6 1.23 % 103.0 100 1 0. 88
40.0 39.4 1.52 i 105 0 104.1 0.86
44.0 43.5 1.15 i 108.0 107.7 0.75
47.0 a5. 4 1.29 E 110.0 109 2 0 73
50.0 47.3 0.02 1 113.0 121 0. 80
53.0 52.4 1.34 E 115 0 114 1 079
55.0 54.4 110 118.0 17.1 Q.77
58.0 57.5 0.87 | 121.0 120.0 0.873
61.0 60.5 0.83 z 123 0 121.9 0. 90
65.0 64.5 0.77 | 125.0 123 9 0.89
70.0 69.5 0.72 | 127.0 125.9 0 87
75.0 74.5 0.67 | 130 0 124.8 0.973
79.0 80.7 -2.10 133.0 131.7 0.99
80.0 81.8 -2.2 ' 135 0 133.6 1.05
82.0 83.7 -2.03 % 139.0 137.4 1.16
84.0 84.6 -0.71 g 142.0 140. 4 1.14
86.0 84.5 0.58 z 145.0 1473. 3 1.18

’ - _ b
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TABLE IX.2: Results from circuit of fig. IX.II

Vi (=)jv2 (+)] V3 DT ||V1-v2] Vvl (=)}V2 (+)| V3 DT [|V1-V2]
volt | volt | volt (K) | volt volt | volt | volt (K) | volt
289 | 2.81 9.90} 1.21 |-0 08 6.60 | 6.54 | 9.44] 1.88 |-0.06
~ 05 3.05 [13.907 1.28 |{-0 00 6€.75 1 6.69 | 9.90| 1.86 |-0.06
322 ] 3.20 112.20] 1.51 {-0.02 6.90 | 6.85 |10.83' 1.81 |-0.05
340 | 3.37 }10.04) 2.00 {-0.03 7.00 | 6.95 |11.2»| 1.80 |-0.05
3.58 | 3.50 | 9.66| 2.34 |-0.08 7.20 [ 7.16 |11..5| 1.87 |-0.04
376 | 3.68 | 9.656; 2.49 |-0.08 7.35 | 7.30 ;10.5%" 1.91 |-0.05
3.90 3.81 9.71| 2 40 |-0.09 7.50 7.44 |10.14} 1.94 |-0.06
4.00 3.93 9.46| 2 22 1-0.07 7.60 7.54 9.98] 1.93 [-0.06
4 15 4.10 110.30) 2.05 }-0.05 775 7.69 |10.36} 1.86 |-0.06
4.27 1 4.23 [10.68| 1.99 |-0.05 7.90 | 7.85 {11.00( 1.82 (-0.05
4.4 | 4.41 9.80| 2.04 {-0.05 8.10 [ 8.04 [10.44( 1.78 |-0.06
4 65 | 459 | 9.27f 2.07 |-0.06 8.30 | 8.26 [11.36f 1.78 {-0.04
488 | 4 82| 9.37) 2.03 |-0.06 8.50 | 8.47 |11.70} 2.19 [-0.03
5.00 { 4 95 | 9.90} 2.00 |[-0.05 8.60 } 8.57 j11.79] 2.08 |-0.03
5.20 | 5.15 110.50| 1.96 |-0.05 8.70 | 8.67 [12.22| 1.97 |-0.03
5.36 | 5.30 [10.47} 1.97 |-0.06 8.90 | 8.83 (12.34) 1.90 |-0.02
5.50 | 5.45 {10.85] 2.00 [|-0.05 9.10 | 9.06 |11.45{ 1.95 [-0.04
5.73 | 5.67 | 9.96| 2.02 |-0.06 9.40 | 9.38 [12.20| 3.62 | —----
5.93 | 5.86 | 9.96}) 2.00 |{-0.07 9.60 | 9.58 J12.10| 3.15 }-0.02
6 00 | 5.95 | 9.85| 1.98 |-0.05 9.70 | 9.67 [11.64| 2.45 |-0.03
6.25 | 6.19 |} 9.90{ 1.93 |-0.06 9.80 | 9.76 |11.40| 2.23 |-0.04
.47 | 6.36 [ 9.51] 1.92 |-0.06 9.90 | 9.85 {11.63( 2.10 |-0.05
R F— |
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TABLE IX.2: (continued)

Vi ()|v2 ()] va| pT ||vi-vzlvi o va (o) va | ot |jvi-va|]
volt | volt | volt (K) | volt volt | volt | volt (K) | volt
10.00 9.69 [11.8 2.01 |-0.04 12.80 [12.80 |16.10] 1.31 0. 00
10.10 {10.60 |11.60} 1.85 |-0.04 12.90 |12.94 115.80{ 1 30 0.04
10.30 {10.26 |11.70| 1.69 [-0.04 13.10 |13.04 [10.06| 1.50 |-0.00
10.50 |16.4S5 |11.09) 1.61 |-0.05 13.40 |13.34 [13.26| 1.26 -0 06
10.60 {10.54 {10.19| 1.56 [-0.06 13.45 (13.50 |18.20) 1.02 0.05
10.80 {10.77 (12.58| 1.40 |-0.03 13.55 (13.58 |16.50} 1.11 0.03
10.90 {10.89 {14.07| 1.45 [-0.01 13.70 {13.65 [10.14| 1.22 {-0.05
11.00 {11.00 |14.42} 1.48 0.00 13.80 (13.71 |10.16] 1.44 |-0.09
11.10 |11.09 {12.50| 1.51 |[-0.01 13.90 |13.88 (13.75| 1.45 |-0.02
11.30 {11.23 9.86| 1.62 {-0.07 14.00 §14.02 16 34 1.32 0.02
11.50 |11.43 {10.70( 1.48 |-0.07 14.10 {14 13 |17.32] 1.31 0.03
11.60 {11.S5S8 [13.50] 1.25 |-0.02 14 25 §14.31 |18.30}( 1.95 0.06
11.70 {11.67 [12.40| 1.20 [-0.03 14.40 {14.36 |11.70] 2.01 |-0.04
11.80 |11.76 |12.46| 1.23 |-0.04 14.55 (14.42 9.31| 2.08 |-0.13
11.90 {11.85 |{10.94} 1.29 |-0.05 14.60 14.47 3.38] 2.03 |-0.13
12.00 |11.96 |11.58] 1.35 |-0.04 14.70 114.63 [11.32| 1.44 |-0.07
12.10 112.08 {12.90{ 1.35 {-0.02 14.75 |14.73 [14.55] 1.11 |-0.02
12.20 112.22 |15.68] 1.36 0.02 14.80 |14.86 [19.29] 0.81 0.06
12.30 [12.31 |13.96] 1.40 0.01 14.85 |14.96 [19.27] 1.01 0.01
12.45 |12.41 [11.30| 1.53 {-0.04 15.00 {15.04 119.29} 1.46 0.04
12.60 |12.51 [10.07| 1.63 {-0.09 15.10 |15.15 |15.41} *. 76 0.05
12.70 |12.65 |11.50( 1.50 |-0.05 15.20 |15.18 [13.26| 1.96 |-0.02
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TABLE IX.2: (continued)

vi (afvz (] va ] m [vi-vz||v1 (-)|v2 (+)| v3 | DT ||v1-v2|

volt | volt | volt (K} { volt volt | volt | volt (K) volt
15.30 |15.26 112.43| 1.90 |-0.04 17.30 }17.31 |16.30{ 0.97 0.00
15.40 (15.37 113.22] 1.52 |-0.03 17.40 |17.53 [19.26]| 0.83 0.13
15.45 |15.44 [14.40] 1.42 |-0.01 17.50 |17.61 |19.26] 1.11 0.11
15.50 115.51 {15.38] 1.25 0.01 17.60 ]17.68 |[19.27] 1.28 0.08
15.55 {15.57 [16.18} 1.12 0.02 17.70 {17.78 [19.26} 1.55 0.08
15 60 |15 62 [16.27| 1.13 0.02 17.80 [17.99 19,24 2.56 0.19
15.70 |15.71 {14 44} 1.18 0 01 17.85 [18.05 |19.25| 2.27 0.10
15.85 [15.77 9.57({ 1.24 |-0.08 17.86 |18.14 [19.25| 2.27 0.28
15.90 115.81 9.64) 1.21 |-0.09
15.95 {15.99 {17.38} 0.88 0.04
16.00 {16.04 [17.90| 0.84 0.04

16.10 |16.14 {17.83| 0.92 0.04

16.15 16.20 {18.68] 1.17 0.05
16.20 |16.25 118.34 1.35 0.05
16.30 |16.33 |15.40! 1.52 0.03
16.40 [16.36 |12.57| 1.63 |-0.04

l6.50 [16.47 [12.90| 1.55 |-0.03
16.60 |16.63 |16.77| 1.15 0.03

16.70 [16.68 (12.87) 1.15 1-0.02
16.80 [(16.77 (12.80( 1.13 {-0.03
16.90 [16.9% [15.79| 0.90 0.00
17.00 [17.04 [17.90] 0.84 0.04
e L
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APPENDIX X: Schottky barrier fabrication
This appendix gives the steps to follow for the fabrication of a
Schottky bharrier diode on a GaAs epitaxial layer at Concordia
University in the Electrical Engineering Solid State Device Research

[.Laboratory.

A- Sample cleaning procedure

1- Rinse the slice in boiling trichloroethane for five minutes.
2- Rinse the slice in boiling acetone for five minutes.

3- Rinse the slice in boiling methanol (CH30H) for five minutes.
4- Dip the slice in HF 20% (HF + distilled water) for 30 sec.

5~ Rinse the slice in running deionized water for 30 sec.

6- Dry with gas nitrogen.

B- Annealing for ohmic contact

1- Put the sample inside the glass oven.

2- Let the nitrogen (gas) flow through the oven for 30 sec. The
flow rate is 30. DO NOT FORGET TO LIGHT UP THE GAS BURNER.

3- Heat up the heating element for five min. under nitrogen (put
the variac to 20).

1- While heating up, plug in the thermocouple.

5- Put hydrogen (for about two min.) and then increase the
variac to maximum until, 20mV (500°C) is red on the voltmeter.

6- Keep the 20mV reading constant for 2min. (Readjust the
variac if necessary).

7- Turn off the variac and the hydrogen and put back the nitrogen

(gas) and let it cool off for 20 minutes.
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Check the ohmic contact with the curve tracer.

Pd-Al Schottky contact

i) Photo resist

1_

2-

10-

Clean up the sample: repeat step A.

Meanwhile, prepare the negative photo resist under yellow
light : two negative phcto resist for one thinner .

Adjust the temperature of the oven to 120°C and turn on the

UV mask aligner.

Put the sample in the oven for five min.

Take out the sample of the oven and apply the photo resist

-Put a piece of tape on the spinner and lay the sample on it

-Dry the sample with nitrogen (gas) before applying
the photo resist.

-Put a few drops of negative photo resist on the sample and
spin at 3000 rpm for 15 sec.

~-Clean up the spinner.

Put the sample back into the oven at 80°C for 15 min.

Take the sample out of the oven and align the dots on the

sample using the mask aligner (UV for 15 sec.).

Then develop into the developer for 30 sec. and more if

necessary.

Rinse in running water (90°C) for one minute or more if

necessary and dry with nitrogen {(gas).

Put the sample back into the oven at S0°C for 15 min.

ii) Electroless solution preparation
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1- a) Prepare the PdCl2 electroless solution:
-Dissolve 0.3 g of PdCl2 in 9ml of HC1l concentrate,
-Mix the above solution in 9ml of deoinized water.
-Poor the obtained solution in 864ml of acetic acid.
-Add 28ml of HF 49%.
b) Poor the electroless solution in a beecher and steer slowly
with a magnetic agitator.
2- Prepare three beecher with --> 1-HCl, 2-DI water, 3-DI water.
a- Dip in HC!l for one min.
b- Dip in water to stop the reaction.
c- Rinse in water for 30 sec.
d- Dry the sample with nitrogen (gas).
3~ Put the sample on the support and soak in the solution for four
min. without agitating.

4~ Rinse in DI water and repeat step 2 b, ¢, and d.

iii) Evaporation
1~ Put the sample on the special support for evaporation purpose.
2- Starting off the evaporation with the EDWARDS vacuum
evaporator:
a- The three valves of the evaporator are closed and the
water is running then switch to rotary pump.
b- Open the backing wvalve to a minimum of 30 min.
before performing the evaporation.-->clean up the oil.
c- Put to diff rot pump and wait for vacuum.
3~ Install the support inside the bell Jjar:

a- Let the air flow in the bell jar by opening the air
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valve.

Place an Al-pellet on the heating element and put
the support inside the bell jar

Put the bell jar to its original place.

Close the air valve and open the roughing valve.

While the vacuum is taking place, poor some liquid
nitrogen in the liquid nitrogen trap on the left side
of the evaporator and wait for the primary vacuum
inside the bell jar (>10%torr).

When primary vacuum is done, close the roughing valve.
Open the main valve and wait until the secondary

vacuum is reached to a maximum (10_6 to 10‘7 torr).

Performing the evaporation:

a-

d-

When the secondary vacuum is reached, add more
liquid nitrogen. Heat up the element by Increasing
slowly the potentiometer. Check so that the vacuum
(scale) remains as low as possible when increasing
the current flowing through the heating element

Set up the potentiometer until the current element
reaches 30A and let evaporate for 20 sec.

To cool down the sample wait 15 min. under vacuum.
Close the main valve and open the air valve. Let
the air flow in until it is possible to remove the
bell jar from the evaporator case. Then remove the
sample.

When the evaporation experiment is finlshed:

A- 1f by pass
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-Close the air valve and the main valve.
-Open the roughing valve.
-Switch off the Diff-pump.

B- If for a long period of time

-Close the air valve and the main valve.
-Open the roughing valve.

-Switch off the diff-pump.

-Wait half a day.

~-Close the main valve.

-Close the backing valve.

-Switch off the rotary pump.

~Turn off the running water.

iv) Photo resist removal

1-

Dip the sample in hot trichlorocethane for a few minutes
until flaws are observed on the photo resist surface.

Take a swab-stick and rub gently until the photo
resist is completely removed (if necessary).

Finally, check the electrical properties of the Schottky

barrier has been made.



