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CHAPTER 1

INTRODUCTION

1.1 Historical Backgrounds

As compared with silicon (Si), compound semiconductors
possess several attractive material properties such as direct
band gaps, high electron mobilities and large saturation
velocities, availability of semi-insulating (SI) property, and
resistance against cosmic ray irradiation. Another important and
unique features of compound semiconductors are the availability
of wide varieties of mixed alloys semiconductor and capability to
form heterojunction structures. These attractive features have
given rise to large interests in both fundamental and applied
research in these materials. Major devices based on compound
semiconductors include metal semiconductor field effect
transistors (MESFET), high electron mobility transistors (HEMT),
heterojunction bipolar transitors (HBT), laser diodes (LD) and
other optical devices. Encouraging progresses have recently been

made on their integration to form their integrated <circuits

LS

In order to obtain devices with high performance, it is

¥
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necessary to prepare high quality bulk and epitaxial

semiconductor materials. For 1instance, fabrication of GaAs
integrated circuits relies on the direct implantation into high-
quality and highly wuniform semi-isulating substrate to form
device active layers. Thus, recent strong demands for well
behaved integrated circuits have accelerated the study of SI GaAs
bulk materials for quality improvements. On the other hands,
novel devices using hetrostructures and superlattice structures
have become possible through the availability of high-quality
epitaxial materials by the molecular beam epitaxy (MBE), the
metalorganic vapor phase epitaxy (MOVPE) and the atomic layer

epitaxy (ALE) growth techniques.

The quality of the bulk substrates and epitaxial layers
is greatly affected by the nature of the native defects and the
chemical impurities which are formed or incorporated in the
crystal, depending on the thermodynamic conditions for crystal
growth and the chemical composition of the starting materials.
These defects and impurities, or their complexes, have a

tendency to introduce localized levels in the band gap of the

host material.

Among these, ’shallow’ impurities, which normally substitute
the host atom in the crystal, give rise to bound states in

the fundamental band gap very close to the band edges and

generally contribute to extra charged carriers, electrons or




holes. Their role, therefore, is primarily to control the type

and magnitude of the conductivity. The overall behavior of such
impurities can Dbe understood quite adequately in terms of the

simplest hydrogenic model.

There exist other types of impurities as well as a variety
of lattice defects (vacancies,interstitials, antisite defects,
etc.) that cause more severe local perturbations. They give rise
to bound states that are considerably more 1localized, and have
energies deeper in the band gap. The energy 1levels by such
impurities, lattice defects and impurity-defect complexes, which
cannot be described by the hydrogenic model, are referred to as
’deep levels’. Unlike shallow levels, deep levels act primarily

as carrier traps or recombination centers.

Deep 1levels are therefore undesirable in devices where
carrier must have long lifetimes. They are also responsible for
long-term instability of devices. On the other hand, they are
useful when the carrier concentration needs to be reduced, to
obtain so called semi-insulating materials. In addition, in case
that the recombination energy is released as light of a suitable
wavelength, deep levels can be used in making light-emitting
diodes (LED). Thus, by carefully controlling the various types of
defects, one can manipulate the properties of semiconductors

which form the active part of most electronic devices today.




Progress 1in the field of deep 1levels has been driven

primarily by technological needs. For example, oxygen-related

levels and recombination centers in GaP have been studied in

order to improve the efficiency of LEDs.**®’ The compound
semiconductor integrated circuit technology requires the
production of adequately controlled and uniform semi-insulating
substrates.

It has been shown that the electrical resistivity of Dbulk-
grown undoped GaAs is dominated by the presence of a native deep
level called EL2 which compensates the shallow impurities present
in the material. This level presents some strange properties such
as metastable behavior. In addition, EL2 exists in III-V ternary
alloys and may act as a recombination center. Thus, considerable
effort has been devoted to the understanding of its properties
and microscopic structure,®’ but its origin is not completely
understood yet except for a consensus that the EL2 is associated
with excess arsenic. The transition metal impurities, namely Cr
and Fe, in compound semiconductors are also of great scientific
and technological importance as they are main compensators in

semi-insulating materials.®*~°?

Deep donor levels, which are often called DX centers, have
been observed in many III-V alloy semiconductors. In Al..Gai -xAs,

for example, the DX center controls the conductivity of the

material when x>0.2 and persistent photoconductivity (PPC),




attributed to a large lattice relaxation of the DX center, is

also observed in this composition range.”’ These properties
produce detrimental effects on HEMT device characteristics, e.g.,
the persistent threshold shifts at low temperature, transient in
the source-drain current with time constants of the order of 10
us at room temperature and the <collapse of the I-V curves.?’
Thus, the microscopic nature of the DX center and the mechanism

for capture and emission of electrons have been studied as well

as the EL2 level.”*®’ On the other hand, near-midgap deep 1levels

behave as recombination centers and affect the operating
characteristics of minority carrier devices such as HBTs, LDs,
LEDs, and solar cells.®’ However, properties of deep levels

except for’ the DX ecenter are mnotr elarified. in III-V . alloy

semiconductors

A new class of defects that are attracting attention are
process—-induced defects. The very large scale integration (VLSI)
technology requires for device sizes to be smaller and the number
of processing steps to be larger. These trends and new processing
technologies can induce new defects or enhance the activity of
the kinds of impurities that have always been present but so far
largely electrically inactive. One such examples are the so-
called oxygen thermal donors in Si, namely a number of closely
related oxygen centers that appear after a wafer has been

processed at temperatures of 300-400 C.*°°




Doping by ion implantation remains as the key processing step

in the fabrication of GaAs MESFETs. After 1implantation, the
damages introduced by implantation must be removed by annealing
process. These elements form large families of defects due to the
implantation damage, the redistribution of impurities and the
stress induced by post-annealing. For example, the EL2 properties

s I U

are severely affected by implantation and the creation and the
annihilation of defects are observed by various annealing
processes.*®*~*%’ However, the behavior of the implantaion- or
irradiation related defects in bulk and epitaxial materials is
not completely clarified, and annealing processing still suffers
from various problems. Another key technology for the development
of VLSI and novel devices 1in compound semiconductors is the
epitaxial growth technology. During epitaxy, impurities trend to
segregate at the surface and have a significant effects on the
growth rate and the formation of the complex-defects. The

understanding of deep level properties at surface or interface of

epitaxial layers is important for high quality homo- or

heterostructures.

1.2 Objective of The Thesis

In the present thesis, deep 1levels in epitaxial GaAs and

AlGaAs, as well as bulk GaAs, are investigated. As the epitaxial

layers, MOVPE AlGaAs layers are studied since they allow us to




make nearly ideal abrupt heterostructures owing to recent

advances in the epitaxial growth technology. Because of their
unique matching properties to the GaAs 1lattice over the whole
composition range, AlGaAs layers are the most wuseful ternary
alloy for many advanced devices. As Dbulk material, 1liquid
encapsulated Czochralski (LEC) GaAs is studied since it is a key
material for improving the performance of high speed and
optoelectronic integrated circuits. The properties of irradiation
induced defects and the effect of an annealing process on the
deep levels are also studied in detail, since they are closely

associated with the process—-induced defects.

Thus, the objective of +this thesis can be summarized as

follows.

(1) to investigate the role of the deep levels in compensation

mechanism in bulk grown GaAs.

(2) to clarify the relationship between deep levels and growth

conditions in the epitaxial GaAs layers.

(3) to investigate the electrical and optical properties of

midgap levels in the epitaxial AlGaAs layers.

(4) to investigate the effect of 7r-irradiation and various

annealing processes on the deep levels in bulk GaAs.




1.2 Synopsis of Chapters

Chapter 2 describes electrical behavior of deep 1levels and
capacitance spectroscopy methods for characterization of deep
levels. In these methods, the changes in the electron occupancies
of deep levels in the depletion region of junction barriers are
used to measure absolute values of thermal and optical emission
rates, capture cross sections and concentrations. The occupation
function of deep levels can be given by the rate equation and is
controlled by temperature, bias voltage and illumination of
monochromatic light. Based on the bias and time dependence of
junction capacitance, deep level transient spectroscopy (DLTS) is
summarized. DLTS 1is a straightforward technique to analyze,
thereby being widely used to investigate deep levels.
Photocapacitance (PHCAP) methods is employed to investigate the
optical properties of deep 1levels. Steady-state and transient

PHCAP techniques are described.

Chapter 3 investigates deep electron levels in undoped n-type
GaAs grown by the liquid encapsulated Czochralski (LEC) method.

Deep level properties are characterized by DLTS and temperature-

dependent Hall measurements. DLTS spectrum shows that Six
electron traps exist in as-grown materials. Analysis of
temperature-dependent carrier concentration indicates that

electron traps shallower than the EL2 level, e.g., EL6, can play




a significant role in the compensation mechanism in LEC GaAs

which has a low concentration of acceptor impurities. The effect
of face-to-face annealing on the electron traps is 1investigated.
EL2 in bulk region remains stable at around 800 °C . The drastic
reduction of EL6 concentration by 800 °C treatment indicates that
EL6 seems to cause large resistivity change of the LEC materials

in annealing process.

In chapter 4, deep levels in epitaxial GaAs grown by MOVPE
and MBE are investigated. The effect of the purity of source
materials on deep levels 1in MOVPE GaAs 1is <clarified wusing
different trimethylgallium (TMG) sources. DLTS study confirms
that the dominant electron trap in undoped MOVPE 1layers 1is the
EL2 level. It is shown that another traps are detected only in
the layers grown with particular TMG source, indicating that
these traps are related to impurities introduced with the TMG
source. Properties of the electron traps in undoped MBE layers
are 1investigated by changing growth conditions, especially
focusing on the effect of coincident Pb flux on deep level
concentration in order to probe into the surface process of the
growing layer. It is shown that the application of Pb flux
modifies the growing surface process of GaAs, thereby reducing

the concentration of the electron traps.

Chapter 5 deals with near-midgap levels in AlxGai-xAs layers

grown by MOVPE. The composition dependence of the energy level of




the midgap levels shows that one of them is closely related to

the EL2 in GaAs. Optical properties of +the midgap 1levels are
clarified by a new PHCAP measurement procedure by which the
effect of the photoionization of the DX center is separated from
the photoquenching of the midgap 1levels. PHCAP measurement
confirms that one of the midgap levels exhibits an remarkable
photoquenching for x<0.3 and that the optical cross sections of
the level almost the same with those of +the EL2 1in GaAs and
GaAsSxPi-x. It is shown that the excited state of the midgap level
seems to change its character as the alloy composition is varied,

resulting in the disappearance of photoquenching for x>0.3.

Chapter 6 describes the variation of deep levels in GaAs by
y—irradiation. The effect of the irradiation on deep 1levels in
LEC GaAs 1is compared to that 1in epitaxial GaAs. Annealing
behavior and the concentration profile of the 1levels observed
indicate that the complex defects are created in LEC GaAs by an
interaction between the grown-in defects and the irradiation-
induced defects. It is shown that the defects introduced by 7r-
irradiation in epitaxial GaAs are the same with those by electron
irradiation and that the electrical and optical properties of the

ELZ2 level is not affected by irradiation.

Chapter 7 investigates the effect of annealing process on
near-surface deep levels in AlzOs-capped GaAs. Alz0s film as an

improved encapsulant for GaAs prepared by the dynamic mixing

10




method are analyzed by Auger electron spectroscopy (AES) and X-
ray photoeleétron spectroscopy (XPS). Results of AES and XPS
analysis indicate that there 1is no evidence of As or Ga
outdiffusion into Alz0z film during furnace annealing and rapid
thermal annealing (RTA). It 1is shown that the different
structural change at the Alz0sz/GaAs interface are observed with
the different annealing processes. In addition, the EL2
concentration is 1increased and non-exponential photoquenching

behavior is observed near the surface only after RTA.

Chapter 8 summarizes the present work and gives the

conclusions.
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CHAPTER 2

ELECTRICAL BEHAVIOR OF DEEP LEVELS AND CAPACITANCE SPECTROSCOPY

2.1 Introduction

A number of techniques of the experimental study of deep
levels 1in semiconductors are presented. In these techniques, the
capacitance spectroscopy techniques have become a powerful tool
for the characterization of deep 1levels Dbecause they are
sensitive, spectroscopic and convenient to analyze. The junction
capacitance varies according to charging and discharging of deep
levels in the depletion region. The charging and discharging can
be controlled by temperature, illumination of monochromatic light

and bias voltage.

Deep level transient spectroscopy (DLTS) developed by Lang,?*’

that is a capacitance transient thermal scanning technique, has
been widely wused to detect deep 1levels, since it 15 a
straightforward method to analyze and rapidly provides

information about the concentration, energy level and thermal

capture cross section of deep levels. In addition, if one wants

to really understand the deep level properties, several




experimental approaches must be used. As is generally the case in

atomic structure of defects, optical measurements such as
photocapacitance (PHCAP) are very useful tool. They provide
information not only about the optical ionization energies of the
levels Dbut also about the electron-phonon interaction and
temperature dependence of the energy level. Furthermore, the
samples and measurement system used for PHCAP are the same as
those used for the thermal spectroscopy of deep 1levels such as
DLTS. This will give the most reliable results and yield a clear

identification of the investigated levels.

In this chapter, the electrical behavior of deep levels and
the basic analysis of the capacitance spectroscopy are described,

and the principles of DLTS and PHCAP are summarized.

2.2 Occupation Function of The Deep Level

Figure 1 shows the interaction between the deep 1level 1lying
in the forbidden gap and the free electron and hole. It consists
of four processes®’:electron capture, electron emission, hole
capture and hole emission. The rate equation of the electron

occupancy function fr of the level is

dfr

= —(ent+eno)fT+(ept+epo)(l_fT)+nCn(l"fT)—pCpr (2.1)

dt




@
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capture emission | capture |[emission

Figure 1. Schematic summary of the emission and capture

process which describe a particular level in the bandgap.

16




where en® and ep® are the thermal emission rates, en® and ex® the

optical emission rates, Cn and Cr, the capture probabilities and n

and p the concentrations for electrons and holes, respectively.

In thermal equilibrium, fr 1s given by the Fermi-Dirac

distribution function,

T = = (22)
N~ ¢ Er—Er

KT
where nr is the concentration of electron-occupied level, Nr the
total concentration of the level, g the degeneracy factor, Er the
energy level and Er the Fermi level. At steady state, the

emission of electron must balance the capture of electron.
fren = NnCn(l-fx) (2.3)
The electron concentration in thermal equilibrium is given by

Ec—-Er 3 2

h=" Nes .exp(—) (2.4) e

kT %T_

where Nc is the effective density of states in the conduction @r'

band and Ec the energy level of the conduction band. Equations

(2.2), (2.3) and (2.4) reduce to b




CnNc Ec—~E~x

Gy, T e BXPA - P (2.5)

Similarly, the relationship between the emission rate e and the

capture probability C, for holes is expressed as

Er—Ev
Ea = EluNw BXpls —=g—=) (2.6)
kT

where Nv is the effective density of states in the valence Dband

and Ev the energy level of the valence band.

2.3 Bias and Time dependence of Junction Capacitance

A schottky barrier on n-type semiconductor or p*'n junction
will be considered. Figure 2 shows the change of band bending and
space charges during bias voltage switching. In steady state the
charge state of the deep level above the Fermi level is positive
as shown in Fig.2 (a). By a change of the bias applied to the
Junction (Fig.2 (b)), the depletion width w(t) as well as the
crossover position (xa(t)) of Fermi level and the deep level will
be shifted. Then, the electrons trapped at xa<x<xa(t) are emitted
according to the change of the occupation function. Thus, both

effects, variation of bias and ionization of the deep 1level,

cause a change in junction capacitance.

R e
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Figure 2. The change of band bending and space charge
distribution during voltage switching. ;:“
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Since en°, €°=0 in dark and n=p=0 in the depletion region,

and assuming that ean®) ex®, Eq.(2.1) reduces to

df—r
= _entho (2'7)
dt

The solution is given by

fr = exp(-en®t) (2.8)
or
fr = exp(-t/71) (2.9)
where 1=1/en®. Therefore, the charge density due to thermal

ionization of the deep level Nx*(t) is

NT+(t): Nr—frNr = NT{ l“GXp(-t/T)}. (2.10)

From a double 1integration of Poisson’s equation over the

depletion region

E(VD+VB) rxA rxx(t) rw(t)
= | (Np+Nr)xdx + | (Np+Nr*(t))xdx + | Npxdx (2.11)
q .Jo .JxA Jxx(t)

where Vp is the diffusion potential, Vs the bias voltage and No
the shallow donor concentration. Since Xa(t)=w(t)-A, the

depletion width w(t) can be written as follows:




w(t)

2& (VD"I"VB)
XNT+(t)+J{7&NT+ (t) }2_{ND+NT+ (t) }{NTXA2+NT+ (t) (AZ"XAZ)— }

- q
Np+N+*(t)
(2.12)
where
A =V 26 (Er—Ex)/(qNp) . (2.13)
The junction capacitance, therefore, is given by
ES
C(t) = ——, (2.14)
w(t)
If the concentration of deep level, N, 1is very small

compared with that of the shallow donor concentration, Np, Xxa(t)

nearly equals xa(t=co0 ). In this case, the capacitance transient

can be expressed as

Il

C(t) C(0) + {C(x )-C(0)}{1-exp(-t/7)}

C(0) + 4C {1-exp(-t/T1)} {(2.15)

where C(0) is the capacitance at t=0, i.e., just after applying

the bias Ve, C(c0 ) the capacitance at t=co and 7t the transient
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time constant.

2.4 Deep Level Transient Spectroscopy (DLTS)?’

The basic idea of DLTS is the rate-window concept, which 1is
shown in Fig.3. If the pulsed bias shown in Fig.3 (a) is applied
to the Schottky or p'n diode, the Jjunction capacitance C(t) Q
changes according to Eq.(2.14) as shown in Fig.3 (b). The
capacitance transient is sampled at two times ti and t-=. DLTS
signal, S(T), 1is defined as the difference between the

capacitance at time ti and the capacitance at time t-=
S(T) =801 a) s~ Clhi), {2,16)
In the case that Np) Nr, S(T) can be written from Eq.(2.15) as ?

S(T) = 4 C{ exp(-ti/7)- exp(-t=/71) }. (2.17) %

According to Eq.(2.5), the transient time constant, T,
isvery large for low temperatures and becomes smaller as the
temperature is increased. It is clear from Fig.3 (c) that S(T) §§

goes through a maximum when 7 is on the order of tz-ti. The

relationship between Tmax, wWhich is the value of T at the maximum

of S(T), and t. and tz is simply determined by differentiating
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Eq.(2.17) with respect to 7 and setting the result equal to zero.

tz_tl

Tmax = A 2
& ( )

ti

From Eq.(2.5), Tmax at a temperature Tmax cCan be given as

1 E Ec—Ex
ey B eXp( ). (2.19)
Enmasx CnNc KTmax

Nec and C. are given by next equations.

Ne =2 '(2ama*KT/Bh* )% % = Nge TR7% (2.20)

Ch = OVen = 0 (3kT/mn*)1’2 W5 TR (2.21)

where mn* is the effective mass, o the capture cross section and
Ven the thermal velocity for electron. Substituting Egs.(2.20)

and (2.21) into Eq.(2.19) yields

Ec—Er 1
Il e Thmase) = + 1n (2.20)
kTmax UVthONCO

At the maximum of the DLTS signal, one can measure the Tmax and
Caletlate Than from Eq,.{2.18) to'gel one point oOf In{Tmaz®™Timds)

versus 1/Tmesx plot. Other points can similarly be obtained from




other scans made with different window settings, and thus

different values ©f Tmas &nd differnt peak temperature.

Therefore, one can easily get the energy 1level, Er, and the

capture cross section, o, from Eq.(2.22). The magnitude of peak

maximum of the DLTS signal can be related to the capacitance

change, 4 C, by Eq.{(2.17).

Smax = 4 C{ exp(-ti/Tmasx)— exXp(-tz/Tmax) }. {2.28)

Just after applying the bias Vs (t=0), the deep level in the
region xa<x<w(0)-x is filled with electrons as shown in Fig.2 and

we have

£ (VD+VB) i rw< i
= | Nrxdx + |  Npxdx. (2.24)
q i Jo JO

When t=«, the deep level in the region metioned above is ionized

and the depletion width is decreased to the value of w(=).

E(VD+VB) rw(m)-—A FW(m)
= | Nrxdx + | Npxdx (2.25)
q Jo Jo

It is assumed that the bias voltage Vs 1is constant during the

transient, then the next expression is obtained,®’




{ ol
B w(e)
Nt = Np (2.26)
{1_ _i_ }2 _ { _Ei:i_}z
wW(x) wie)

From Eq.(2.14), Eq.(2.26) reduces to

2C(® )4 O A7

Nr = LS Np (2.27)
A WA"‘)‘.
e T 1

w(®) w(®)

where wa and w(«) are the steady depletion width under the bias
Va and Vs, respectively, and are obtained from the corresponding
values of the capacitance. In the case that Np) Nr (C(®)) 4 C)
and wa, A { w(»), Eq.(2.27) reduces to the well-known expression

as follows:

24 C

NT = _—ND (2.28)
C(x)

When the concentration of the deep 1level approaches or
exceeds that of the shallow donor, the DLTS signal has a tendency
to lower the peak height and to shift the peak temperature. These

effects will be discussed in the Appendix. e

Figure 4 shows the block diagram of the DLTS measurement

system. DLTS is mainly carried out by 1 MHz capacitance meter
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with a responce time of 20 us and a digital boxcar integrator.

The detection limit of the concentration of the deep level in the
present system is 10™% of the background doping. The temperature
of the sample is controlled in a closed He cryostat capable of

cooling the sample down to 20 K.

2.5 Photocapacitance (PHCAP)

As well as the DLTS techniqe the PHCAP method uses the change
of the junction capacitance. In PHCAP, the occupation function at
the deep level can be controlled by applying the bias voltage and
illuminating the monochromatic light. This is the basic idea of

either steady-state or transient PHCAP measurements.

2.5.1 Steady-State PHCAP Method

It is assumed that the sample is a Schottky barrier in an n-
type semiconductor with a donor-like deep level in the upper half
of the bandgap (Fig.5 (a)). The sample is cooled from room
temperature to low temperatures under a forward bias in the dark.
This makes the deep level filled with a majority carriers, i.e.,

fr=1 in almost whole depletion region. Then, the bias is changed

step-wise to a reverse value, and the monochromatic 1light with

photon energy hv is illuminated.

SR ~|v‘A;m; n
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Figure 5. (a) Energy band diagram with a deep level in the upper
half of the bandgap. (b) Steady state photocapacitance change.
When the photon energy is chosen so that Ec-Er<hv<Er-Ev, the
optical emission of electrons from the deep 1level takes place
and the corresponding step-wise capacitance change can be
observed.




In the case that hv<Ec-Er, the occupation function maintains

its initial state, i.e., fr=1. When Ec-Er<hv<Er-Ev, the rate

equation is given by

dfr

—enof’r (2.29)
dt
The solution of Eq.(2.29) with the initial condition fr(t=0)=1

gives

fr = exp(-ea®t) {2.80)

In steady state, i.e., t=«, fr approaches zero. At hv>Ec-Er the
Junction capacitance increases step-wise according to the change
of the occupation function at the deep level as shown in Fig.5
(b). Therefore, the energy level (optical ionization energy) of
the deep state can be determined from the photon energy by which

the step-wise capacitance change takes place. i

2.5.2 Transient PHCAP Method

The optical emission rate is correlated to the optical cross

section by the relation




e®° = 0°0 (2.31)

where ® is the photon flux. Since the optical cross sections
provide information about their relation with the conduction and

valence band, they contribute to physical syudies of the deep

level.

Since the time constant of the PHCAP transient can be large,
it is difficult to reach the steady state condition. So, the
steady state PHCAP spectrum is a complex function of the hv-
sweeping rate. This makes it difficult to obtain absolute

photoionization cross sections. Absolute values of optical cross
sections can generally be obtained from the time constant of the

capacitance transient.

At low temperature, the rate equation of the occupation

function at the deep level in the depletion region is given as

dfr
dt

Choosing the initial condition such that fr(0)=1 by applying

forward bias, the solution of Eq.(2.32) can be written as

epo eno

exp[-(en®°+ep°)t] } {2.83)

o

en°+ep” ep
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Therefore, the charge density due to optical ionization of the

deep level, Nx*(t), is

enQNT
Nt*(t) = Nx—fxNr = { 1-exp(-t/T)} (2.84)
eno+epo
where
1 1
T = = . (2.35)
en°+ep” Q(Un°+0p°)

From a double integration of Poisson’s equation over the

depletion region and from Eq.(2.14), the junction capacitance can

be expressed as follows:

ge
C(t) = /ND+NT+(t) g (236)
v 2(Vp+Vm)

In the case that Np) Nr, Eq.(2.36) reduces to

NT Uno
git) = Croy{i+ Li~=expi~Lt/7) bt £2.87)
2, PR, LS, S

Equations (2.35) and (2.37) show that the time constant of the

capacitance transient is generally related to the sum of two




optical cross sections. If one can choose the photon energy range

where one of the two terms is negligible, the remaining optical
cross section 1is simply determined by measuring the time
constant. However, this does not avoid the trouble rising from
the mixing between 0,»° and 0,° for the deep level 1lying in the

vicinity of midgap.

Chantre et al.*’ proposed new method to evaluate the optical
cross sections independently. If, at t=0, the deep 1level is
filled with electrons, the concentration of electrons trapped at

the deep level, nr, can be expressed as

dnr

( )tso = —€n®Nt = —0n°ONr (2.38)

dt

This means that the initial time constant of photoionization of
the deep level can be governed by the optical cross section for
electron emission. The 1initial derivative of +the capacitance

transient is given by Eq.(2.37) as follows:

4 C(t) 1

4 C(=) (2.89)
dt t-+0 Tinia

where 4 C(t)= C(t)-C(0), 4 C(»)=C(»)-C(0) and Tini is the value

of T at the initial state. Thus, the optical cross section of

the deep level for electron emission is obtained by measuring the

fIESaYE e
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initial derivative of the capacitance transient just after the
biginning of the illumination. On the other hand, if, at t=0, the
deep level is emptied, then the same measurement will lead to the

value of the optical cross section for hole emission.

34




References

1) D.V Lang, J.Appl.Phys., 45, 30238(1974)

2) A.G.Milnes, Deep Impurities in

Sons, New York, 1973), p.1l1

Semiconductors (John Wiley &

3) Y.Zohta and M.0.Watanabe, J.Appl.Phys.,53,1809(1982)

4) A Chantre,G.Vincent and D.Bois,

Phys.Rev.B,23,5335(1981)




CHAPTER 3

CHARACTERIZATION OF DEEP ELECTRON LEVELS IN GaAs GROWN BY THE

LIQUID ENCAPSULATED CZOCHRALSKI METHOD

3.1-Introdiuction

Semi-insulating (SI) GaAs substrate grown by the 1liquid
encapsulated Czochralsky (LEC) method has been considered to be a
key material to improve the performance of compound semiconductor
integrated circuits (ICs) or optoelectronic ICs (OEICs). The
quality of the substrate is greatly influenced by the nature of
the native defects and chemical impurities in the material, which
are associated with the thermodynamic growing conditions and the
chemical composition of the starting melt. These defects and
impurities, or their complex have a tendency to introduce the
deep energy states in the band gap. In LEC undoped GaAs, it has
been shown that there are two dominant native defects: one is a
well-known donor state called EL2 and the other is a double

acceptor state with activation energies of 78 and 200 meV .*:2°

The reason that undoped LEC GaAs grown from stoichiometric or




As-rich melt has a semi-insulating property has been considered

to be that EL2 mainly compensates the residual carbon acceptor.
Thus, much work has been reported on the EL2 state.®"13’
Moreover, the microscopic structure of the native defects and
their complex in GaAs has been theoretically investi-
gated,*°>**-*®’ and some atomic models of EL2 such as isolated
Asca (antisite aresenic),”’ Asca-Vas (As vacancy) pair,*®-*8> As

p)

cluster,® Asca—divacancy pair*®’ and Asce—-As: (As interstitial)

pair®®’ have been proposed.

A double acceptor state has been considered to act as a main
defect level in the compensation mechanism in wundoped LEC GaAs
grown only from Ga-rich melt.*'’ However, von Bardeleben et al®?*’
recently suggested that the double acceptor exists in
concentrations of 10*°-10'°® cm™® even in materials grown from
stoichiometric or As-rich melts (0.455 As/(As+Ga)< 0.52). This

indicates that, 1in LEC SI GaAs, a new compensation system

including both EL2 and the double acceptor state will be needed.

By comparison, relatively 1little has been reported on the
other electron traps in GaAs, in spite of the fact that they
often have almost the same concentration as EL2 in bulk
materials. Recently, Terashima et al®®’ and Washizuka et T Al
reported that the concentration of the residual carbon impurity

is able to be reduced in the range of 10*® cm™® in undoped GaAs

by means of a horizontal magnetic field applied technique and the

)
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use of an AlN hot zone furnace. They suggested that the

reduction of carbon impurity can improve the thermal stability
and the uniformity of resistivity distribution in the ST
substrate. However, the reduction of carbon impurity would
produce an effect on the compensation mechanism in LEC GaAs and
cause a decrease in the resistivity of undoped material, i.e. the
semi-insulating properties of the materials cannot be maintained
due to the electron traps in the upper half of the band gap. To
overcome this problem, it is of importance to clarify the

properties of the electron traps in LEC GaAs.

The purpose of this chapter is, therefore, to investigate the

electrical properties of electron traps in n-type LEC
GaAs, especially focusing on the traps other than EL2.
Temperature—-dependent Hall measurement indicates that the

electron trap with an activation energy of about 0.2 eV plays an
important role in the compensation mechanism in as-grown
material which has a 1low content of carbon impurity. The
effect of face-to-face annealing on the electron traps is also

discussed.

3.2 Samples

The GaAs crystal used in this investigation was grown in

the (100) direction from As-rich melt using a PBN crucible. Dry




B0z was used as an encapsulant and the pressure of the Ar
ambient was 30 atm during growth. To achieve a low resistivity
crystal, +the undoped melt is intentionally synthesized with low
purity arsenic and gallium. The crystal was n-type along the
ingot. The resistivity of the front section of the crystal
(g<0.3, where g is the fraction solidified) was in the range
above 10° Qcm, whereas the resistivity of the tail section
of the crystal decreased in the range of 10% fi'em '"to 10™* Q
cm as g increased from 0.3 to 0.9. Since the concentration of
carbon was distributed uniformly along the ingot, this
resistivity variation seems to be due to the segregation of
donor impurities contained in the starting melt and/or due to
native donor-defects in the upper half of the 'band 'gap that

increase with the stoichiometric change of the melt.

The n-type wafers used to characterize the properties of
deep states were taken from the tail section of the crystal
(g=0.89). The carrier concentration and mobility of the
crystal, estimated from Hall measurement, gre. 4% 10%% cmt®
and 5000 cm?/Vsec, respectively. Wafers were cleaned with organic
solvents and then etched in Hz2S0a4:Hz02z2:H20 = 5:1:1 solution for 1
minute to remove surface damage. Ohmic contacts were
fabricated on the unpolished side of the wafer wusing indium
followed by annealing at 400 C for 10 min under Nz atmosphere.

For capacitance-voltage (C-V) and DLTS measurements, 1000 A Al

or Au dot Schottky diodes (diameter approximately 800 um) were




formed.

3.3 Results and Discussion

3.3.1 Electron Traps in Undoped Materials

Figure 1 shows a typical DLTS signal observed in the tail
sections of the undoped n-GaAs. The shallow impurity
concentration, Np, obtained from C-V measurement was 7 x 10*°
-3

cm Six levels, labelled E1 to E6, are detected. As seen, the

maxima of E2, E3 and E4 are very close together. These
three levels were distinguished by means of theoretical curve
fitting, since this configuration might cause problems in the

determination of the activation energy and concentration.

Since the concentration of _deep levels 1in melt-grown GaAs
often exceeds the net concentration of shallow impurities, DLTS
signal has a tendency to increase the half width of the peak, to
lower the peak height, and to shift the peak position toward
ldwer temperatures. The reason why these effects occur is that

the time dependence of the capacitance transient corresponding to

trapped electron emission from deep states 1is no longer
exponential.?®*’ Therefore, DLTS signal is simulated in the case
N2 Np. The simulation indicated that the activation energy

obtained from standard DLTS measurement is almost correct, even
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Figure 1. A typical DLTS signal from electron traps in undoped

LEC n-GaAs grown from a PBN crucible.
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Figure 2. Arrhenjius plots of six traps observed

comparative data from Martin et al.(1979).

the activation energy.
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when Nr=10Npo. On the other hand, the capture cross section and
the trap concentration are underestimated due to a fast decaying
component of the initial part of the capacitance transient. For
example, in the case Nr=10Np, the error of N+ for EL2 is
estimated to be about 30%. In addition to this simulation, we
considered the effect of the unionized width of the deep state in
the depletion region in the estimation of Nr, that is the so-
called » effect.?®®’ This effect 1is more serious when the
injection pulse height is relatively smaller than the bias
voltage. These analytical methods were applied to the calculation

of concentration of deep states.

The Arrhenius plots of the temperature-corrected time ?
constants of the sSix levels are shown 1in Fig. 2 with
comparative data from Martin et al.Z®®’ Comparing our DLTS

signal with those reported by other workers®”-%°’ and from the b
Arrhenius plots, it is found that E3, E5 and E6 were most
probably identical to EL6, EL3 and EL2, respectively. The i
remaining three traps E1, E2 and E4 have Arrhenius plots close

to those of EL11, EL14 and EL5, respectively.

Figure 3 shows concentration profiles of the traps. To
obtain a deep level profile, the bias voltage was varied while ﬁ
the injection pulse height was kept constant. The %;
concentrations of E4, E5 and E6 levels were almost uniformly ;

distributed throughout the material, whereas E1, E2 and ES3
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Figure 3. Concentration profiles of the electron traps.




decreased toward the Schottky barrier. This indicates that Bl
E2 and E3 are related to the surface conditions or that

the outdiffusion of defect elements associated with these traps

geceurs.

2.3 .2 Role of Electron Traps in The Carrier Compen-

sation Mechanism

In order to examine the role of electron traps in the carrier
compensation mechanism in undoped LEC GaAs, the temperature
dependence of the carrier concentration was measured and the
results obtained were compared with theoretical calculations

based on the charge neutrality relation. a

The carrier concentration, n, of the material is governed by

the well-known expression. R

Ec— Er
n = Nc exp ( ) (3.1) s
kT a

where Nc 1is the effective density of state in the conduction
band, Ec the energy gap, Er the Fermi level, k the Boltzmann'’s i
constant, and T the absolute temperature. The computation is i
carried out by determining the Fermi level position from the

neutrality condition,

3 A Nai1~™ = p + Nos™ (32)
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where Nai™ and Nps;® are the ionized acceptor- and donor

concentrations, respectively.

1 Eai—Er e
Na1™ = Nai [ 1+ - exp ( ) ] (B3
g KT
Eps+ Exr— Egs e |
Nos;* = No s [ 14 e exp ( )] (34)
KT
where Nai and Nnos; are the total acceptor- and donor
concentrations, respectively, Er is the Fermi-level, and Ea: and
Eps are the acceptor- and donor ionization energies,
respectively. Each energy 1level is taken from the top of the

balence band with a correction due to a possible temperature
dependence of the capture cross section.®*’ The degeneracy
factor, g, is 4 for the shallow acceptor due to the fourfold
degeneracy of the valence band, but, in the case of the deep
acceptor the value of 2 is used as well as 1in the case of

32)

donors. Ec can be written as a function of temperature,

EG(T):EGo—aTz/(b+T). (3.5)

For GaAs, the values of Eco, a and b are 1.519, 5.405 x 10~* and

204, respectively.3%’

Figure 4 shows the energy level model of undoped LEC
GaAs. In calculation, it is considered that level E6 (EL2) acts

as the carrier compensator and level E3 (EL6) as the donor
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Figure 4. Band energy model of the dominant electron traps
and residual impurities in undoped LEC n-GaAs.
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Figure 5. Temperature dependence of carrier concentration for
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calculations using the charge neutrality relation for assuming a
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state. There 1s growing evidence that the EL2 state is a double

donor with levels at Ec-0.75 eV (0/+) and Ev+0.5 ev(+/++). This
has been derived from photocapacitance studies.32’ When the
Fermi level is in the vicinity of the middle of the band gap,
where the occupancy factor of EL2 should be considered, the
second donor state of EL2 (+/++) 1is expected to have an
important effect on the calculation of the carrier concentration.
However, 1in n-type conductive material, EL2 is in its neutral
state. Therefore, the first state of.ELZ is took 1into account
in the calculation. Chantre et al®*’ reported that EL6 has the
large Frank-Condon shift value of about 0.6 eV, suggesting the
configuration coordinate diagram that is very similar to that of
the DX center in AlGaAs. Hence, it is assumed that there was a
difference between the thermal ionized energy (obtained from Hall

measurements) and the thermal emission energy (obtained from

DLTS) for EL6, as shown for the DX center.3%’ It is a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>