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CRYSTAL GROWTH OF DEVICE QUALITY GaAs IN SPACE

I, SUMHARY
Recent developments in GaAs device technology have cleaxly established

the unigue role of GaAs in high speed devices, integrated circuits, and opto~
electronic systems for commercial and governmental applications. At the saﬁe
time, it has become apparent that further advancements and the transition to
the next generation of electronic devices hinges on new guantum steps in three
interrelated aveas: crystal growth, device processing and device-related proper-
ties and phenomena, Our GaAs research &volves about these key thruct areas,

The overall program combines: (1) studies of crystal growth on novel approaches
to engineering of semiconductor material (i.e., GCaAs and related compounds);

(2) investigation and correlation of materials properties and electronic charac-
teristics on a macro- and microscale; (3) investigation of electronic properties
and phenomena controlling device applications and device performance.

It is becoming rapidly very clear, primarily on the basis of our work, but
aleo on the basis of that of the others, that each melt-grown GaAs electronic

quality cannot exceed a modest level which is theoreticslly dictated by the

unavoidable inclusion of GCa and As vacancies.

Our effort is aimed at the essential ground-based program which would
insure successful experimentation with and eventually procesaing of GaAs in
a near~zeroc gravity environment, We further believe that this program addresses
in a unique way materials engineering aspects which bear directly on the future
exploitation of the potential of GaAs and related materials in device and systems
applications. We #ill summarize below the last tuo-year developments of our pro-
gram. An overall summary of the major developments im the course of this in-
vestigation is given in Table 1I.

Our recent discovery that stoichiometry is a fundamental factor affecting

etructural and electronic properties of melt-grown GaAs has made & major impact

()



TABLE I

PROGRESS TO DATE - SUMMARY OF MAJOR DEVELOPMENTS

{Shaded areas indicate the most important achievements in the last fwo years)

Development

Comments

Publications

. LPEE-Liquid Phase
Electroeplitaxy

— = e

+ MELT GROWTH

-

T -

+

an

1.
2.
3.
4.

5.

i.

4.

Growth Kinetics Model
Dopant Segregation Modei
Model of Multicomponent
Systems

Interface Stability Model

In-situ Monitoring of
Growth

Growth of Bulk Crystals

Growth in Space Environment

Construction of Advances
GaAs Melt-Growth System

Growth of n-type Dislocation-
Free GaAs

Growth of Electron Trap-
Free GaAs

Identification of the Role
of Oxygen in Melr Growth of
GaAs

¥ -

Theoretical model was developed which explains
experimental LPEE characteristics. The model is
based on a mass Uransport process with

twvo driving forces: solute electronigrarion and the
Peltier Effecr,

Successful in- situ monitoring of the growth velocity
was realized for the first time in LPE using the
contaccless LPEE configuration.

LPEE process was successfully extended to a growth
of bulk crystals of the thickness of the crder of
1 m.

LPEE process was selected in 1983 in order to
realize the growth of GaAs in Space. Further R&D
effort in this area is resalized under a spomsor-
ship of Microgravity Research Assoclates,

Advanced system has been designed & constructed for
horizontal and/or vertical growth of GaAs. The system
provides unique feasibility for controlling and
msonitoring growth pacameters.

Utilizing precise control of As pressure above the
melt we have achieved reproducible growth of disio~
cation-free GaAs in a horizontal Bridgman configuration,

Growth condirions were discovered which lead to
nelt-groun GaAs of superior structural & electronic
properties. For the first time electron trap-free
bulk GaAs was achieved.

Oxygen has been identified as a coustituent of

growth system which affects electroaic and stuctual
properties of GaAs.

1-10

11, 12

12, 13

14, 15

16, 17
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PROGRESS TO DATE - SUMMARY OF MAJOR DEVELOPMENTS

{Shaded areas indicate the most important achievements in the last two years)

Deveiopment

Corments

Publications

MELT GROWTH (cont.) S.

PROPERTIES AND 1.
PHENOMENA
i.
3.
)
‘ 4.
\

"’—.n

Kole of Stoichiometry

Relationships between Elec-

tronic Properties & Melt-

Growth Conditions on Micro-

Scale

Stoichiometry contzreolled
segregation;

Interaction between Epi-
taxial Layer & Substrate

Growth~Property Relation-
ships in Epitaxial Growth

Stolichionetry controlled
deep levels

Stoichiometry controiled
dislocation density

Oxygen related midgap
level

Origin and properties
of Major Electron Trap in
Gals

Stoichiometry was identified as a fundawental factor
controlling structural & electronic properties of GaAs.

Microprofiles of electron & ionized impurity con-
centrations in melt-growm GaAs were obtained for
the first time.

It was shown that impurity segregation in melt-
grown CaAs is governed by amphoterie doping and
deviation from stoichiometry. :

It was demonstrated that outdiffusion of recom-
bination centers from the substrate into LEP layers
during growth process takes place. Growth conditions
vere formulated o minimize outdiffusion

Iz was found that growth rate variations have sig-

nificant effect on the formation of recombination centers

in GaAs.

A direct relationship was established between As
atom fraction in the melt and the concentration of
electron traps in GaAs.

It was found that an optimum stoichiomecry defincd by
arsenic source temperature 617-618 C corresponds to a
minimm dislocation density

We have unambiguously identified the oxygen related
deep level ELO at 0.825 eV below the conduction bamd.

0.82 eV electron trap in GaAs has been 1dentified as
native defect complex involving the antisite As(;a

12-20

11-19, 21

11, 21

22

23, 24

15

15, 25-28



TABLE I

b |
PROGRESS TO DATE -~ SUMMARY OF MAJOR DEVELOPMENTS
(Shaded areas indicate the most impsrtant achlevements iIn the last two years)
_Development Comments Publications
PROPERTIES AND 0, Passivation of Deep Levels 1t was found that a concestration of the major 29
PHENOMENA {cont. by Hydrxogen deep level in GaAs can be effectively coantrolled by
atomic hydrogen introduced by a standard plasma
treatment.
16. Oproelectronic Properties Cathodoluninescence studies of InP were completed 30
of InP '
Interface States Surface states on GaAs-anodic oxide interface were 31
determined with modified DLTS
GaAs—Anodic Oxide A gigantic photoionization effect on GaAs-oxide 32-37

]
. CBARACTERIZATION 1.

v
¥ 3.

4.

Iaterface

{haracterizarion methods
based on electron mobility and
free carrier absorption

IR Scanning Absorption

Derivative Surface
Photovoltage and Photocapac—
itance Spectroscopies

Characterization of Semi-
Insulating Gahs

SEM-Cathodoluminescence

interfaces was discovered. Urllizing this phenom-
enon it was shown, for the first time, that both
deep & shallow interface states originate from

Ga and As vacancies.

Quantitative methods were developed
for determination of compensation ratio in Gaas
and IaP

Quantitative method was developed for microprofiling
of carrier concentration & compensation ratio through
free carrier absorption

New Approach was developed for determination of deep
levels, band structure and shallow impurites

A tigoreus procedure was developed for the determina-
tion of ionized impurity concentration ftcn transport
neasurements in SI material

Advanced variable temperature system was set up for
cathodoluminescence microprofiling of defects, impuri-
ties & carrier concentration

3844

21

45-47,

48

30



2 PROGRESS TO DATE - SOMMARY OF MAJCGR DEVELOPMENTS o »

{Shaded areas indicate the most important achievements in the last two years)

Development

Comments Publications

CHARACTERIZATION 6.
{cont.)

7.

INTERACTION WITH 1.
INDUSTRIAL OQRGAN-
IZATIONS '

3.

4.

SEM-Electron Beam-Induced
Current

Laser Scamning Photovoltage

Workshops, 1977
1981

Literarure Survey, 1977
1982

Exposure of the Program
to Scientific Commumity

Working Contacts

Variable temperature system was set up for instantancous
profiling of diffusion length

Photovoltage microprofiling was devzloped for studying
howogeneity of semi-insulating GaAs

Workshops were held with representatives of leading 49
industrial & educational institutions devoted to the
assessment of present status, major problems & future
prospects for Gads growth & applications

The literature survey on GaAs was updated identifyinz
the leading organization & most important trends in
CaAs researcli and development

The present program and its major developments were 19, 49, 50
exposed to the scientific community through a series

of seminars given in industrial organizacioms (RCA,

Texas Instruments, Hewlett-Packard, Hughes Int'l.,

Xerox, Eastman Kodak, Fujitsu Laboratories, NIT, etc.),
presentations at scientific meetings aund/or direct

contacts with individual scientiszs

Contacts were established with industrial organizations
in the area of GaAds characterization, growth & device
applications. Material suppiled by industrial organiza-
tivns has beer characterized on many occasions

Interactior with Hicrogfavi’ty Research Associates was established
and aimed at the growth of GaAs in a space environment.
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on GaAs reloarch_and develnpment programs in industry and universities, We

have established, for example, that deviations from atoichiometry control
dislocatibn density, concentration of point defects, related deep levels, and

the amphoteric behavior of impurities. This discovery has also led to the identi-
fication of the causes of irreproducible growth and of the isck of preciss
control of the elqctronic properties of bulk CaAs. We have shown for the first
rime that these processea axe linked directly to sﬁoichionztryainduced defects

and thelr interactionz during the post-solidification cooling,

Every industrial and academic facility is incorporating our stoichiometry

»

finding into its GaAs crystal growth program.

We have significantly advanced our understanding of the role of oxygen in
melt-grown GaAa and especially of achieving seuwl-insulating material. We have
shown that oxygen reduces the concentration of shallow silicon donors, and it
also 18 involved in the creation of the midgap level. Our microscopic model
of the major deep donor level EL2 (i.e., arsenic on gallium site plus arsenic
vacancy) enabled ior the first time the consisten® explanation of the unique
electronlc properties of the EL2 and its senaitivity to the growth conditions.
The above results bear directly on processes 1eading to semi-insulating behavior
of GaAs, and thus are of fundamental importance in the pursuit of significantly
improved quality GaAs for high-speed IC applications.

In slectroepitaxial growth we have completed the development of a unified
theoretical treatment which explains quantitatively the unique growth kinetics,
the segregation behavior, and the worphological stability. We have demonsirated
the feasibility of electroepitaxial growth of hulk crystals. Further work on
electroepitaxy will be devoted to adaptation and optimization of the LPEE growth

in space, The support of this part of the investigation has been undertaken by

Microgravity Reuearch Asacciates (MRA) in accord with the MRA-NASA joint endeavor.

P T

| 22
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We have completed the study of electrical and photo-electrical properties
of CaAs~anodic oxide interfaces., Our interface-siate mode) involving discrete
deep and shallow levels (originating from oxidatien-induced defects) made it
possible to consiastently explain hysteresis and anomalous frequency responses
of GaAs MOS structures. We have succesefully initiated a theoretical study
of electron mobility limits of GaAs ultra~high-speed devices (specifically
the HEMT-High Electron Mobility Transistor). Thus, we have developed a mobility
model suitable for the treatment of transport properiies of a two-dimensional
gas confined in a triangular quantum well.

Our electronic characterization facility was exte;sively utilized to assess
the quality of bulk and spitaxial GaAs and to study the relationships of elec~
tronic¢ properties and growtli parameters. Characterization techniques based on
analysis of free carrier mobility were extended to semi-insulating (Si) GaAs
and also to p-type material, l.e., to cases particularly tmportant for IC
applications.

Qur study of melt growth will be extended to the assessment of relationships
between growth conditions and structural and electroni.c properties of GaAs.
Particular emphasis will be placed on the growth of improved quality semi-
insulating materisl. We beliowe that it is of paramount importance to identify
and evzntually control stolchiometry-induced defect interactions which limit the
structural and electronic quality of 51 Gais in a macro- and microscale, These
interactions and related microscopic homageneity are considered particularly
igpportant for the transition to the next generation of GaAs integrated circuits,

Hur electronic characterization faciliity is being combined with impurity
and structural analysis for optimizing the establishment of growth-property
relationships, assessing electronic properties and studying their role in

device applications. This characterization frcility is being updated according

—— i le
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to recently emerged needs and developmentas, Techuiquea for microscale
characterization and for high resolution two-dimensional mapping (based on
scanning iR absorpticn and various SEM modes) are being rgfined through our
most recent theoretical and experimental studies and computerized data processing.
Ouyr discoveries of stoichiometry-induced defects and their paramount role
in controlling all essential structural and electronic properties of GaAs has
brought about significant implications for space processing of semiconducting
compounds which have not been previously recognized. For example, classical
segregation kinetics, applicable te processing of elemeatai semiconductors in
space, are not applicable to GaAs processing. These impiicationa are being
studied in conjunction with a search for a melt-growth configuration compatible
with space enviromnment. We are convinced that our program is eassential for
arriving at new approaches which will ensure successful experimentation with
and processing of GaAs and other semiconductor compounds under zero gravity
conditions. We alsc believe that this program will continue to impact the
overall natiocnal program on Gads growth and applications through the advancement
of knowledge and development of new growth and processing techniques, and

extensive electronig characterization.

i, TLmaamca R
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II. PROGRESS TO DATE

IY.1l. Jntroduction

Since the initiation of this fnvestigation we have succeeded in the
development of unique crystal growth approaches, new effective techniques for
a macro~ and microscale characterization of key electromic properties and in
the discovery of new phenomena and processes relevant to Gads device applicatioms.
Growth-property ielationships established for the first time have led us to
defining stoichiometry as a fundamental fact;r controlling structural and elec-
tronic properties of GaAs and to the growth of bulk GaAs of improved quality
{dislocation-free and electron trap-free material). Tablé I summarizes the
major achievements. Detailed discussion is given in our publications and ocur
annual reports. In the "Progress to Date' saction of thiis proposal a brief
outline of our most significant developments during the last three years will
be presented, so that last year's findings can be viewed in better perspactive,

IT.2. Crystal Growth

In cur crystal growth studies we have thus far concentrated on two
approaches: liquid phase electroepitaxy and Bridgman-type growth from the melt.
The original selection of these techniques was made on the basis of their compati-
bility with space environment and also because they lend themselves to the
contrvol of the growth process and thus to the study of growth-praperty
relationships.

We have completed the fundamental study on electroepitaxy. Results of
this study provide the basis for the‘development of an LPEE apparatus for the
growth of bulk crystals in space. Related ground-based research will be
carried out by our Electronic Materials Group at MIT under the sponsorship of

Microgravit? Research Associates,
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During the last three years'we have grown about 100 GaAds crystals
utilizing our vnique Bridgman~type apparatus especially designed and con-
structed éor the investigation of relationships between crystal growth para-—
meters and electronic and structurzl properties. Tha results of these studies
turned out to be of major significance, as they have led, for the first time,
to the establishment of growth-property relationships of fundamental importance
for obtaining undoped dislocation~free GaA§ and electron trap~free shallow donor
doped GaAs. These relationships made it possible to regolve the origin of the
dominating deep levels and elucidate the role of oxygen in obtaining undoped
semi-insulating GaAs.

II.2.a Growth-Property Relationships-——Critical Role of Stoichiometry

In our growth experiments the stoichiometry was varied by varying *he
arsenic source temperature, TAs' which in turn controls the arsenic pressure
over the melt and thus the melt composition. A typical rangé of T, , 610-628°C,
corresponded to melt composition (determined by arsenic-to-gallium ratio)
changes from 0.52 to 0.4835.

Dislocation Density. We have found that the dislocation density is a

very sensitive function of TAs' Typical results are shown in Fig, 1-2.

They demonstrate that dislocation etch pit density (revealed by etching in

a molten KOH) exhibits minimum concentration for TAS=617°C. In a number of
crystal growth éxperiments we have confirmed the importance of these optimum
stoichiometry conditions. Thus, undoped crystals routinely grown under these

optimm conditions exhibited dislocation density below 50Q. Doping at the

7 =3

level aof 101 em - with shallow donors suppressed dislocation demsity to values

below 100 ci‘z, f.e., to values referred to as correspouding to "dislocation
free" material. Doping with shallow acceptors at a concentration above :i.Oumu_3

was found to enhance the formatlon of dislocations, as shown im Fig. 3.

el aalde e - .
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.Dislocations are commonly known to play a detrimental
role 1n GaAs intesgrated circuits. Accordingly, the estab-
lishment of growth condirions yielding minimume dislocation
density can be considered as a sfignificant step toward the
growth of fmproved device quality GaAs bulk crystals. We
also believe that this finding will become of critical
importance inm future stages of crystal growth developments
as other factors contributing to dislocation formation
during post-solidification (e.g., thermal stress during
cooling) are addressed in conjunction with large diameter
crystals.

impurity Segrega:ion.. The optimum arsenic source
temperatﬁre 617*C was also found to yfeld the lowest compen-
sation ratio and the highest electron mobility value of n-type
GaAs crystals. Thus, these results showed that deviaticn
from stoichiometry 1s a contributing factor to the amphoteric
behavior of.shallaw impurities in melt-grown GaAs crystals.
In earlier studies we have observed unique spacial varilations
which could not be explained on the basis of classic segre-
gation kinetics controlled by the microscopic growth rate.
Representative results are shown in Fig. 4a where the carrier
concentration undergoes significant varfations, whereas v

the concentration of the

v)
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dopane impurity (Nﬁ+NA) remains esagentlally constant. As seen in Fig. 4b,
similav behavior is caused by changes in arsenic pressure.

Deep Levels. The arsenic pressure was alsc found to control the concen~
tration of a major deep level, EL2. Typical dependence of the EL2 concentra-
tion on T,

Az
It i3 seen that the concentration of the EL2 decreases in going from arsenic-

obtained for unintentionally doped GaAs is presented in Fig. 5.

rich to gallium-rich growth conditions. Thia finding proves that arsenic-rich
conditions are most desired for the growth of undoped semi-insulating GaAs
which requires a high concentration of EL2. Such behavior has bceen indeed
observed in a recent study of Liquid-Encapsulated Czochralski groweh of semi~
insulating GaAs.

I1.2.b., Post-Solidification Procesges; Role of Tmpurities

The stoichiometry effects discussed above are caused by native defects
generated during the sclidification process. Upon post-solidification cooling
of the crystal these defects interact and form other defects and defect complexes
which determine the final properties of the as-grown crystal and also its
behavior during subsequent heat zreatment involved in device processing, In
our study we have eﬁployed intentional doping in order to distinguish between
solidification effects and the post-solidification phenomena (during cooling
6£ the crystal)., It is a general feature of the éust-aolidification defect
interactions in GaAs thac they are affected by shallow donors or acceptors,
irrespective of the lattice~site the dopant occupiles, Furthermore, the threshold
dopant concentration determines cholcritical temperature range at which the
post-solidification interactions take place.

Our finding that the ELZ level as well as dislocations are annihilated

by shallow donors provides unique evidence of the above behavior. The effects



- ——— — ———

T e

1

o75¢v (EL2} Detp Level Concentration tcm'sl
]

Fig. 5.

Arsenic  Vapor Prasswas {P,.)
-j22 (1] 113 08 103 108 097 093 090 ATM

L g LJ A L4 L A\ d ¥ v

L4 hd L L4

o | . B. "
] ] .
. "
5 B ]
- B -
-
- -

fo.a. & 2 3 & 8 % .8 2 8 & A 2 % 4 2 |
628 626 624 626 620 68 66 68 612 %

Acyenic Sourcs Temperaturs lt“)

Concentrolion of the 0.75eV deep level {(EL2) vs.
the arsenic source lemperoture (T, )

n\mb.aood 40
2’;‘ 39vd 1YNIBIHO



- 13 -

of doping on the EL2 level were adequately explained L.y our microscopic
model of this center identifying the Fi2 with a complex consisting of an

antisite defect (arsenic on a gallium site) and an arsenic vacancy, As. V

Ga As’

This complex (shown in Fig. 6) is formed during the migration of a gallium

vacancy VGA to a neighboring arsenic site. The pertinent reaction of charge
- > oo +

defects 1is Vb.+AsA’¢ﬁdG‘ +VA.+4e; thus the concentration of the EL2 center

[AaGavAs] is proportional to n" where n 13 the electrca concentration at ele-

vated temperature. By increasing n above the intrinsic concentration, the
ELZ level 13 effectively suppressed and annihilated as poin;q¢ out above.
From the threshold value of aiectron concencration, 1t is concluded that the
formation of the 0.82 eV deep level takes place at temperatures below about
1050 K, 1.e., during the post-siowth cooling in the case of melt-grown GaAs.

I1.2.c. The Role of Oxygen in Melt Growth of GaAs

Semi-insulating GaAs (i.e., the material used in advanced IC applications)

i3 grown with Ga or As oxides added to the melt or with boric acid used as a

liguid encapsulant. Our study has been devqted ﬁo the establishment of the role

of oxygen in the growth of SI material, and especially to the verification of

(1) st gettéring by oxygen and (11) ihe aeffect of oxygen on deep ievels.
Gettering of Si. Our experimental results on the Si concentration in

GaAs as a function of the amount of Ga203 added to the charge material is given

in Fig. 7 for two source materials containing large (vource A) and small amounts

(source B) of silicon. It is seen that for socurce B the concentration of Si

in the crystals {s about 200 timeshbigher than the §{ concentration in the

soiirce. The contamination with §1 rvesults from the chemical interaction of

galliun in the melt with the quartz boat:

Fa®
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-n
4 Ga(in melt) + Sio2 + 2 Ga + 54

20(vapor) (in melt) C
According to this reaction, the S§i concentration in the melt 4s controlled
by the vapor pressure of Gazo. The addition of any oxygen compound which
wpon interaction with GaAs forms Gazo, increases the Gazo pressure, and
thus reduces the silicon contamination, Consequently, the reduction of the
81 concentrxation by Ga203 in the case of the scurce A, must be interpreted
as purification of the melt, via reaction (1) proceeding from right to left.
SIMS analysis showed that oxygen is not incorporatedinto GaAs at con~

6cm—B. Thus, 4t appears that all of

centrations exceeding a few times 101

the oxygen participates in the formation of the volatile Gazo, which suppresses

Si contamination fram the quartz, and even removes Si from the melt.
g;zgen—ﬂeiated Deep level. Employing Bridgman-grown crystals with con-

. trolled oxygen doping we have sueccessfully identified an oxygen~related deep

level, ELO. The activation energy (825 by 5 meV) of ELO is almost the same as

that of the dominant midgap level, EL2 {815 X 2 meV). This fact impedes the

identification of ELD by standard DLTS. However, we found that the electron

capture cross section of ELO is about four times éteatar than that of EL2,

This characteristic served as the basls for the separation and quantitative

investigation of ELO employing detailed capacitance transient measurements

in conjunction with reference measurements on crystals grown without oxygen

do?ing and containing only EL2, Emission rate thermal activation plot Tze‘l vs,

103/T for EL2 and for the oxygen-related level, ELO, iz presented in Fig. 8.
Qur experimental data for EL2 span over about 7 orders of magnitude,

. 1.@., & much greater range than any previous study. Lleast square analysis

yielded, for EL2, an activation energy of 818 ¥ 2 meV and &n electron cross

aextion Opa ™ (1.2 : 0.1) x 1O.l3cm2. We consider these values more accurate:
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than any previously published. Emission rate data for ELO obtained with the
transient separation method are presented here for the first time. Tﬁe activa-
tion energy is 825 I 5 meV and the capture cross section s ™ {4.8 kY 0.6)x10'1%m2.
It is seen that the energies of ELO and'ELZ are virtually the same. However,

the capture cross section of ELO is four times greater than that of EL2 which
offers the only means for distinguishing between these levels in transient
capacitance measurements.

Frission rate as a function of temperature data was used to deconvolute
the DLTS peak of oxygen—-doped GaAs. As shown in the insert of Fig. 8, the
major components are: EL2 and ELO. The rate window tl/t2 = 10 ms/100 ms was
intentionally selected to reproduce the experimental conditions of the recent

deep level study in LEC GaA;.(sa)

A comparison with these results indicates
that ELO 1s identical to the dominant midgap level in LEC material lasbelled
as ETX-1. (A tnird minor level also seen in the deconvoluted DLTS peak of
Fig. 8 corresponds to the ET¥-~2 level LEC GaAs.) The presence of ELO in LEC
Gads 1s not surprising, since boric oxide used as the encapsulant of the GaAds
melt serves also as a source of pxygen.

II.3. Propertiss and Phenomena

New Shallow Donor Associated with FL2. From a systematic analysis of

Hall effect measurements on a large number of melt-grown GaAs crystals with

different concentrations of the major deep trap (EL2) we have identified a

new shallow donor level (20-30 meV below the conduction band). As shown in

Fig. 9, this shallow donor leads to a specific temperatuvre dependence of the

electron concentration which was used for the deiermination of the donor energy.
The presence of the shallow donor state has important consequences for a

«compensation mechanism in semi-insulating GaAs.
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Intracenter Transitions in the EL2, We have identified intracenter

transitions in the major deep level ELZ in GaAs for the first time by
superimposing photocurrent measuraments on those of optical absorption.
These transitions were found to be responsible for the characteristlic EL2
absorption band between 1.0 and 1.3 eV as shown in Fig. 10. At low tempera-
tures (<60 K) intracenter absorption exhibits a fine structure (Fig. 11)
invelving the zerc phonon line and replicas at energies cloge to those of
transverse acoustic phonons (TA). This coupling with TA phonons is a strong
indication that EL2 is an extrinsic self-trapping center.

Effects of Arsenic Pressure on_the Surface Morphology of Heat-Treated

GaAs. The effects of arsenic pressure, during high tewmperature heat rreatment,
on the surface morphology of GaAs crystals were invesrigated by controlling the
arsenic pressure in a two-heatr-zone apparatus. Heat treatments were carried

out at 900°C and 700°C (a temperature range relevant to device applications)

for 15 hours mmder arsenic pressurs of 4B-458 Torr angd 4.2—539.Torr, Tespectively.
It was found that for every temperature there is‘an optimum arseniec pressure
unde) which the surface morphology exhibits no detectable rhanges during heat
treatment. As shown in Fig. 12, below and above the optimum arsenic pressure
proncunced changes of the surface morphology were observed. The optimum pres~
sure must represent the condition of minimum deviation frou stecichiometry.

Fundamental Limitations of HEMT Devices. We have extended our theoretical

mobility treatment of Gads to the analysis of an electron transport in high
electron mobility transistors. Thus, we have modeled the HEMT structure
employing a two—dimensional triangular quantum well confining an electron gas
free to move parallel to the walls of the well. We have calculated scattering

rates for all major scattering mechanisms, i.e., phonons, impurities and alloy

*)
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Fig. 12. Arsenic pressure dependence of the suriace
morphology of CaAs during annealing ac 900°C fov 16
hours. The two photomicrographs for each As source
temperature (Tpg) depict the same arvea under two
different interference conditions for a better
asgessment of the surface morphology. (2) before
annealing, (b) Tag=494°C (48 Torr), (e) Ta,=510°C
(71 Torr}, (d) Tag=521°C (94 Torr), (e) T, =530°C
(116 Torr), (f) Tpg=561°C (151 Torr), (g) Ta.=
351°C (190 Torr), (h) T, =570°C (288 Torr).
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disorder. In ideal two-dimensional gas an absolute mobility limit is
controlled by phonon and alloy scattering, and it reaches a value of about
5 x 105cm2/Vs at 35 K which 1is abiut 25 times greater chan the mobility
ever reportad for the highest pﬁrity GaAs. Calculated mobilities are shown
in Fig. 13 as a function of the gas density. It is seen that our model

accowmts very well for experimental moblility characteristics.

GaAs-Oxide Interface. In the recently completed a:ud} of the electrical
properties of GaAs~-native oxide interface we have found two discrete atatés
with energies 0.7 and 0.84 eV below the conduction band, f1.e., very similar
to surface statesiin teal GaAs sﬁtfaces and on the surfaces with submonolayer
metal coverages. We have discovered a new photodischarge process which involves
the ejection of electrons from deep surface states following an energy transfer
from photo-excitzd donor-acceptor pairs associsted with a high denaity of states

lacd-z) in the interface region. -Utilizing the new process, we were

{about 10
able to confirm the energetics and dynamic paramscers of the deep levels, and
also, for the fifst time, those of donor and acceptor interface leveis, consig~
tent with theoretical predictions. .

Our interface photodischarge scudy of p-type GaAs MOS structures revealed
the presence of deep interface states and shallow donors and acceptors which
were also observed in n-type GaAs MOS through subbandgap photofonization transi-
tions. For higher photon energies 1nter§al photoemission was observad, i.e.,
injection of electrons to the conductiom band of the oxide from either the
metal (Au) or from: the GaAs valance band; the thrcsho}d energies were found
to be 31.25 he 0.1 eV and 3.7 ¥ 0.1 eV, respectively. The measured photoemission

current exhibits a thermal activation energy of about 0.06 eV, which 1is con~

sistent with s hopping mechanism of electron trangport in the oxide.
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The energy band diagram of the GaAs-native oxide MOS structurs determined
from our internal photoemisaion study is shown in Fig. 14.

We have zlso utiitlzed the photoionization discharge of GCaAs-oxide inter-
face in conjunction with capracitance measuvements and thermal ewmission to éstab-
iish the origin of C~V hysteresis and anomalous frequency disperaion inherent
in GaAs~-MOS structures, It was shown that, for n~type GaAs, discrete scates
at Ec": play a mejor role. Due to the low rate of thermal emission the occupa-
tion of these states does not obey equilibrium characteristics (determined by
Fermi level position at the surface) which leads at low temperatures to very
laxge C-V hyscuresis;
11.4., Characterization

Our electronic characterization facility was essentially completed in
1980. Since then it has been used for evalua#ion of grown crystals on a
macro~ and microscale, for the study of growth-property relationships and
for quantitative investigation of device-related phenomena and propertiea of
GaAs. Our characterization approaches arxe of course heing continuously upgraded
experimentally and theoretically in accoxrd with the state-of-tha-art kuowledge,
During the last yea} we have refined two approaches for electrical and optical
characterization of semi-insulating Gaas.

Optical Evaluation of the EL2 Concentration in Semi-Insulating Cads. We
have developed a practical procedure for the evaluation of the Fermi energy
in semi~insulating (SI) GaAs from electrical measurements. This procedutel
wakes Lt po;nible to reliably extend the determinatior of the major deep level
(EL2) concentration, by near-infrared absorption measurements, to SI Gais.
Employing this procedure, we showed (see Fig., 15) that the EL2 concentration

in Czoechralski~grown GaAs increases monotonically with increasing As/Ga ratio
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{throughout the conversion from S1 n-type to semiconductin§ p-type crystals)
rather than abruptly as previously proposed.

Free Carrier Mobility. TFree carrier mebility values are cemmonly taken

as an overall weasure of perfection and purity, We have completed s rigorous
theovetical and experimental study of carrier mobilities in CaAs which led to
the development of a practical means for fast quantitative characterization of
GaAs using computed values of mobility conveniently tabulated as a function of
free carrier concentration and compensation ratic. More recently we have
succeeded in developing a straightforward (but rigorous) procedure for the
characterizacion of semi~insulating Caas from Hall mobility values measured at
slightly elevated temperatures. Thus, the mobllity ecurves presented in

Figs. l6a and 16b permi{t the determination of the total concentration of

fonized impurities (N;fNR) in semi~insulating GaAs.
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APPENDIX

Reprints and preprints of papers which appeared in the
literature or wers svbmitted for publication since our last annual
report are attached. They provide a more detailed account of some

of the work discussed in the text of the present report.
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‘We present a practical proceduse for the evaluation of the Fermi energy in semi-insulating
{SI)GaAs from electrical messurements. This procedure makes it possible to reliably exiend the
determination of the major deep level (EL2) concentration, by near-infrarad absorption
measurements, 10 SI GaAs. Employing this procedure, we showed that the EL.2 concentratior in
Czochralski-grow:: GaAs increases monotonically with increasing As/Ga ratio (thronghout the
conversion: from SI n type to semiconducting p-type crystals) rather than abrupily as previously

proposed.
PACS numbers: 72.20.My, 72.80.Ey, 75.50.Ge

With the rapid progressin GaAs integrated circuits (IC)
technology, based on semi-insulating {SI) GaAs, a great deal
of effort has been devoted to studies of native deep donor (the
EL2 Jevel at E, — 0.16 eV}** and its role in the compensa.
tion mechanism responsible for the semi-insulating behavior
of “undoped” melt-grown GaAs.** The standard tech-
niques for the determination of deep level concentrations,
such as transient capacitance or transient current spectros-
copies, are not readily applicable to SI material. According-
ly, the optical absorption method proposed in Ref. 1 has been
widely used for the determinaton of the EL2 concentration.

In melt-grown GaAs a dominant contribution to the
optical absorption in the spectral range 0.85 eV S hv 5 1.3eV
has been attributed to the photoionization of the EL2,'%-*¢
ie., to electron transitions from the occupied EL2 to the
conduction bang and hofe transitions from the unoccupied
EL2 to the valence band. Accordingly, the corresponding
ovenall absorption cocflicient (v} is

alhy) = Ngy, f,o + Neys (1 ~ 1, )0, (b3}
where Ny, , is the EL2 concentration, o and o, are the
photoionization cross sections for electrons and holes re-
spectively, f, is the oocupancy function of the EL2,
Jos=[1 +exp{— Ep — E;,/kT)] ™', where E, is the Fer-
oii energy and E,; is the “effective™ EL2 energy (which
includes contribution from a degeneracy factor), and £,

= 0.;{’59 — 0.237X10~* T, where T'is the absolute tempera-
tare.

The values of |, and o, as functions of the photon
«nergy are discussed in Refs. 9 and 15. In the spectral region
of highest sensitivity (1.1-1.25 eV) o exceeds &, by a factor
of 3-4. Thus, a transition from # (o p-type material (s change
of £, from 1 to 0} leads 10 a decrease of a by a factor of 34 for
1 given EL2 concentration. It is also apparent that a change
of EL2 occupation will lead to & cuange in the shape of the
optical absorption spectrum, due to noticeable differences in
o, (hv)and & (hv). Thus, the Fermi energy in 1 GaAs deser-
mines not only the value of the absorption coefficient but
also the shape of the near-infrared absorption spectrum.

In the present letter we present a procedure for the de-
tcrmination of the Fermi energy in S1 GaAs from electrical
measurements. We show that the Fermi energy in typical SI

192 App!. Phys. Lett. 43 (2), 16 July 1983

0003-8951/83/140192-03$01.00

GaAs {p> 107 12 em) can vary briween 0.65 and 0.85 ¢V
below the conduction band; within this range the EL2 occu-
pancy varies from 1 to nearly zero. We also employ the pres-
ent results for the reevaluation of the magnitude of the effect
of stoichiometry on the EL2 concentration snd or: the com-
pensation of “undoped” Crochralski (CZ}-grown GaAs.

The major problem in the proper interpreistion of elec-
trical measurements on SI JiaAs arises from the fact that
both electrons and hoies may contribute to electrical trans-
port. Therefore, three quantities (¢.g., Fermi energy and
eleciron and hole mobilities) must be determined from the
measured Hall constant and resistivity. As shown previous-
1y."® this difficulty can be overcome by utilizing theoretically
calculated results of electron and hole mobilities. Ti. vse mo-
bilities depend mainly on the ionized impurity concentra-
tion, whereas the clectron and the hole concentsations de-
pend on the Fermi level position only. Thus, with the aid of
theoretical calculetions of the bole and electron mobilities,
the jonized impurity concentsation and the Fermi level posi-
tion can be uniquely determined from electrical measure-
ments.

‘The mobility calculations were carvied out using a vari-
ational method in the form given in Refs. 16 and 17. All
major scatiering processes, i.c., polar optical, deformation
potentis!, aconstical, piezoelectric, and ionized impurity,
were included. Also in the hole mobility calculations the
optical photon scattering via deformation potential hasbeen
taken into accouat. In some instances, where the hole to
electron mobility ratio depends ~eakiy on the ionized impu-
rity concentration, the analysis of the experimental data can
be quite accurately simplificd by assuming a constant mobil-
ity matio.

In Fig. Ha) the resistivity and the Hall mobility are plot-
ted as a function of the hole concentration. They are calcu
lated from the standard expressions for mixed electron-hole
conduction: .

1 =m',a,,(.’l + L& ) (22)
P nuy,
lz‘

- !’:_P‘..ﬂr_’?iz_) 2b)
ou Hy ( ‘,+p(#'/”"] * ‘

© 1983 Amernican institute of Physics 182

V)



b

URIGINAL PAGE T
3F POOR QUALITY

- t
E © 4000 =
= © 3000‘5.
:f; o' wg
& g
4 w000 =
2
[ 0
o.soL
10
z :
- s'uL___- _______ =
W oom0
vy
§ 05 g
g 050 g
| 1 i I A P
0 0 7 0 08 0t
tiole Cancentration {cm-Y)

FIG. 1. (s} Depencience of resistivity and mobility on carrier concentrution
in the valence band; (b} dependence of Fermi level and EL2 occupancy on
the carvier concniretion in the valeace band. The effective energy of EL2 at
300K, E,, is alo indicated.

and

np = nj,
where‘n, = 4.82% 10! T2 (,,._,,,; SmiPH e~ U, e
temperature dependence of the encrgy gap is given by'

0.5473
—_— e (meV
T 4204 (meVl

()

E, = 1519 - %)}

m, is the ofieciive mass of conduction-band electrons nnd
m, = (m} + ml" is the density of states cffective mase
in the valence band (/h and kA sefer to light and heavy holes,
respectively). .

The curves of Fig. 1 were calculated for » mobility ratio
Fufpt, = 13, which is 8 good approximation of theoretical
zesults for ionized impurity concenteations of the order of
~ 10" em=?, typicai for the presently considered undoped
SI GaAs. A value of 5000 cm®/Vs was emploved for the
electron mobility, again typical for undoped SI GaAs.'> 1t
should be noted that the value of electron mobility sffects
only weakly the determination of the Fermi encrgy. Thus,
the results presented below can be used very satisfactorily for
electron mobilities ranging from 4000 20 6000 cm*/Vs, The
following values of effective masses were utilized: m,

193 App!. Phys, Lett., Vol. 43, No. 2, 15 July 1983

"'—"0.0630!., My, = 0.55"!,. m"ﬁ. =0.08In¢.

The Fermi level, measured with respect (o the conduc-
tion band, as » function of the hole concentration is shown in
Fig. 1{b]. It is scen that the Fermi energy coincides with the
“effective” EL2 energy [E, - 0.65 eV {Ref. 10)] for a hole
concentration of about 107 cm >, for which the Hall mobil-
ity s still detesmined mainly by electrons.

The oocupsncy function of the EL2 expressed in terms
of the hole concentration is also plotted in Fig. I(b). It should
Ise noted that for ST GaAs with Hall mobility close 100 (hole
concentration 0.3 X 10° cm %) 85% of the BL2 level is unoc-
cupied.

The results presented in Fig. 1{s) make possible the
straighiforward evaluation of the Fermi level position in SI
GaAs of a given resistivity and Hali effect mobility. Conse-
quently, the EL2 cccupation can be determined from Fig.
1(b); thus, it becomes pessible to reliably calculsie the EL2
concentration from the optical absorption measurements if
the absorption is due to the photoionization of EL2. The
EL2 ovcupation by electrons decreases most noticeably in
the region where the Hall effect mobility still remains very
high and where the sign of the Hall constant indicates a
doaiinant contribution from electrons. It is thus evident that
occupation corrections to the optical absorption of the EL2
cannot be a priori ignored even in the regions where the Hall
effect measurements indicate an apparent strongly n-type
character of the SI material.
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The tesults of the calculation of the absorption coefi-
cient fromexpression (1) assuming Ny, , constant, but taking
into account the changes in the Fermi energy are shown in
Fig. 2a). As seen in this figure, the optical absorption de-
crease caused by the downward shift of the Fermi level is
quite pronounced for Fermi enesgies located in the vicinity
of the effective EL2 energy.

For a comparison in Fig. 2tb) we show the reported
decrease in the EL2 concentration,”*? as determined by the
corresponding decrease of the optical absorption, as & func-
tion of changes in the melz composition (As/Ga ratio). The
Ferml encrgy and the “arsenic stom fraction” scales of Figs.
2(a) and 2(b}, respectively, were correlated using the data of
Hall mobility and resistivity versus melt composition from
Refs. 3 and 12, and the presently calculated results of Fig. 1,
A transition of the Hall mobitity (or the Hall constant R,
through zero takes place at a criticat As composition) which
provides a comvenient reference point in correlsting both
acales. At this point only about (5% of the EL2 is occupied
with electrons, while for arsenic atom fractions in the melt
higher than about 0.51, the occupation of the EL2 exceeds
90% and remains essentially unchanged.

The optical absorption vhanges in Refs. 3 and 12 have
been attributed entirely to & decrease in the EL2 concentra-
tion [Fig. 2(b}]. However, 2 comparison with Fig. 2(a} clcarly
shows that most of the “apparent’ change in the EL2 con-
centration is due t0 the decrease in its occupancy. When this
sontribution from the “occupancy change" is taken into
consideration, the sctual stoichiometry-induced change in
the EL2 concentration is represented by the dotted line in
Fig. 2(b).

The results of Fig. 2(b) analyzed in the light of the pres-
ently proposed procedure show that in the entire range of
melt compasition the EL2 concentration in CZ-grown GaAs
decreases monotonically with decreasing As/Gn ratio in the
melt. This behavior is consistent with the results of « similar
study of Bridgman-grown GaAs where a gradusl decrease of
the EL2 concentration was observed with decressing As
pressure above the melt.”

‘The above dependence is aiso ronsistent with the mode)
of the EL2 formation in melt-grown GaAs which sitributes
the EL2 to a native defect complex involving the antisite
defect Az, and arsenic vacancies.'® This mode! considers &
two-step process, i.c., (1) the creation of gallium vacancies,
Ve, during the solidification process; (2) the post-solidifica-
fion migration of the V,, to » neighboring As site leading to
the formation of the EL2 defect complex. The experimental-
Jy observed decrease of the EL2 concentration with decveas-
ing As/Ga ratio in the melt is, sccordingly, due to a corre-
sponding decrease of the Vg, concentrstion during
solidification.

The present sesults show that the melt stoichiometsy-
induced conversion of GaAs from SI n type 1o semiconduct-

~ ing p type is most likely due to the incvease in the residual
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shallow acceptor concentration with decreasing As/Ga ra-
tio rather than to the rapid decrease of the EL2 concentra-
tion proposed previously.**>" Such shallow acceptor con-
centration increase, determined from photoluminescence
and Ha!l effect measurements, has indeed been reported'®?!
and has been stiributed to point defects. ™!

In summary, we showed thal, if the near-infrared ab-
sorptionin GaAsis tobe taken as being due to the photoioni-
zation of EL2, then the use of this absorption for the deter-
mination of the EL2 concentration in S} GaAs requires
knowledge of the Fermi energy {(EL2 oceupancy). A practi-
cal method was presented for the determination of the Fermi
energy in SI GaAs from electrical measurements.

The authors are grateful to the National Aeronautics
and Space Administration for Snancial supporr.
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Microscopic model of the EL2 Jevel in GaAs

J. Lagowski, M. Kaminske*, J.M. Parsey, K.C. Catos snd W, Walukiewiceh#
Massechusetts Institute of Technology, Cambridge, Massschusetts 02139

Abstract. Tt was found that the dafact responsible for the dominant
deep donor E~0.76 eV (EL2) 1in melt-grown Gais also introduces &
shallow donor level at E -0.025 oV. This finding makes possible

the refinement of cur antisite defect As. model of the FL? formation
fu melt growth to a microscopic model whi®h accounts for the, thus
far, observed electronic behavior of EL2 (including ics metastadle
state), In addition to the entisfte defect As a! the proposed
defect center involves an srsenic vacancy V a neighboring site.
This complex is similar to a DX center exhlcfting s large lattice
Tilaxation enexgy.

1. Introduction

The high resistivity of "undoped"” melt=grown GsAs crystals 1s caused by a
donor~type native dafect which introduces a deep level (commonly referred
to as ElL2) located at E-0.76 eV (Martin et al 1980). This level vas
originally sssigned to oxygen impurity (Milnes 1973) and later on to Ca
vacancy (Watanabs 1981), Recent studies have related EL2°with the anti~-
site defect A» . (Kaxingks 1981, Chou 1981, Lagowski st al 1982 a,b,c,
Bchneider 1982, Johneon et ol 1982). Iluv our study of the EL2 formatien we
have proposed thst the antisite defect A, (expected to act as o double
donor) ie formed as a result of Ga vacancy migration to s nefighboring As
site during the post-growth cooling of the crysta) {Lagowski et al 1982,
a,b,¢). The sssignsent of EL2 to this antisite defect made 1t pomsible to
succespfully exelain the dependence of the EL2 concentration on growth
parameters such as As/Ge ratio in the melt, Gay0 pressurs and concentyation
of shallow donors end acceptoxs. It is also consistent with the results of
parssagnetic resonance studies (Wagner et al 19680, Schoedder 1962). The
sssignment of the EL2 to & simple antisite defect Ac,_, howsver, does nnt
fully sccount for the sicctronic propectiss of the Eﬂ. and in particular,
for ics obeerved dual natuse, 1.¢., 1ts introduction of normal snd setes~
table states (Vincent and Rois 1978, Vincent et al 1982),

In this papexr wa reporr results which provide the first experimental evi-
dence of the introduction of an additional shallow donor by EL? centers.

Thase rasults are discuseed in conjunction with & refined defect model of
the EL? center which considers not omly the antisite defect As. but also

Tn'ueszt addrass: Ioatitute of Experimental Physicw, Warsav University,
Warsaw, Poland.

”hrnnent address: Institute of Physics, Polish Academy of Sciences,
Warsaw, Poland.
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& neighboring arsanic vacancy, V,_ . This model accounts for the ohserved
grouth-property relacionships juﬂ as the antisite defect model, In sddie
tion, however, it makes Lt possible to explain all obaerved slectronic
properties of the EL2,

2, Experimental

Our study was carried out on GaAs crystale growm using a Bridgman-type
apparatus which allowed very precisse control of the growth parameters
(Pauehot_sl 1982). The electron concentvation was varied between 5x10
and 10°%cw ~ by intentional doping with 51, 5§, Se, Te (shallow donors).
The As pressure during the growth was sdjueted by selecting an As source
tempersture bhatween 613 and 619°C. The temperature §17°C (under which the
crystals with winimum dislacstion density sre obtainad) apparently corres-
ponds £0 optimum stoichiomecty (Parsey &t 3! 1982). Raising (lowering)

the As source temperature wae used to increass (decreass) the concentration
of the EL2, It should be noted that the ssnattivity of the EL2 concentra-
tion to the As saurce tempexature (i.e., to the melt cooponitionlrdogscuu
with tncreasing electron concantration, n. For n exceeding Ix10" 'cm ~ the
selt-grown 2ry‘ulu had an EL2 concentration below the detsction limit of
about 2x1014ce=3, irrespective of the As source temparsture,

16

The cryatals were charscterized using:{a) Hall effect smnd comduccivity
wessurements in the tempersture tange of 77-300 X; (b) Schottky diode DLTS
measurements of deep levels: (c) precise determinationn of EL2 parameters
using the measuremants of total capacitance transient as a functicn of
temperarure, bias and the magnitude of filling puises., For high alectrom
concenteation (n>10%7) opricsi rbeoretion messurements of EL? concentration
weie also carried out using very thick saeples (up to 5 cm). Such measure—
ments enatle the elimination of high field effscts, which may lead to an
apparent decrease of the deep level concantration st high electron concen~
trations. In addition, SIMS anmlysis was employed for the datsmmination
of impurity concentxations.

3, Results and Discussion

Hall effect measurements revealnd systenatic differences between the
Lemperature dependence of elecccon concentration in GaAs crystals contain=
4ing ELZ and in the EL2-free crystals, The rasulte are summariszed in

Pig. 1, where the ratio of room temperature io liquid nitrogen temperature
nlectron concentration ¥ = n(300 K)/n(77 K) is piotied as a function of
the J00 K eiectron concentration., Samples containing EL2 exhibit & nocice~
ablie decisave of n at lower temperatures, as manifested by v values larger
than 1. Such u freezeout is net observed for EL2-free samples for which
¥ = 1,0060.0) 1n the concensravton range of 5x1016<a<i1glfce™3. Using
results from (Rode 1975) it caa ba shown that in this concertration range
the Hall factor, v, doss not differ significantly from unity {(i.e., r = 1
at 77 K due to degensrucy of eleciron pas and l<p<),05 at 300 K). Thus,
the Hall fackor zau be safely fgnored 4in the fnterpretaticm of Fig. la.

In Fig. 2 the diffarence n(300 X} ~ n(77 K) is plotted as & function of
the ELZ concentration, "E 2* It is seen that ths change in electron con~
centration increases neu’l.’y propartionally to the increase in EL2 concen-
tration, This, approximstely, one=to-one correlation fmplies the presence
of donor levels with & concentration idencical to the EL2 concentration.
This donor level, however, must he much shailower than the deep EL2 donor,
E~0.76 eV, in order to become filled or emptied upon relatively small
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pectivaly; and Nsn(‘r) = Ng
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ionirzed shallow donor ralsted to EL2; Xn(‘r} in the occupational function
for this lavel £ (7) = 1/{1 + g axp (E ~Ey/kT)}; E 4o the energy lewvel,

is the Yarmf Enerpy, and g 49 the dhu evacy faétor. The Termi snergy
B, ic temperature dependent and 1:!5v-1u¢ nag /E’ cbtained from n using the
sfandard relationahips n © 5, 44x10% (w*T/m0) Fy o (Ep/RT), where
¥, (B /hT) 18 the Fermi Dirac Integrsal. Ia u;u“ 3, the temperature
l}“uxuco pf the eleccron comcentration is shown for two samples with
different doping levels (differsnt values of elsetrom concentrations) and
also different concentvations of the deep EL2 domor. Curves vere calcu-
latad from exprassion (1) teking E ~E = 25 meV and g = 2, ¥or both
samples & §00d agreement is obtaind Betveen e:perimental and calculsted
depandences of elactron concantration. Yt should be noted thst guaiita~
tative avidence of thé involvemsent of & eballow domor leel in the El2
center has been alao provided by our vecent study of the passivstion of

Ryge~ Ppp {E°?)

v
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EL? by atomic hydrogen (Lsgowski et al 1982c). It was found that &
decreass of EL2 concentration results in a decrease not only of the con=
centration of the desp dorora, but also of tha shallower donors.

4. Mievoscopic Model of EL2

The axperimentally esctabilehed charactezistica of ths BL2 center are sum~
narized 41n Tables I and 11, Teble I includes relationships betwesn EL2
and crystal growth parasstars, vhile Table I 1ists key charscteristics
derived from elactricsl md photoelectrical phenomens. We have recently
proposed (Lagowski et al 19BZ, a,b) thac EL2 i» formed by the migraticn
of & G vacancy to an As site during tha post-growth cooling of the
crystal ard the subsequent formation of the antisite defact As. and a
neighboring arsenic vacancy as shown im Fig. 4. The concentration of

4
Rt 362I0% em? . . As
of €% 25 mev Vs~ (O-6a
= 10 s
3 el
S 5 } Q\Q v
e (l (o}
1
Nggg 2t 210" en?
3 2} g u28mv U3 As
Wil 2
af : —{
of A\
4 A il ] I [} I
[ [ [} 10 ‘b)
1000 ‘K-')
¥ig. 3. Exparimental (poince) and Fig. 4. Formation of the EL2
theoratical (curves) dependances couwpiex; (s) gallium vacancy,
of electron concentration on (b} As. v, complex formed as &
1034! for Gaks with n., =1, 98x resule 8¢, “migration to As
1037ca=d (trganyles) aRA f300™ sita,

6.10x1030cw™3 (circlen)

this complex is a atrong function of the slectron concentration, o4,
Thus, by assigning EL2 to sn antisite defact As, We explained unique
fsaturem of EL2 such ast the suppression and anfihilation of 2L upon
doping with shallow donora, the increase in ELZ concentration upomn
counterdoping with scceptors, snd sn increass in EL? concentration with
the increase of Ga,0 prassure during growth. This model alao sxplainad
‘the decreass in 313 concentration upon increasing the Ga/As ratio in the
melt (decrease of gellium vacancy concentratiom).

The abova growth-property relationships can be equally well explained
vhen the FL2 center consists nat only of an sntisita defect As, , but
aleo of u naighboring arsenic vecancy. According $o Van Vnchtﬂ 1979

and Lagowski 1982e, the comcantvation of an antisite defect IMQ ] and of

the concentrat/or of a complex [MG‘\'”} formed during Vg Bisration can
be expressed a3

-4
[Mc.) - Kl[VG.in /[V“l {2a)
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Tabla I, Dupendonce of KLY on Groamn Yacters
Grovth Fastor kftere on EL2 Seferences
An prevsure or Concontration de~ Ragowsks st el 1982a
An/Ga vatto Sm the  cremses wich den Reluss ot o}, MG
[} {3 CrRsaging Ad pYSOSURE
or the Ae/Ga vetie
60,0 prassute Concontration ine Rasingka ot 2, 1902
eun:i Vllholw-
crensing res~
syre G0
Poplng with shallew  Buppression &t Lagowekt gt al, 198180
dowors :muntuu”a u!-
] aweiing ~10% 'cn”
Countordoping with  [mcresss of R12 Lagowky ot a1, 10826
shaliow pecaptore ammemcration
Table I1. Rlactuenic Propartise of 3L
Bespery Eommente e Beference
Dosp dimar lewel mt Conpennating dusp Lowel Nivces ot o), 1976
:e-n.na Y esponsihle for high
vesiacivity of "wndeped”
Cads
Shollow domor lswl Tts coucenttation 45 fdew- Tywsant work
at :e-o.m oY tieal to comcontration of
dasy dewir level
Werwal state with a Ooly scate shaecved ot Seury § Lutg, 1377
sonflgurationsl bat=  Bijh slettzon comcomtiza
rier (~+70 mV) for tione
capture of alectrona
Notantekle atate Obestved at T120% asd Viscent & Boin, 1028
m)y at lov elostron com~  Wincomt ot al, 1982
oontration
sad
An, ¥ ] =K [V, ) 0 2b)
tAnglal = KylVg,) » {

vhers K, and K, are the resction constents. (2a) and (2b} indicate iden-
ticel d*pondeucc of both centers on the slectron concentration (i.e.,
doping with shallow donors sand/or acceptora) and on the comcentration of
gellium vacancies, To account for the electronie properties of the EL2,
the complex Az, V, s2ams to be more suitable than & simple antisite

Ga' As '
defect A'Ga'

The moat significent slectromic properties of the EL2 include: (1) the
deep donor level at E_-0.76 aV; (2) the ahallower donor at E ~0,025 eV
discussed above; (3) Fhe configuracionalbarrier for capture 5f free elec-
trons (Hanry and Leng 1977, Kaainska ot al 1982); (4) the dusl nature of
tha centar characterized by two states=-1.8., a normal state and & metas-
table stace (Vineent snd Bois 1978, Vincent et sl 1982), The latter atate
is observed at low temperatures (T<120 X) vith sufficiantly low electyon
concantration.

In a configurational coordinate (cc) diagram a stable state can be repre-

sented by a low relaxation enerpy (Fig., 3a), wvhile s motastabls state
corresponds to a4 large relaxation snergy (Fig. 5b). A comdined cc diagram

v e o m—
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of EL2 centar proposad by vincent and Bois 1978 is shown in Yig., Jc. As

indicated by an srrow, the transition from a metastable to the atable

state 1is thermally activatad, i.s., the metastable state can be odserved

only at veduced temperaturas (T7<120 K), 1In TIT-V compounda with mostly

covalent bonding the states with a large lattice velexution snergy cannot
| . be readily explainad. An. axplsnation can be spparently provided by the

(a? Fig. 5. Configuration coordinats
(ce) disgrsms for: (a) low lattice

& relaxation enargy; (b) large lat-
tice relaxstion snergy; {(c) BL2
contar iavolving both cases, .
ouND o
SHrE ue
ve
IX contars in Al Gs, As and
\/ GaAs, P extensifely Ftudied in con-
te} junchﬁu with donoreispurity~induced
parsistent photoconductivity (Lang
and Logan 1979, Lang 1980). Thare
azre two striking similsrities
batween DX centers and the EL2 cen-
ter. (1) According to tha miceo-
scopic model of Lang and Logen 1979,
the DX center conaists of a donor om
a cation site plus sn snion vacancy.
The complex showa in Mg, 4 (the
As. . donor plus arsenic vacancy) does balong to the same defact catagory:
(29 the proposed ¢c diagram of DX canter ims of the same type as the cc
diagram of a setastable EL2 state.

{s}
ve \/

Thus by analogy to DX centers the complex of Fig. 4 canbe considersd as
veasponsible for the metastable state of the EL2 centar. This metastable
state, however, is observed only at low alectrom comcentration, which

ioplies that the metastable stata corresponds to the ELZ center with an

lonized shallow donor level at B -0.025 aV¥, For high electrom cuncentra=
tion only a normal_state is cbaafved vhich implies that cnly this atste ia
possible for am occupied ahallow domor. Accordingly, an increase of elec~
tron concantration (e.g., by a filling pulse in & Schottky diode) which
incresses the accupation of the E ~0.025 eV donor should lead to the ve-
covary of the EL2 centsr from the®metastable stats. Such an effect has
been indeed reported, howsver, it vas interpreted as being dus to sume un=-
spacifiad Auger-like process. It f# apparent that other models of che EL2
origin, i.a., the oxygen fwpurity or the Ua vacancy models, ars in conflict
with the axperimantal characteristics listed in Table 1. The same is also
trua for the "Ga interstitial® microscopic model suggested by Vincent et al
1982, according to which the traneition from a normal to & matastable stace
iv realized by transfer of & Ga interstitial from a position with Gu atoms
a8 neavest neighbors to & position with As atoms as nearast naighbers.

This model cannot explain the “group A" properties of Table I, snd the
effects of slectron concentration on tha metastable stats.

5. Summary and Conclusions

We propose a model of a defect center, conaisting of an sntisite defect
Aa, and V,., which, for the first tiwe, consistently sxplains the wmique
013%trontc fropertian of tha ELZ and the relaticeships betwesn the ELI eon-
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ceptration and crystal growth parsmeters. Sucth an pssignment venders the
P12 center very similar to DX centers charsctirized dy a lavge lattice
relaxation and extensively studied in 111-V tayuary compounds in conjuficw
tion with a persistent photoconductivity phenomena, Our fiuding of the
exietence of a shallow donox level associsted with tha EL2 was used to
explain the twp atates of the EL2, 1.4., a normal state and a metastable
state. Xt should slwo be noted that the prasence of a shallow donor level
assaciated with the EL2 was not considered in previous studies of §1

GaAa {Martin et al 19680, Holmes at al 1982a,b). Important conseguences of
this level for the compensation mechanicm of fluAs will be presented else-
where (Lagowaki et al 19624).
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{Invited) GaAs MIS Structures—Hopeless or Promising?
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Massachusetts Institute of Technology, Cambridye, Massachute!’s 02139, U.S.A.

High density ot interface states introduces uncenainties in the study of GaAs MIS structures;
the complen chemica: nsture of the Ga-As-oxide system has posed an additional probiem.
The interface states were found 1o have discrete energy positions atout 0.7 and 0.9 eV below
the conduction band minimum (rather tian a continuous spectrum of energies) which are also
characieristic of GaAs “real” surfaces and independent of the insulator. On the basis of the
energy position and dynamic parameters of interface states the commonly observed anomalous
behavior (e.g., frequency dispersion and capacitance hysterseis) of GaAs MIS structures can
be accounted for. Resulis and anguments are presented indicating that these deep states are the
main problem in GaAs MIS structures. Substantial decrease of their density is considered quite
feasible and thus the development of GaAs MIS technology appears promising indezd.

§1. Introduction

The potential of GaAs for elecironic ap-
plications above and beyond those achievable
by Si has been recopnized for at least 25 years.
Its high and direct energy gap and high carrier
mobility render GaAs suitable for exciting
applications such as integrated optoelectronics,
very fast electronic logic, and other circuits
and monolithic microwave systeras. Although
GaAs devices (optoelscironic microwave and
others) have been developed and have found
significant applications, considering its poten-
tial, GaAs has rcmained essentially the
“material of the future.”

Extensive efforts have, of course, been made
to develop GaAs MI3 structures, which are
fundamental to exploiting this material’s
potential. Sucess can hardly be claimed. Is it
for reasons inherent to the material or because
of limited research and development effort
that GaAs applications have not advanced
beyond their infancy stage? We need to con-
sider this equation.

The intent of this paper is to present the
highlights of the results of MIT's electronic
materials group in the overall context of the
results of other groups, rather than to review
comprehensively all of the published studies on
the subject.

§2. Complexities in GaAs MIS Structures—-
Iuberent and Extrinsic

The bulk semiconductor characteristics (e.p.,
carrier mobility and lifetime) as well as those of

- e el n )
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the insulator (e.g., dielectric constant, ionic
charge mobility and chemical siability) are
certainly imporiant parameters in the design
and performance of MIS structures; the semi-
conductor-insulator interface properties, how-
ever, are critical and are the coatrolling factor.
Yet these properties arc not necessarily deter-
mined by the bulk properties of the two
materials, although in some respects they are
dependent on thsm. Accordingly, detailed
characterization of the interface properties,
understanding of their origin, and achieving
their controf are fundamental to the develop-
ment of MIS structures. The individual com-
ponents of the GeAs MIS structures asd the
importance of their detailed characterization
will be briefly considered below.

2.1 The semiconductor

With its high mobility (about an order of
magnitude greater than that of Si) GaAs is a
superior material for high-speed devices. In
principle, crystallographically and electronically
it is also a relatively simple material. However,
its prepration in “high quality™ single crystal
form presents substantial difficulties. Achieving
perfect stoichiometry is perhaps the major
problem. Deviation from stoichiometry leads
to a defect structure!? all aspects of which are
not as yet recognized, mor, of course, under-
stood. Excess of two types of vacancies are
introduced which cen lead to macrodefects
{(dislocations) and & multitude of point defects
and point defect complexes, either intrinsic or
involving impurities, which in turn, introduce

=
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traps, recombination centers and carrier corne-
pensation effects. No bulk single crystal
approaching crystalline and chemical perfection
has as yet been grown.

Of course, high quality cpitaxial layers have
been achieved on poor quality bulk substrates
and respectable device technology has been
developed on subh layers. However, in contrast
to the earlier prevailing views, epitaxial layers
are not immune to the substrate defects.?’
DifTusion of these defects can readily degrade
the epitaxial layers as devices perform demand-
ing functions (e.g., at high temperature, high
carrier injection, and under high energy radia-
tion).

We do not believe that the. problems
associated with bulk crysial growth are in-
surmountable; simply research and develop-
ment commensurate with these problems has
not been carried out. For example, the number
of publications in the period 1971-1980
recorded in the Chemical Abstracts on the bulk
crystal growth remained at an average of ten
per vear. Paradoxically, during the same period
publication of GaAs devices increased from
less than 10U {in 1371) to more than 1000 (in
1980). It is encouraging to record, however,
that in the last three years research on bulk
crystal growth and bulk crystal studies has
increased sharply worldwide.

22 The semiconductor surfaces and interfaces

Intrinsic surf4ce states are to a large measure
determined by the electronic configuration of
the surface atoms. In the ease of Si each
surface atom has a dangling electron (resulting
from the termination «f lattice). These elecicons
generate surface states (energy levels) within
the gap.» In GaAs the surface atoms have no
dangling electrons; for reasons discussed many
years ago*) the Ag surface atoms have a pair
of unshared electrons, whereas the Ga atoms
have no unshared c¢::trons, Indeed, no ine
trinsic surface stat:s were found within the
gan.*’ States introdduced by the As atoms are
i the valence bund (As sublattice) and those
by the Ga atoms are in the conduction band
{Ga. sublattice).

It would, thus, appear that the GaAs surfaces
would present less of a problem with respect
to surface states than Si. In practice, however,
the reverse is true,

P

Surface states in “clean” and especially in
*“*real” surfaces of Si have been studied exten-
sively and effectively.3? The field effect proved
to be a most powerful tool, In “'cleas™ surfaces
the density of states was found to be about 10**
em~2, a value close to the density of surface
atoms, confirming their association with dangi-
ing bonds, On “real™ surfaces the density of
these states decreased by 3 to 4 orders of
magnitude and varied only within a narrow
range upon various surface treatments; this
decrease was attributed to the saturation of
dangling bonds by oxygen and io a nearly
matching between Si and its native oxide.
Thermai oxidation decreased the density even
further. In today’s Si MOS structure the
density of interface states is insignificantly
smal! (typically 10° cm™2 or smaller),

Studies on GaAs “real™ surfaces have been
very limited.®’ Perhaps the major reason has
been the fact that standard field effect analysis
cannot be carried out because a minimum in
surface conduectance coukl not be obtained.
Employing pulsed field mcasurcments we
identified in an early study”’ surface states about
0.4, 0.7 and 0.9 eV below the conduction band.
In & later study, employing pulsed field
techniques, the main state was found to be 0.7
and about 1eV below the conduction band;
these states were found to be essentially in-
sensitive to crystaliographic orientation, etching
treatment and gas ambient. We concluded in
that study that the surface states are associated
witk crystalline defects in the space charge
region rather than with particular abrupt
termination of the lattice at the surface. By
means of surface photovoltage spectroscopy,
surfuce states 0.7 and 0.9 ¢V below the cone
duction band were also found. Again, no
variations in the cnergy position of the surface
states or the surface barrier (0.55eV) were
observed in vatious ambients.”

Thus, from the ahove studies (allowing for
inherent small errors) it is clearly shown that,
on the real surfaces of GaAs, there are two
main discrete surfuce states; their energy
positions at 0.7 and 09eV below the
conduction band are independent of chemical
treatments, ambients and doping level of the
crystals. These various treatments and ambient
have onlv relatively small effects on their
characteristics such as their capture cross

-t e S
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sections and densities.

In extensive X-ray photocmission studies,
employing “clean™ surfaces, Spicer and co-
workers'® have found that submonolayer
coverage of oxygen and various metals ip-
troduces two main discrete surfaces with the
above energics. They attributed thesc states 1o
missing Ga and As atoms at the surface az a
result of the interaction of these clean surfaces
with the ambient species. They also found that
these states lead to pinning of the Fermi level
at the surface.

A number of studies have been devoted to
electronic . characteristics of GaAs-insulator
interfaces employing C-V and L.V techniques,
thermal and optical transients, and DLTS.
The results of these studies are not in general
agreement regarding the interface states. Thus
employing C-V measurements on GaAs-Siz N,
structures, a U-shaped distribution of surface
stales was reported extending over the entire
gap.’! Studies on C-V and 1.V GaAs-Si0,
and GaAs-8i,0,N, and GaAs-oxide structures
showed a U-shaped distribution localized in the
upper half of the gap with a2 minimum at 0.36
eV.'? Similar results weiz reported from
studying GaAs-oxide structures with saturation
surface photovoltage measurements.? On
the other hand, & U-shaped distribution within
the lower part of the gap with a minimum near
1.1 eV below the conduction band was reported
on GaAs-SiyN, and GaAs-oxide struc-
tures,'4:3%18) On the basis of DLTS studies
on MIS structures discrete interface states were
reported in the vicinity of 0.4'% and 0.65 eV
below the conduction band.*™

The discussion of the models proposed in
the above investigations to account for the
experimentz! results (Fig. 1) and conclusions is
beyond the scope of this paper. However, in
view of the inconsistency of the rerureed results,
the inevitabls question must be asked. Is this

£
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Fig. 1. Reported U-shaped distribution of interface
states.

inconsistency due to the complexity of the
GaAs-insulator intesface in the MiS structures,
or is it due to uncertginties stemming from the
measurement techniques? This question will be
addressed.

2.3 The insulator

As pointed out earlier, excellent characier-
istics in the Si-5i0, interface are readily
attained because of thc nearly perfect com-
patibility of the Si with its oxide. The GaAs-
native oxide system to begin with is very com-
plex from a thermodynamic as well as from a
kinetic point of view. Numerous phases can
exist as a function temperature, and moreover
As;0, is thermally unstable in the presence of
GaAs leading to the formation of elemental
As.® The build-up of As at the interfacs has
been reported!® and models have been
proposed to account for the kinetics of this
build-up, which has been observed after
oxidation, as well as after subsequent an-
nealing treatments. The introduction of inter-
face states by free As has, of course, been
considered,

Oxide formation has been obtained by
thermal oxidation, anodic oxidation and plasma
annealing. Anodic oxides have exhibited the
most satisfactery dielectric properties?® "al.
though results obtained with plasma oxida-
tion?!+2?* are quite good.

In a number of instances anomalous C.V
behavior of the GaAs-oxide interfaces has been
reported.'€'2*-2%  Some aspects of the
anomalous behavior we have accounted for
by establishing that significant negative electric
charge, as high as 10'? gjom~2, is present in
oxides formed anodically or by plasma dis-
charge;?*’ by thermal annealing at 70-180°C
we were successful in eliminating this charge.

Although Ga-As oxides with satisfactory
dielectric propavties have been achieved®*- it
is unlikely that they will serve as an insulator
for MIS structures because they are thermally
unstable and chemically reactive.

Numerous other insulating filins have been
studicd, among them, 8i,N,, 8i0,, Si,ON,,
and Al;O,. Although Si,N, appears quite
promising, sufficient work has not been carried
out as yet leading ta a definitive conclusion.

Thus, we believe that the probilems associated
with the insuiator properties are both inherent
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and extrinsic. Ga-As oxides, for reasons
unrelated ¢o their dizlectric properties (chemica!
reactivity and thermal inztability) appear to
be inherently unsuited for GaAs MIS structures,
Regarding other insulating films such as
SisN,, the problems could very well bz ex-
trinsic and further, cxtensive, researck and
. developmznt work might lead to their resoju-
tion.

24 Measurements

The availability of only limited definitive
results, the prevailing uncertainties and in-
consistencies in experimental data und funda-
mental understanding regarding surface states
both on real surfaces and at intarfzoes, sre t0
a lazze measure associated with cxperimental
tecbniques and measurcments. Actually, the
high densities of these states and their energy
positioa deep into the gap render powerful
experimental techniques unsuitable or impair
their precision, accuracy, and/or reliability.

For the investigation of surface states on
real surfaces, d.c. or ac. field effect techniques
have proven to be powerful indeed in the
case of Ge and Si*** and also InS&*™ surfaces,
as they provide accuraie insight into the energy
position, as well 3s into the dynamic parameters
of the surface states. As pointed out earlier,
these techniques are not applicable to GaAs
surfaces. Surface photovoltage spectroscopy
capable of providing a very detailed analysis of
the surface state structure of high energy gap
semiconductors®® becomes much less effective
in the study of GaAs surfaces because of the
‘relatively good eoinmunication of the surface
states with the bulk.2”’ Other, generally power-
ful, techniques, such as those based on pulsed
fields, X-ray, and UV-electron emissiop spectro-
scopy’®! lead only to a partial characterization
of the surface states.

Regarding the study of interface states in
actual MIS structures, the majority of the
investigations have relied on capacitance based
methods, However, in those investigations the
electronic behavior of the MIS structutes has
exhibited a large majority carrier hysteresis and
a significant frequency dispersion'®:21:23 of
the positive gate bias capacitance. Although
these investigations have revealed important
aspects of the GaAs MIS structures, no entirely
consisient models have emerged relating the

: -
—n ol e e ae e

observed anomalous behavior to the interfaze
state steuctune. It s @ very difficult problem
indeed to determine conclusively unknown
parameters from anomalous characteristics,
pesticularly when the nature of the anomaly
itself is not clearly understood.

DLTS, even as applied for the characteriza-
tion of deep levels in bulk crystals, is unique for
its probing power, rather than for its precision
in determining the dynamics of deep levels.

Thus, much of the uncertainty and con-
trovery associated with MIS structures is due
to the limitations of the available techniques.
However, limited as the techniques may be
generally, we belicve that the strong points of
cach technique have not as yet been utilized in
a complimentary mode from which a com-
posite but reliable picture may emerge.

$§3. Iavariably Discrete Enesgy Interface States

We hypothesized that non-squilibrium charg-
ing and discharging of the interface states in
capacitance-based techniques might be the
major caus¢ of the reported discrepancies
between the surface state configuration on
GaAs real surfaces (discrete energy states) and
at the GaAs-insulation interface state con-
figuration (coatinuous energy distribution) and
also of the inconsistencies in the results of many
investigztions on GaAs MIS structures. Tt
was this hypothesis that motivated our in-
vestigation of interface states through the
analysis of the spectral and transient responses
of photostimulated currents in MIS struc-
tures.?¥

The measurement procedure is schematically
illustrated in Fig. 2. Figure 2(a) represents the

{0) " tams o h:;-: et (~|on m
&%L ‘Ec €
|
Ey o
Gﬂl
s on 4
1§ o o—3 o>
3 | o
Trme —

Fig. 2. Schematic illustration of the procedure em-
ployed in messurements of photodischarge of in-
terface states.
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MOS structure with a residual amount of
charge trapped at the interface. A large positive
bias filling pulse is applied to the gate, Fig.
2(b). creating an instantancous eurrent spike.
This spike represents the lowering of the
surface potential barrier and filling of the
interface states. The gate voltage is then
switched to a negative bias to drive the GaAs
into depletion; since thermal generation is
pegligible, the states remain filled. The siruc-
ture is ther illuminated with subbandgap
monochromatic light and the current moni-
tored, Fig. 2(c). When heR E.—E,, (E, is the
energy position of the trap relative to the
conduction band minimum) electrons are
excited from the trap to the conduction band,
where they are swept away from the interface
by the large electric field, and are recorded as
discharge current, In the absence of thermal
generation {low temperature) and negligible
concentration of recombination centers (high
surface barrier and no minority carriers) the
photodepopulation of interface siates can be
described as:**!

dnjdt=~lon,, (la)
or
m=nge VG t=(la) ! {ib)

where 7 is the photon flux, g, is the photo-
ionization cross section, n, is the concentration
of electrons in a discrete interface state, and 4
their initia! concentration. Thus, the photo-
discharge current J=g dn/dr becomes

JHt)=Jor™ " where Jo= ~glope. (2

It is thus apparent that the relaxation time 1,
of the discharge provides a measure of the
photoionization cross section, while the product
Jot gives the initial discharge in the interface
states. The total charge transferred from the
interface upon iflumination can also be obtained
8s

AQ, = I: Jdr 3

For a single state iotally depopulated (AQ, | =
g0,

It should be moted that this experimental
procedure provides a simple means for dis-
tinguishing between discrete states and states
continuously distributed in e&nergy, For a
discrete state, only 7 (or ¢;) depends on photon

P

encrgy, while a4 is » constant independent of
the energy of the photons utilized in the photo-
discharge process. Thus, AQ,, should exhibit a
step-like energy dependence, ie., AQD,,=0 for
he<E ~E, and |AQ, =g, for he>E —E,
For states with continuous energy distribution
both 1 {or 6,} and i, depend on energy.

Figure 3(a) shows a typical current {ransient.
By repeated filling and photodischarging of the
interface traps at various photon energies and
by determining the integrated area of each
current transient, the total charge, AQ,,
removed from the interface is obtained as a
function of Ae shown in Fig, ¥b). A definite
step-like threshold in AQ,, is found at 0.7eV
remaining constant until 0.85 eV where a second
threshold appears with ©,, sgain becoming
constant. Identical step-like behavior as a
function of photon encrgy was exhibited by the
independently measured roduct Jgr (as pointed
out above [AQ i=Jot=gn,.). This behavior
is characteristic of discrete traps.

A quantitative analysis based on eq. (2)
yields the following trap parameters: £, =
0734003 eV, N, ,=6x 10" cm™?, ol =3x
107 %cm?; and E,=087+003eV, N,=
7.5% 10" cm™2, ¢7y*=10""7 cm?.

The energy position of these deep interface
states is in good agreement with those reported
for real surfaces as well as those with sub-
monolayer oxygen coverage and deposited
metals &s scen in Table L.

In contrast to surfaces with low oxygen

»
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Fig. 3. (s} Photodischarge curremt transient for
Av=0.5 eV and 7=-10** photons em ~%s; (b} charge
removed from interface statss by photodischarge
a8 & function of photon energy.
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Table J. Main GaAs Discrete Surface/Interface States,

Adatom [nduced -
Real Surfaces (Sumbonolayer Coverage) GaAs-Oxide Interfaces
Clean Ec£, N E.E, N, E-E, N
Surfaces V) em*%) V) (em™%) V) fem*4)
Nostaies” 0.70t00757¢%  —  07:005'% 07 008! 5. [Q'tcm-?
in the ~>10'3cm~3
enesgygap 0.9 10107 % 091003 0351005 5% 10" em-2
States only weakly High density shallow states
affected by ambient in the vicinity of conduction
and valence band edges

coverage, the GaAs-thick oxide interfaces
exhibited a high density (~10'*cm™3) of
shallow donors and acceptor pairs; photo-
excitation of these pairs Jed to a gigantic
photoionization of deep interface states with
rates 10° times greater than direct transitions
into tie conduction band as & result of energy
transfer from the excited donor-acceptor pairs
to deep states.™

Simitar results on deep interface states were
obtained on p-type GaAs MOS structures?®

Ec 0 S,
0r
o
Ey 152 <&
o m‘l nll o "S M-z’

Fig. 4. Discrete interface statcs in GaAs MIS

structures,
- ox
. T‘T'Ecr .
{43eV H
} _”?_‘::'l EF
E; . :
1.8
T~ e
‘c_‘w;x g
Oxide o
GoAs Melal
Au
Fig. 5. Summary of energy disgram of p-lype GaAs
MOS siructure, .

and on MIS structures with GaAs-Si,N,
interfaces.®® We consider these findings
significant, as they lead to the important
conclusion, inferred by investigations on real
surfaces, that the encrgy positions of interface
states arc independent of the conductivity
type of the semiconductor and the natuse of
the insulator (Fig. 4).

A summary of the results obtained on p-type
GaAs MOS structures with photodischarge of
interface states and internal photoemission
measurements®?’ is shown in Fig. 5.

§4. Resolution of Extrinslc Complexities

We believe some important problems con-
tributing to the complexity of the analysis of
experimental results, of the understanding of
the behavior of GaAs MIS structures, and thus
assessing the application potential of such
structures have been resolved.

The finding that the interface states are
independeat of the pature of the insulator, but
are characteristic of the real GaAs surfaces,
essentially eliniinates the need to consider the
insulator as a significant factor in the behavior
of the MIS structures and identifies the major
controlling parameter. Interference from electric
charges in the insulator can now be diagnosed
and eliminated.

The establishment of the presence of discrete
energy interface states led us to an investigation
where capacitance measurements were carried
out on GaAs MOS structures in conjunction
with photo- a well as thermal emission.®® We
found that all essential fealures of the
anomalous behavior of GaAs MIS structures,
such as the frequency dispersion and the C.V
hysteresis, could be explained on the basis of
the pinning of the Fermi level and the time con-

L\ g



o g -

ORIGE?EP.’.T. 5‘ ) N
OF POOR Lure -t

GaAs MIS Structures—Hopeless or Promising ? 17

Table 11. Role of Interface States in Electrical Behavior of GaAs MIS Structures.

Effect Enplanation Comment
Appearance of plateay Pinning of Fermi leve! by high density Suiface potential variation
in C-V characteristics®*®  interface slates
Frequency-temperature Frequency-temperature dependence of Characteristics of MIS devices change
dispersion time constunts associsted with charging  with operation frequesncy and/or

and discharging of inerface stases
‘Thermal activation over surfuce barvier

Capture of frec carriers
at interface

C-V hysieresis

Strong time dependence of emission of
carviers from interface states

temperature

A1 low temperature surface potential
varies with temperasure

Causes drift in MIS devices with time

stants of the charging and discharging of the
high density discrete energy interface states.
A briel summary of some of the results is
presented in Table II,

We certainly do not intend to imply that the
resolution of the main complexitiss associated
with the study of the GaAs MIS structures
means that all extrinsic problems sre solved.
We do believe, however, that investigations on
GaAs MIS structures can now be more sharply
and effectively focused.

§S. Inberent Problem and Potestial Promise

The high density of discrete energy interface
states is indeed 2n inherent problem in GaAs
MIS as they are essentially “intrinsic™ in GaAs
real surfaces. Their energy positions 0.7 and
0.9 ¢V below the conduction band (these values
should not be considered more accurate than
+0.05¢V) appear to be inveriable. Surfaces,
of any orientation, cut, polished, and etched
exhibit the seme states regardiess of etchant,
etching procedure, or ambient to which they
are subsequently exposed.”*® The same
stated are formed on cleaved (110) state free
surfaces upon submonolsyer coverage with
oxygen or variovs metals.'® Even when thick
oxides are grown®® or other insulators ase
deposited® on these surfaces, no basic change
tskes place in their surface state configuration,
The high density of shaliow donor and ae-
ceptor pairs we reported at GaAs-thick oxide
interfaces? may be part of the basic surface
structuse, but they cannot be detected by
technigues employed on real surfaces.

The comclusion is inevitable: the GaAs
surface or interface states originate in Iattice
defects. Spicer and coworkers'®! have assigned
them 20 missing Ga and As atoms as & sesult

of interactions of the surface with chemical
species.

Dezcp levels are not unique 10 the GaAs
surfaces. A number (more than 5) of deep
levels, both donor and acceptor types and
unrelated to impurity atoms, are present in
melt-grown GaAs crystals.*® Although they
bave been sttributed to lattice point defects
{and their complexes) no assignments to
specific defects have been made with certainty
with the exception of the major and most
studied deep level (seferred to as EL2, 0.82
¢V below the conduction band) which we have
assigned to the antisite defect AsGa,’® an
assignment being widely accepted.

We will outline briefly the behavior of these
levels. Their density is significantly affected by
high temperature treatments,’*’ apparently due
to lattice defect interactions. Even more
interesting we consider the finding that their
concentration is affected by the stoichiometry
of the crystals and the presence of shallow
donor snd scceptor impurities.>® In fact, by
controlling the soichiometry snd the impurity
concentration we have grown deep level-free
crystals®®) apparently as the result of minimiz-
ing the point defect concentration. More
recently we found that by introducing hydrogen
in GaAs crystals in & hydrogen plasma dis-
charge of 300°C, the EL2 level is completely
passivated.?¥

At thing time there are no sound reasons to
lead us (o the conclusion that the deep inter-
face states and the bulk deep levels are identical
or different. However, some extrapolation of
our knowledge on deep bulk levels fo the
interface states, eves on a speculative basis, we
belicve to be appropriste, as both types of
levels must be directly or indirectly vacancy

\
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related,

Vacancies are inevitably “frozen in" in GaAs
crysials; they must then be present in the
surface region. The fact that no surface states
are found in clean cleaves surfaces®’ simpiy
suggests that cither their concentration is below
the detection limits of the experimental tech-
niques (if the surface states are due 1o vacancies)
ar their concentration is below a critical value
necessary for the formation of point defect
complexes (if the surface states are due to point
defect complexes). In either case, it is reasonable
to assume that the ““frozen in” concentration of
vacancies should play a role in the density of
surface and interface states. Unfortunately,
no systematic studies have been carried out on
the density of surface states for crystais with
relatively tow vacancy concentration (LPE
layers) and for crystals with high vacancy
concentration (melt-grown crystals).

Thus, it is reasonable to hypothesize that the
density of surface states can be decreased,
hopefully to an acceptable value for high
quality MIS structures, by the growth of
“'appropriate” crystals, by special treatments of
GaAs-insulator interface or both. Appropriate
crystals should be as close to stoichiometry
as possible and contain vacancy-gettering im-
purities such as Si. Special treatments can
involve the Introduction of vacancy-gettering
impurities (such as Si) during the formation of
the GaAs-insulator interface, the introduction
of deep level passivaling species, such as
hydrogen, and heat treatments of the GaAs-
insulator structure.

We believe that our hypothesis is justified on
the basis of present knowledge; we must,
therefore, conclude that GaAs-MIS structures,
far from being inherently hopeless, are most
promising for an exciting GaAs-MIS tech-
nology. We also beiivve, howeaver, that much
mote extensive and intensive rescarch and
development efforts, thar in the past, must be
devated to gl “components” of GaAs-MIS
structure.

$6. Smmiuary

The immense potential of GaAs for MIS
applications, far beyond those of S5i MIS
technology has not been realized because of
the high density of interface states and because
GaAs and its native oxides lack the electronic

‘compatibility of Si and SiO,. However, it has

been established that the intsiface states have
discrste energy positions, which are independent
of the surface tesatment or the insulator, and
they originate in lattice defects,

Ths knowledge of the energy positions and
dynamic parameters of the interface states
made it possible to understand the perplexing
anomalous behavior of the GaAs MIS stzuc.
tures (¢.g., frequency dispersion and capazitance
hysteresis). Thus, these states constitute the
main ioherent provicm in the development of
device quality GaAs-MIS structures,

However, with further understanding of the
origin of these states and their relationship to
the defect structure of the erystals, it appears
quite possible that control of their density to
desired values is achievable. Thus, GaAs MIS
structures, far from being hopeless, present rea!
promise for new breakthroughs in MiS tech-
nology.
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Shailow donor assoclated with the main siectron trap (EL2) in
melt-grown GaAs

W. Walukiewicz, J. Lagoweki, and H. C. Gatos
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A systematic analysis of Hall effect nisasurements on a large number of melt-grown GaAs

crystals with different concentrations of the major deep trap [EL2) revealed the presence of s new
shallow donor level (20-30 meV below the conduction band) with concenteations similar to those
of the EL 2. This finding indicates that the EL2 center is a double donor consisting of the deep EL2
donor st E, — 0.76 ¢V and a shallow donor state. The presence of the shallow donor state should

omeITTt T
OF Pl W2 el P

haveimportant consequences in the formulation of s compensation. mechanism in semi-insulating
G

PACS numbers: 72.20.My, 72.80.Ey, 78.50.Ge

It is commonly accepted that the high resistivity of “un-
doped” semi-insulating GaAs results from the compensa-
tion of shallow acceptors by deep donors {(EL2) located at
E, — 0.76 ¢V.'* The shallow acceptors are most likely due
to residual carbon impurities.>* The question of the origin of
the EL2 donor is more uncertain.>* Most recently, EL2 has
been attributed to the antisite defect Asg, complexed with a
native defect {¢.3., an arsenic vacancy on a neighboring lat-
tice site) mather than to any impurity or to a simple native
defect.'® The first indication of she association of an sddi-
tional dostor with EL2 was provided by our recent finding
that the EL2 is passivated by atomic hydrogen; this passiva-
tion is sccompanied by a greater decrease in a free-electron
concentration than expected from the elimination of a single
charge teep donor state at E, —~ (.76 &V.* The question of
the charge state of the EL2 complex is critical not only in the
understanding of the origin of this center, but also in the
quantitative explanation of the compensation mechanisns of
semi-insulating {SI) GaAs (R=f. 2).

In this letter we report the results of s systematic study
on & large number of Bridgman-grown crystals, aimed at
establishing the presence and the parameters of the shallow
donor associated with EL2.

The study was peifirmed on semiconducting n-type
GaAs since the deep levels can be readily determined with
Schottky barrier capacitaice (current) transient measure-
ments and the shallow denors can be convenieatly measured
from the temperature dependence of the Hall effect and the
conductivity. Samples were grown using a Bridgman-type
apparatus which allowed very precise control of the growth
parameters.!’ The eleciron oconceniration was varied
betvieen 10'° and 10'® em 2 by intentional doping with Si, S,
Se, and Te. The As partial pressure during the growth (i.e.,
the As/Ga ratic in the melt) was adjusicd by selecting an As
source temperature 7, between 613 and 619 °C. Raising
{lowering) T », wasused toincrease {decrease} the concentra-
tion of the EL2.” For crystals with electron concentration of
about 10'® cm™? the empioyed mange of T, enabied the
modulation of the EL2 concentration by a factor of 2, The
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EL2 concentration and its sensitivity to the As source tei-
perature {i.c., to the melt composition) decreases with in-
creasing electron soncentration #. In fact, for 1 exceeding
3% 10" em~* the melt-grown crystals had an EL2 concen-
tration below the detection limit of about 2 10™ cm™3,
irrespective of the source temperature.

Representaiive experimental data of the Hall constant
versus temperature for two samples containing EL2 are
shown in Fig, 1. It is seen that there is a systematic increase
of the electron concentration with increasing temperature.
This bebavior indicates the existence of a donor level the
occupancy of which changes svbstantially in the tempera-
ture range employed. For EL2-free samples, the changes of
the electron concentration were found to be about one order
of magnitude smaller.

For a quantitative treatment of the free-carrier free-
zeout caused by the shatiow donor we have determined the
temperature dependence of the total electron concentration
from the expression

wT)=ny+ Ngp [1 = /4(T)]s (1)
where my= N3 ~N7; N7 and N are the concentra-

e{T)-a{?7) lem?)
&%
Vi
" |

-] N } "
073 5 4
0% K™

FIG. |. Dependence of the electron concentration (freezeout), s(T) — #{?7)
on tempersture in CaAs containing EL2. (O1(300} = 125X 10" em 2,
Nep = 22X10% em™% {AJ[300) w 198X 107, ¥y, = 30X 10"
cm**. Curves are theorstically cakulated from Eqs. (2) snd {3}—see text.
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tions of the ionized donors and acceptors, respectively. Ngp
is the total concentration of the EL2-related shallower do-
nor; Ey is the Fermi energy determined from the free-elec-
tron concentration, It is assumed here that any shallow hy
-drogenic donors and acceptors (at concentrations N, and
. respectively] ace completely ionized in the considered
temperature range (no measurable freezeout was found in
the EL2-free material), while the new, less shallow donor
Nsp determines the change of the electron concentration
with temperature. The occupancy function for this doror is
given by
fu(T) = [g explask) expl — E§p — E VKT )™, (2)

where g is the degeneracy factor. Here, it is assumed that the
ionization energy Ep, is linearly dependent on temperature
Eyp=Edy —-al.

The factor g depends on degeneracy of the shallow
state. At preseni no information is available on vaiues of the
degeneracy factor and of the temperature coefficient @, Ac-
cordingly, the product g expla/k  must be created as a fitting
pirameter in the analysis of the experimental data. The cal-
culated results of a{T') ~ a(77) vs 1/ Tobtained from Egs. {2}-
(4} withg expla/k ) = 2areshown in Fig. 1 (dashed and solid
lines); n{79)=N & ~ N[ = const. In these calculations the
following values of independent variables were used: E Sy,
=20 meV,  Ngp =22X10' cm~* (sclid line) and
Edp =28 meV and Nyp = 3.6X 10" cm ™ (dashed line}.
The above concentrations of the new donor are in good
agreement with the EL2 concentration in the two samples,
i.e., 22X 10"{O) and 3.0X 10'*|A), respectively. The value
8 expla/k ) = 2 coresponds to asimplest case of'a hydrogenic
1ype donor (g = 2; a = 0). It should be noted, however, that
for g explar/k ) ranging from 2 to 6, a good fitting can be
obtained by introducing & 30% change in the new donor
concentration N op, andtaking £ ¢p, valuesin the range 20-30
meV. For g expla/k ) < | the experimental data cannot be
satisfactorily fitted using expressions {2) and (4).

The association of a shallow dorior with the EL2 center
was further invesiigated employing about 200 samples in
which the EL2 concentration varied from below the detec-
tion limit about 4X 10" cm™>. On all these samples Hall
effect and conductivity measurements at 77 and 300 K were
carried out, and their EL2 concentration was determined by
Schottky diode transient capacitance measurements, Repre-
sentative results areshown in Fig. 2. The approximately one-
to-one correlation between /135 — #4; and EL2 concentra-
tion implies the presence of a donor level with
concentrations which are the same as those of EL2.

Secondary-ion mass spectroscopy (SIMS) analysis car-
ried out an 16 representative samples containing EL2 and
EL2.free did not reveal any relationship between chemical
impurities and the new shallow donor. It should be also
pointed out that the concentration of other electron traps
{EL4, BLS, and EL6) in the samples investigated was about
oneorder of magnitnde smaller than that of EL2. Thus, iheir
contribution to the observed changes of # can be neglected.
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om~

In Fig. 3 the concentration ratio ¥ = a{300)/a(77) is
plotted as a function of electron concentration A{T) for a
large number of samples. It is clearly seen that there is ¢
systematic difference between the EL2-containing and EL-
froe semples. The samples containing EL2 exhibit a noticea-
ble decrease of 7 at lower temperatures, as manifested by ¥
values larger than one. Such a freezeout is not observed for
EL2-rec samples for which ¥ remains 1.00 + 0.03 in the
concentration range 5x 10" 510" cm™>. This result
provides further support for the one-to-one correspondence
between Vg and Vg,

With the aid of expressions (1) and (2) we have calculat-
ed the theoretical dependence of n(300)/n(77) on the [ree-
electron concentration (which determines the Fermi energy)
assuming a constant concentration of Nyp == 2X 10cm =3,
equal to the average concentration of the Ei.2 in the samples
employed in Fig. 3. Other parameters were tnken the same as
in fitting the data of Fig. 1; i, gexpla/k)=2 and Ep
= 20 meV, The theoretical results are represented by the
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FIG. 3. Relative change of the clectron cancentsation #,0/n 17 vs eleciron
concentration at 300 K in the presence and absence of EL2. Solid line was
calculated using Bq. (2). )
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solid line on Fig. 3. It is seen that the theoretical curve is
consistent with the general tendency of the experimental
data. The scatter of the experimental points about this curve
is expected, since there are differences in the EL2 concentra-
tion in the samples.

In our measurements we have assumed that the tem-
perature dependence of the Hall coefficient is entirely deter-
mined by the changes of the electron concentration in the
temperature range 77-300 K., This assumption is valid when
the Hall factor defined as the Hall-to-drift-mobility ratio
rw= gty /py is temperature independent. The value of the
Hallfactor depends on the scattering mechanisms determin-
ing the electron mobility and on the electron statistics, The
fact that the mobilities in the EL2-containing and EL2-free
samples were similar indicates that the same scattering pro-
cesses determine the mobilities in both cases; the electron
siatistics are also the same, since the samples had the same
electron concentration (at J00 K |. Accordingly, the observed
changes in electron concentration as a furiction of tempera-
ture in the EL2-containing samples {Fig. 3) ate not due to
changes in the Hall factor. Indeed, messurements of the Hall
constant carried out for several typical samples at very high
magnetic fields (up to 140 kGs), at which B> 10* and the
Hall factor ry, spproaches unity, showed that the concentra-
tion difference #{300) — n(77)is within 15% the same as that
determined at low magnetic fields,

The present findings have two important implications
regarding the origin of the EL2 and the quantitative treat-
ment of the compensation mechanism in §$1 GaAs. As point-
ed out above, there is increasing evidence that the EL2 in-
volves the antisite defect ASg, not alone, but in a complex
with another native defect (raost likely an arsenic vacancy).
The present discovery of an additional shallow donor state
associnted with the EL2 defect together with recent theorsti-
cal calculations on the antisite Asg, energy Jevels'? can be
considered as additions! evidence against the association of
the EL2 with the antisite defect alone.

The increased concentration of ionized shallow centers
indicated by the present finding accounts for the typical mo-
bility values in ST GaAs, Let us consider S1 GaAs with the
EL2 concentration N g, 5. Since in this material all shallow
donors must be jonized, the lowes! ionized impurity concen-
tration should exceed 2V ¢, 5 . On the other hand, the materi-
al will be semi-insulating as long as the concentration of ac-
ceptors does not exceed 2N ;. The doubly ionized
EL2.related defect will effectively scatter as four separate
centers. Therefore, the effective concentration of ionized
scattering centers will be <65, ,. However, in n-type un.

doped GaAs the deep EL2 level is often almost entirely un-
occupied. Therefore, in such material the total ionized impu-
rity concentration should be close to 2Ny, ,. Considering a
typicai EL2 concentration in SI GaAs betwzen 10" and
210" cm™>, one obtain3 a concentration ofionized impur-
ities between 2 X 10" and 4 10'® cm ">, Employing the re-
sults of theoretical calculntions of electron mobility in S
GeAs in Ref. 13, we find that mobilities in the samples em-
ployed in this study should range from 5500 to 3000 cm?/Vs.
This range is in good agreement with experimenta) values of
electron mobilities measured in undoped Si GaAs.'>

In summaury, we found that & new shallow donor with
the binding energy 20-30 meV is associated with the center

. responsible for the EL2. The concentrations of both the new

shallow donor and that of the deep EL2 donor were found to
be the same in a given sampic. The present finding accounts
for the reported mobilities of $i GaAs and indicates that
compensation in SI GaAs must require shallow acceptor
concentrations greater than those of EL2 rather than
smaller, as previously supposed. '
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The electrical behavior of GaAs-Insulator interfaces: A discrete energy
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The relationship between the electrical behavior of GaAs Metal Insulator Semiconductor (MIS)
siructuses and the high density discrete energy interface states (0.7 and 0.9 ¢V below the
conductionband) was investigated utilizing phato- and thermal emission from the interface states
in conjunction with capacitance measurements, It was found that all essential featurss of the
anomalous behavior of GaAs MIS structures, such as the frequency dispersion and the C-V
hysteresis, can be explained on the basis of nonequilibrium charging and discharging of the high

density discrete encrgy interface states.
PACS numbers: 73.40.Qv, 72.20.Jv

INTRODUCTION

The development of a GaAs Metal Insulator Semicon-
ductor (MIS) technology has not thus far been realized be-
cause the C-¥ behavior of GaAs MIS structure is fypically
characterized by a large msjority carrier hysteresis and a
pronounced frequency dispersion. This anomalous behavior
has been attributed to & high density of interface states with a
continuous encrgy distribution throughout the energy
gap."? However, no interface state distribution model has
adequately or unambiguously explained this anomalous be-
havior.

A number of investigators have proposed a U-shaped
continuons distribution of states with maxima near midgap
and near the band edges *~; most of these studies were per-
formed using capacitance techniques, which present serious
difficulties due to the anomalous capacitance behavior of the
GaAs MIS structures. Deep Level Transient Spectroscopy
{DLTS) measurements have led to inconsistent results such
s the inconclasive identification of a state with an activation
energy of 0.37 eV below the conduction band,® a continuous
distribution of states with a peak of 0.43 ¢V below the con-
duction band,” and a discrete state with an activation energy
0f 0.38 ¢V assigned at midgap.* The Iatter state is part of the
more complex Interface State Band (ISE) model in which the
presence of interface state bands associated with the semi-
conductor bands are invoked in an attempt to explain the
anomalous electrical behavior of the GaAs-insulator inter-
faces,!*%7 Thz above anomalous behavior has also heen at-
tributed to the existence of a8 compensated layer near the
semiconductor surface which is the result of snodization-
induced surface damage'®; and also to an overcompenssted
surface layer which is caused by a high density of discrete
interface states near midgap extending spacially into the se-
miconductor bulk.!’

nvestigations of “real” surfaces of GaAs by pulsed
field ffect techniques and surface photovoitage spectroaco-
py revealed the presence of two states with discrete energy
positions at 0.7 and 0.9 eV below the conduction band'?'4;
their energy positions were found to beindependent of orien-
tation and surface preparation procedures. Surface states at

*Present address: Raytheon Company, Lexington, Massachusetts 01773,

23 J. Appl. Phys. 84 (6}, May 1083
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these iwo energy positions were subsequently observed on
GaAs surfaces with a submonolayer coverage of oxygen and
of various metal adatoms'*; it was proposed that these states
must also be present in the GaAs-thick oxide interfuces. !
In an carlier study a high density (102 cm™?) of inter
face states with discrete energy of 0.65 ¢V below the conduc-
tion band (E, — E, ~0.65 ¢V} was identified at the GaAs-
anodic oxide interface employing DLTS."” A similar high
density discrete interface state was also found st GaAs-
8i,N, interfaces.'" Employing a photoionization discharge
current technique'®?* the presence of the statc was con-
firmed, and its density was determined to be about 5 102
em ™% in addition a second state 0.9 ¢V below the conduction
band was observed; furthermore, a gigantic photoionization
process involving a highly effective indirect discharge of the
deep states was discovered.'” The interface state model

which resuited from this latter study together with earlier

proposed models are shown in Fig. 1.

In the present study a detailed analysis of the capaci-
tance characteristics of GaAs-anodic oxide and GaAs-
8i,N, structures was carried out utilizing photo- and ther-
mal-discharge of the high density discrete energy interface
states to investigate the relationship between the characteris
tics of these states and the anomalous electrical behavior of
GaAs MIS structures.

EXPERIMENT

High quality n-type Liquid Phase Epitaxy (LPE)} and
Vapor Phase Epitaxy (VPE) GaAs epitaxial layers were used
in this study with electron concentrations ranging from
7X 10" t0 8% 10" ¢ 2, Epitaxial layers were chosen since
melt-grown GaAs exhibits high densities of deep levels, of-
ten companble to the free carrier concentration, DLTS
analysis performed on metal semiconductor (MS) structures
formed on adjacent samples from the same wafers showed
that the concentration of bulk traps, when detectable, was
< 1072 times that of the electron concentration. At worst,
the bulk trap density corresponded 10 & density of srapped
charge in the semiconductor space charge region 1.5 orders
of magnitude less than that trapped at the interface. Thus, in
this study, chasge exchange with bulk traps played as insig-
nificant role in comparison to that with interface traps.

© 1523 American Institute of Physics 2533
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FIG, L. GaAs intesface state models: (a) U-shaped distributiona obtained
from capacitance based measurements (Refs. 1-4); (b) unified defect model
(Ref. 16); (c) our model derived from photoionization discharge curyent
analysis (Refy. 1921}

For GaAs-anodic oxide structures, oxide layers were
formed using the AGW process (Anodization in Glycol and
Water)*2 in constant current mode [/ = 100 z A cm ™% un-
til a predetermined thickness, typically 2000 A, was formed.
The anodization current was then ailowed to decay to < 3%

Ja to complete the oxidation reaction. High resistivity oxides
{> 10'* 22 cm) were obtained from this procedure.

For GaAs-Si;N, structures, the Si;N, layers, typically
1000 A, were deposited from a mixture of SiH,, NH,,and N,
in a parallel plate R. F. plasma reactor (Plasma Enhanced
Chemical Yapor Deposition). MIS structures were formed
by evaporation of semiiransparent Au layers on the insula-
tor.

The MIS structures were mounted on a variable tem-
perature cryostat (temperature range 10 to 500 K). C-V
characteristics were recorded using a standard configuration
{function generator-current preamplificr-lock-in amplifier).
The variable parameters were probing frequency (2 Hz to ]
MHyz), temperature, gate bias sweep rate and photon energy
of sub-band-gap monochromatic illumination. The iliumi-
nation was provided by a halogen lamip and & doubls prism
monochromator.

RESULTS AND DISCUSSION
A, Formi level pinning

Typical capacitance characteristics recorded as a func-
tion of probing frequency (5 Hz to 1 MHz) and temperature

2534 J. App), Phys., Vol, 54, Nn. 5, May 1983
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FIG. 2. Typical C- ¥ charscteristics of 8-GaAs MIS structures obtained asa
function of probing frequency.

{100t0 450 K) are presented in Figs. 2 and 3, respectively. As
scen in these figures a “plateau” {an arrest in the capacitance
increase with increasing voltage} appears in the C-F curves
at values C, < C; where C, is the insulator capacitance; this
“plateau” capacitance value, C, becomes the limit of both
the high frequency ang low temperature positive bias capaci-
tance. As shown in Fig. 4, the ratio C,/C, increases with
increasing electron concentration, for both the GaAs-oxide
and GaAs-5i,N, structures,

It has been postulated”” that under equilibrium condi-

700 ]
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FI1G. 3. Typical C-Fchavacteristics of n-GaAs MIS structures obtained asa
function of temperature, 100 to 400 K.,
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I
uonsl. a plateau can appear in the C-¥ characteristics of MIS
structurcs due to the Fermi-level pinning by discrete traps at
theinterface. In the interfaces presently studied high density
discrete traps were found tobe present 4 E, — E, ~(.7 ¢V.

The relationship between the plateau and the discrete
traps can be found by examining the capacitance relation-
ships. For high probing frequencies the interface state ca-
pacitance becomes negligivle and the total MIS capacitance,
Crox» can be approximated as due to the depletion capaci-
tance, Cp. and the insulator capacitance connected in series:

I/CTOT = l/Cp + I/Cp “)

whare €, = (gne,/2V,)'% £, is the semiconductor dielectric
constant, and ¥, is the surface potential.

When the Fermi (E ) levelis pinned by the discrete trap,
.E,, the surface barricr becomes g)' = E, — Ep. Thus, from
Eq. (1) the plateau capacitance CpoxCroy s Obtained as

. CpfCy = C, [ J2UE, = Efi7gTne, +1] 7% {2)
The Fermi energy in the bulk, E ., [measured with respect to

the conduction hand edge} can be determined as a function of
n from the relationship

1 = 5.44 X 10"(m* T /mo ' *F, | Er/KT), @
where F,, is the Fermi-Dirac integra.
The dependence of C,/C, on the electron concentra-

tion calculated from Eqs. (2) and (3) is shown in Fig. 4 {solid
line). It is seen that the agreement between the experimental
data and the theoretical treatment is excellent, indicating
that the Fermi level docs become pinned by the
E, ~E, =07 ¢V discrete states present in GaAs MIS
structures. It is also of interest to note that the present mode}
leads to a much better agreement with experimental data of
Fig. 4 than the recent model of Ref. 11 based on a concept of
interface traps extending spacially into the semiconductor
bulk.

To further understand the effect of the interface states
on the capacitance characteristics, we will consider the
charge balance

th + Q. +Qu+0,=0 “

2535 J.Apel Phys. Vol. 64, No, 5, May 1983
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and the summation of the voltage through!:out the structure:

V=V, + ¥, 4 V.. " i5)
Here Q. and Q, aze the charges at the gate and in the
insulator, respectively; @, = (2qenV,)'/* is the semiconduc-
tor space charge, Q,, = gn, is the charge pt interface states,
n, is the density of trapped carriers; ¥, ilnd ¥V, are the bias
snd insulator voltages, and V,,, is the diffcrence between the
semiconductor and the metal work funchons Considering

Gauss’ law for a sheet of cherge on an msuluor we have
anu = Cl VI '| 6

'Combining Eqs. (4), (5), and {6}, the followmg expression is
obtamed for the applied gate bias. :

L Vw2 @1,/C, — (24EV)/Cy — Qy/Cy + Vi 1)

Charging of the initially empty interface {raps begins
. when the Fermi level at the interface moves up to the vicinity
of E, (i.e., gV, ~E, — E;). A corresponding value of the bias

_voltage V.« Vo defines the onset of the capacitance pla-
: teau in C~¥ characteristics.

Vo= - [ZE,PI[E, Er)] ‘II/C,
+{E, — Ex)/g + Vp,.  (8)

The voltngc at which the traps become completely ﬁllcd
= gN, (the Fermi level is still pinned), is i

Vx =gNJ/C, + V. | 9)

A relation between the voltage increase (¥ — ¥, alongl the
capacitance; plaleau and the density of interface traps, N, , 1si
oblained by mbining Eqs. (8} and (2), ascuming Q, = con-;

stant: :

N, =C,(V, —-Vo)g. {10)

As seen in Fig. 2, the voltage increase along the plateau
of the high frequency {1 MHz|] curve is ~ 30V, {V, is about
— 10V, and ¥, ~20V, is a1 the breakdown field of the insu-
lator.) This voltage increase cornceponds to o trap density, N,
of about 6X10" em~? (the insulator capacitance
C; =3.25%10~* fcm™?) which agrees very well with the
density, N, =5X 10’2 cm™?, of the mp. E, = 0.7 eV re-
ported in earlier studies,'™?'

- Q: "CI

.i.i
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The above estimate aud the results of Fig. 4 show that
the capacitance plateau in C-¥ characteristics can be ex-
plained as due to the pinning of the Fermi level in the vicinity
of the E, —G.7 eV interface trap. Along this plateau the
semiconductor space charge region is in depletion even for
Iarge positive gat binses; the negativ: charge, induced in the
semiconductor, accumulates in the interface traps rather
than in the space charge region.

8. Capture of carriers

As pointed out above, the plateau capacitance C, ap-
pears when the Fermi level at the surface approaches the
empty interface traps. As shown in Fig. 5, C, exhibits a low-
est value at approximately room temperature, and it in-
creases with decreasing temperature. Using C(T') data from
Fig. § and expression (2), one can calculate the surface bar-
tier V,{T} corresponding to tke capacitance plateau. Results
aregivenin Fig. 6for T < 250 K, ¥, decreases lincarly with
decreasing temperature, whereas for T> 250 K it becomes
independent of temperature. _

The results in Fig. 6 indicate that the capture of cacriers
by the interface traps, and the associated Fermi-level pin-
ning, is a temperature dependent process. This process can

be explained by - rcidering that an electron must overcome
the surface v “avvier in order to be captured in an
interface trn; wg rate of electrons by the inter-
face tzap as described by the standard
expres
d. /), (11)
where ¢, ~ross. section and v, the thermal
velocity. & level pinned by the discrete traps
V. =E,— .. v, (E, — Ep==0.1 eV for
| MHZ
av, =500 mv/s
]
as 5eiQh ‘ ox
400+ ]
o
=2
Ll
= 300
=
[&]
&
3
2 200
'—
o
—
100
T N 20

GATE VOLTAGE (VOLTS)

FiG. §. C-V characteristics recorded as a function of temperature, 1010 300
K.
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n = 5% 10"%; the capture rate decreases with decreasing
temperature as approximately exp{ — 0.6/kT) and it be-
comes negligible at low temperatures. In this case the inter-
face traps and the conduction band can no longer be in dy-
namic equilibrium. The Fermi level is not pinned by these
traps. In order to fill the traps the surface barrier must be
lowered by increasing the gate bias to some new value. Ac-
cordingly, at the low temperature region, the onset of the
capacitance plateau [which corresponds to the onset of elec-
tron capture by interface traps) will shift to more positive
gate bias, i.e., to lower values of the surface barrier.

The value of ¥, corresponding to the capacitance pla-
tzau can be obtained from the time derivative of Eg. (6)

AQu,/dt = C,dV, /4. (12}

Substituting Eqs. (4) and (5), and taking d/dr=0,
dQ,/dt = 0, Eq. (12} becomes

{qdn, /dt — dQ, . /dt) = C{dV,, /dt — dV, /dt). |13}

Along the plateau, dV,/dt = 0 and 4@, /dt = 0; thus, Eq.
{13) becomes

qdn,/dt = g{N, — n,)e,. {14}

Substituting Eq. (I1) into Eq. (14) and solving for ¥, yields
. C,dV,,. /dt

V,= —kT/gin}| ———=—o |. 15

! "[a.vrnw, Py 4

Thus, ¥, varies lincarly with temperature; the slope is weak-
ly dependent on In{d ¥, /4t ) and In(n), i.c., on the bias vol-
tage sweep rate and on the carrier concentration. It should
be noted that an order of magnitude change in either bias
voltage sweep rate or carrier concentration {as determined
from Eq. (3)] leads to only a 29 change in C,,, which is well
within the experimental error of typical C=V measurements.
As seen in Fig. 6, the experimental points ¥, (T} for T 200K
agree very well with values calculated from Eq. (15} (sclid
line).

This result confirms that the capture of carriers by the
interface traps occurs through thermal activation over the
surface barrier. For T <250 K the interface traps and the
conduction band are not in dynamic equilibrium and gV,
varies with temperature. For T 250 K, the interface traps

Kazior, Lagowski, and Gatas 2538
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and the conductionqgng 9:9:%:101:? 5\ tlf;’namic equilibrium
and the capacitance plateau corresponds to the pinning of
the Fermi level (discussed above] and the surface barrier
gV,~~F, -- E, which varies only weakly with increasing
temperature,

C. Frequency and temperature depandence of C=V
behavior

It was shown in Figs. 2 and 3 that, for positive values of
gate bias, Cyny increases with increasing temperature and
decreasing frequency. As seen in Fig. 7, Cyo7 is alzo depen-
dent on sub-band-gap illumination, because of the enhanced
emission (photoionization} of carriers from the interface

. states. In fact, the increase in Crqy is more pronounced un-

der illumination & v = £, — 45 meV, consistent with the
finding that under such illumination the photoionization of
the deep interface states is much more efficient than under
hv=08ev.*¥

On the basis of the experimental results of Fig. 7 and the
above discussion on the capacitance plateau we propose the
frequency, temperature, and illamination dependence of the
positive bias toial capacitance can be explaired in terms of
the frequency, temperature, and illumination dependence of
the interface trap capacitance, C,,.

According to the treatment of Ref. 23, Cyoy can be
expressed in terms of the probing frequency, and the time
constant, 7, of the interface states, as follows

c <
o= e 1 C
C, + C, 2 4 w?12CLH{(C, +
[c.,+c‘ 1+ Co +CT 07 Colts 4 Col ] {16)
(C; + Cp + C.F + 2*7AC; + Cp)
avg =500 inV/s
o 500 -
i)
=]
= 400 “
=
S
=t
& 300 .
L2
a
= .
e 200
100 -

00— 0 26

GATE VOLTAGE (VOLTS)

FIG. 7. €~V characteristics obtained nnder the influence of sub-band-gap
monochromatic illumination: (1) in the dark; {2) Av = 0.9 ¢V and J = 0%
photons/em? s; {3) Av = £ — 43 meV and I = 10*° photons/em? s-
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where C,, is the interface capacitance. An expression for 7
can be derived from the expression for trap occupancy
changes

1A, _dn
q dt dty : A
ﬂP( - ‘;’q;"lfi )UV' —n) —ley +ejn,. {17)

The solution of Eq. (17) yields:

nfty=Nyrr+ Nytley +e,)exp(— t /1), (18)
where r= Vey +¢, + 1), 67 = 0,0, K, exp — (E — E )/
kT is the thermal emission rote; e, = 0,/ is the photoemis-
sion rate; o, is the photoemission cross section; 7 is the pho-
ton intensity, and &, the density of states in the conduction
band. )

Thus, 7 is both temperature and illumination depen-
dent.

Retuming to Eq. (L16), the term wr is of major impor-
tance. For o7 1, Eq. (16) reduces to Eq. (1), This limit is
achieved for very high frequencies [in this case 1 MHz) and/
or very low temperatures; in both cases Croy—Cieq,. - For
ordl, 1/Cioy = WCp + C,}+ 1/C,. This limit is ob-
tained at low frequencies { < 16 Hz) and/or high tempersa-
tures (in both cases Cy oy —C; ). Forwr ~ 1, intermediate fre-
quency and/or teraperature, the full expression of Eq. (16) s
used, and Cr,yr, for posisive gate bias, satisfies inequality
C; < Cror <C,, As observed in Figs. 2 and 3.

Thus, with increasing temperature (7 decreases as e,
increases) and/or decreasing frequency the value of Cpoy
increases. Under illumination, e, contributes to the decrease
of 7 and consequently Cyoy increases.

It mus:, thus, be concluded that the temperature and
frequency dependence of the electrical behavior of GaAs
MIS structures is due to the temperature and frequency de-
pendence of the time constant, 7, i.e., of the rate of change of
the charge trapped by the interface states. This dependence
is observed in the positive bias capacitance characteristics
where Cp; varies with o, 1 and C,, and not with Cp, (¥,
= constant).

D. D.pohdence ‘of hysteresis on charging and
discharging of interface statex

Asseen in Fig. 8, the capacitance behavior is character-
ized by a large hysteresis. This hysteresis is dependent on the
bias voltage sweep rate, d¥,,,, /dt, (sec Fig. 9} and it becomes
especially pronounced at low temperatures {see Fig. 10)
whereby a thermal release of slectrons trapped at the inter-
face is negligible. At 10 K the dark capacitance (Fig. 10,
curve 1)is shifted by approximately 20 V with a reverse bias
sweep. On the basis of Eq. (10) this shift corresponds 10 4n,
of about 4 X 10'3/cm®, Curve 2 (Fig. 10} represents the dark
capacitance behavior following the reverse bias sweep of case
1; it is seen that the capacitance cusrvefor the second forward
bias sweep is shifted (0 large positive values of gate bias indi-
cating that charge remained stored in the interface states.
Subscquently, the MIS structure was illumninated with sub-
band-gap light to remove the charge trapped on the interface
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FIG. 5. C-F charscteristics demonstrating hysteresis and titoe dependence
of emission of carriers from interface states. Insct: restorstion of dynamic
equilibrium and reduction of hysteresia.

states. As curve 3 shows, the capacitance reiurned close to its
original behavior represented by curve 1. Depending on the
amount of charge optically removed from the interface, the
reduction of hysteresis can be controlled and the low tem-
peraturt: capacitance behavior can be shifted to any position
along the voltage axis {curves 4 and 5).

At elevated temperatures hysteresis becomes less pron-
ounced as thermal generation begins to play an increasing
role in the discharge of the interface states.

The dependence of iae hysteresis on the bias sweep rate
(Fig. 9) indicated that the emission of trapped carriers from
the interface is time dependent. This time dependence was

300,

1 MH2

200

TOTAL CAPACITANCE {pF)

=T =T )

GATE VOLTAGE {VOLTS}
FI1G. 5. C-¥ charscteristics as & function of gate sweep rate,

ok
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FIG. 10. Low temperature C-¥ characieristics demonstrating bysteresis:
(1) dark characteristics; {2) repeat of dark characteristic; (3)-45) repeat aRter
partial photodischarge of ipterface staies with Av = 0.9 eV, 0+ indicates
estimated vaives of gr, — O;.

further confirmed by the following expsriment. The reverse
bias sweep was arrested at 2. voltage ¥ (Fig. 8) and Croy was
recorded versus time {insent Fig. 8). Cpop increased with
time until it reached the value of Cro; of the torward bias
sweep (in this case C, ). The rate of this dischargs was found
to be enhanced by sub-band gap illumination. Thus, it ap-
pears that for sufficiently Jong times (very slow sweep rates)
the hysteresis becomes negligible.

The time dependent hysteresis indicates that the traps

{ N2
400+ ayg =500 AV/e 1
0%+ 4x10%
fé_ 300+ -
tat
o
=
8 200 -
=
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IS
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]
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~20 ~-10 0 10 20
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FIG. 1. C-¥ charscieristics, Tw 10 K; 0% m gn, ~ Q;; ©, theoretical
points; solid line, experimental characieristics.
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TABLE . Role of interface states in electrica) behavior of GaAs MiS structures.

ORIGINAL PRIE .\.
OF POOR QUALITY

Effect Explanation

|

Comment

appearance of plateau in capacitance

characteristics sate st £, ~ E, =07V

frequency/temperature dispersion

frequency/temperature dependence of time

pinning of Fermi level by high density interface  surface potential variation restsicted to depletion

space-charge segion, semiconducior never reaches
accumulation

charscteristics of MIS devices change with

constant associated with charging and discharging operation frequency and/or semperature

of interface states
captuse of free carriers al interface

C-¥ hysteresis

thermal activation over surface batrier

for low temperature operation, surface potential
varies with tempeyature

slow relcase of carriers trapped by interface states causes dnft in MIS devices

are not in dynamic equilibrivm with the conduction band;
the surface potential F, changes with gate bias and filled
traps move above the Fermi level; their discharge is then
cnly weakly dependent on gate bias but strongly dependent
on time. In the high frequency limit, the total capacitance
behaves as

1/Cyor == (2V,/qne,)''? +1/C,, (19}

where V, is determined by Eq. (7] snd wherc
n)=nexp{—¢t/7).

Thus, the emission of charge from the interface states,
in addition to its dependence on temperature, fregnency, and
illumination, is also strongly dependent on time.

E. Capacitance characteristics: theory versus
experiment

Low temperature experimental capacitance character-
istics will now be compared with theoretical results calculat-
ed from Eqs. (1) and (7). Low temperature was chosen to
eliminate thermal emission of trapped carriers and to
achieve the condition wrd | where Cyop = C, for positive
bias. Solution of Egs. (1) and {7} forg® = Oand nt = 5 X J0%/
cm® yielded the results (points} indicated in curve 1 in Fig.
11. The capacitance behavior is simply ideal for deep deple-
tion of the semiconductor space-chasgs region. The points
along curve 2 were obtained sssuming an increase of the
interface charge n, by 4 X 10"?/cm’. (In both cases the calen-
lations were carried out forg; > 0.12 ¢V, i, the value of C,
st this temperature). The agresment between the calculated
points and the experimental curves is very good.

SUMMARY AHD CONCLUSIONS

The influence of the high density interface states with
discrete energy on the electrical behavior of GaAs MIS
structures is summarized in Table I. At temperatures
T> 250 K the high density of these states pins the Fermi
level near midgap and restricts surface potentiel variations.
At lower temperatures the capacitance plateau shifts to low-
er surface barrier values to allow electron capture by inter-
face traps. The main features of the anomajous electrical
behavior of the GaAs MIS siructures, sspecially the frequen-
cy dispersion and the large bysteresis can be readily ex-
plained on the basis of the dependence of the time constant

2539 J. Appl. Phys., Vol. 54, No. 5, May 1883

associated with the charging and discharging of discrete in-
terface states a1 E. — 0.7 €V on the probing frequency, on
temperature, on illumination, and on time. The presently
observed effects of the interface states on the C- ¥ behavior
of GaAs MIS can account for the conflicting results {ob-
tained by capacitance-based techniques) reported in the liter-
ature on the distribution of the GaAs-insulator interface
states.
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Electron mobility limits in a two-dimensional
electron gas: GaAs-GaAlis heterostructures
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A theoretical model was formulated for electron scatiesing in & iwosdimensional eleciron ges conflined in
s trisngular potentia? well. For the first time. the effects of intersubband scattering weee included. An in.
herent mobility limit is anposed by phonon, alioy, and remote impuriry scatiering. Intersubband scattering
was found to play s mignificant role in determining this mobility limit. The model acoounted very satisfac-
totily for the reported ¢eleciron mobility charscteristics in GaAs<GaAlAs heterosiructures,

The two-dimensions! electron gas confined at 8 GaAlAs-
GaAs interface has received a great deal of atiention' " be-
cause its unique transport characteristics play 2 key roje in a
new generstion of ulira-high-speed semiconductor devices.
Thus. in “selectively doped” GiAlAs-GaAs heterostruc-
tures, clectrons confined st the GaAs side of the interface
and separated from their parent donors, which are in
GaAlAs, have exhitited mobililies as high as 2x10¢
em¥/ V5" this vslue is about one order of magnitude grester
than that achieved in the highest-purity bulk GaAs.?

Two-dimensional electron transport in s triangular poten-
tial well was originally formulated for silicon inversion
layers.! In subsequent publications'®~ 12 different scattering
mechanisms which contribute 1o the electron mobility in
GaAs-GaAlAs heterostructures have been discussed. In
this Repid Communication we report on the first calculation
of the mobility limits for the two-dimensional electron gas
using a trianguiar well spproximation, and considering the
first-excited subband. ANl major scattering procesces were
included.

We will consider » GaAlAs-GaAs heterostruciure with a
triangular potential well on the GaAs side as shown
schemaiically in the insert of Fig. |. Electrons are supplied
to the well from the “‘selectively doped’ GaAlAs, an un-
doped GaAlAs “'spacer’’ region scparsies GaAs from the
wiype doped GaAlAs region. The momentum of electrons
in the potentia) well is quantized in the z direction (perpen-
dicular to the interface) resultiag in the splitting of the
three-dimensionsl condustion band into a sexies of two-
dimensional subbands. In Gusr treatment of eleciron trans-
port paralle] to the interface we take into account 1we ener-
gy subbands: the ground subband and the first excited one.
The commesponding electron wave functions are described us-
ing variational solutions whereby wave-function persmeiers
sre relsted to the election field within the trisngular welll©
The electric field, in turn, is related 10 the concentrstion of
fonized remote impuritics in GaAlAs, N|, to the spaces
thickness 4, and 10 the concentratior ¢f ionized acceptors in
the lightly »type GaAs bulk region. Relationships between
the pertinent parameters are established using standard elec-
trostatic consideration > !

The excited subband becomes of importance when the
Fermi energy equals the energy separating the ground and
the excited subband. In this case. in addition to states in
the ground subband, the states within the excited subband
become available for electron scattering leading to an abrupt
increase in the scattering rates. The electron concentration

2

o1 which such intersubband scattering occurs is determined
by the electric field in the well.

Fo1 the considered gas density 0.1-1x 102 ¢m=? the oc-
cupation of the excited subband is limited oniy 1o the states
st the very botiom of the subband. These siates correspond
to very small wave vectors. Thus, the momenium transfer
for intersubband scattering can be taken, 10 & g§00d approxi-
mation, a5 equal to the wave vector of elecirons in the
ground subband. Deformation-potential and piczoelectsic
scoustic phonon acattering rates were caiculated, assuming
that the two-dimensional eleciron states are coupled through
s spherically symmetric scattering poteniiai. Intersubband

m"

\ Wy AU St
E -"‘-Botlgvm imgtity

i Delocngton Sowaisl
Remole ) '
R,

ogind o [nherent limit

B SO\
:? w‘ m.;\t}. \\
&

=

-3

n’l

Temperoture {K)

FIG. 1. Temperstore dependence of the electron mobility in
GeAlAS-GaAs heterostrucures, with 200-A.wide undoped speces.
Points are experimental date from Ref. ? for an intesface corrier
density of 1210" em=2, The curves arc caleulated mobilities 6!
this carrier density, withy & remdte jonized impurity concentrstion
of $.6x10'¢ em=%. In the imert the energetic sructure of &
modulation-doped heterostructive is given schemaiikally. £ and
£y refer to the ground and firs-excited subbands. respectively:
£ is the Fesmi encrgy and d the spacer width.
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scattering for both scaitering smechanisms results in a mobil-
ity drop of sbout J0%. compsred with just intrasubband
scatiering.

Alloy disorder scattering arises from elecirons which have

penetrated into the GaAlAs. Since the penetration strongly
depends on the eleciron energy, the resulting eleciron mo-
bility decreases rapidly with increasing electron sas density.
The intersubband scattering effect becomes very pro-
nounced in this case owing (o 8 strong overlap of the pants
of ground and excited subband wave functions describing
the penétration inta the barrier. The scauering rates for re-
mole and background-screened ionized scatterings were cal-
culated by modifying the approach, originally developed for
silicon inversion layers® Intersubband contributions to
background and remaote ionized impurity scattering were
found to be impartant, however. in the case of remote ion-
ized impurity scattering, its contribution is diminished with
increasing spacer width d Al low electron densities the
parameler defining screening of ionized impurity scattering
depend on lemperature, resulting in a temperature increase
of the ionized impurity contribution to the mobilities.”?
This effect becomes significant ai temperatures exceeding
about 40 K. Since st these temperatures the mability is
phonon limited, the weak tempesature dependence of ion-
ized impurity scatieting does not affect the temperature
dependence of the toral mability.
- in our approsch the remote impurity concentvalion is
determined by the equilibrium condition for the Fermi ener-
gy.!! Therefore, the only filting parameters in our calcula-
tions are the background-ionized impurity concentration and
the remote ionized impurity conceniration in the spacer. In
practice, the aim is to minimize residual impurity concentra.
tion in both the spacer snd in the well. In the following
mobility calculetion we will neglect the spacer cantribution,
since at similar residual impurity levels the scattering effi-
ciency by background impursity in the well is far greater than
by those located in the spacer.!’ Polar optical phanon
scattering in a three-dimensional approximation, appropriate
for bulk GaAs {(Ref. 14) was included at higher tempera-
tures. We did not include interface roughness scaiering'!
since exuemely flat inlerfaces are jabricated by molecular-
beam epitaxy (MBE); in these structures alloy disorder
scattering (inherently present and included in our calcula-
tiony can be more important than scauering by surface
roughness.

Electron mobilities were calculated assuming that the elec-
tron gas remains degenerate over the coinsidered razge aof
temperatures and eleciron densities. Therefore, the total re-
laxation tire was obiained from the sum of the individual
scattering rates. Parameters used in calculations were taken
from Refs. 15 and 16,

The contribution of the various scatiering processes to the
temperature dependence of the eieciron mobility in the
range 2-100 K is shown in Fig. 1. It is seen that with de-
creasing temperstuse the predominant scattering mechanism
shifts from polsr optical phonons {dominant for 7> 90 K)
to scoustic phonons (for the range of 802 T > 15 K) and
finally 10 ionized impurity scattering, which determines the
maobility near 0 K.

The temperature dependence of the totsl electron mobili-
ty, resulting from the contrihutions of ail scattering mechan-
isms, is shown as & salid line in Fig. 1. Experimental mobil-
ity data sre also shown (solid circles) from mcasurements
on state-of-the-art, very-high-purity GaAs-GaAlAs struc.

ORIGINAL PAP i3
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wres. It is seen that the sgreement between theory and ex-
periment is very good. If the contribution from background
impurity scattering is deducted from iotal electron mability,
then we ohtain a mobility fimit which ve refer to as “'in-
herent.'' As seen in Fig. 1, at low temex.atures the total
mobility vslues are somewirst lower than the inherenl mo-
bility values, as are the experimentally obtained valuis.
This difference is, of course, readily accounted for by the
presence of impurities in GaAs st 2 level of about 8x 10V
em=Y. A&n sbsolule mobilily limit can be arrived at by
deducting from the lotal electron mobility Lhe scattering
coniributions from background and semote impurities (Fig.
1). This absolute timit, however, is not realizable since the
presence of remote impurities is necessary as they provide
the electrons to the two-dimension-t gas in GaAs; thus, the
“inherent’’ mobility must be considered as a realistic Jimit,
Al constant temperature the electron mobility in a2 two-
dimensional gas depends on the gas density, This depen.
dence resuits primarily from the energy dependence of the
scautering rates. However, as seen in Fig. 2, in the case of
alloy disorder scattering a strong additional electron density
dependence derives from the incressed peneteation of the
electron gas into the GaAlAs layer, with increasing electton
density. As has been discussed previously, & pronounced

1 T

GaAs - Go,_, Al As C
|09 . al
203 N
Spocer width= 1504 L
L S
W=, N
----- ... Moy disorder ;:r ]
“.""'-. C Y
‘00 ~u....‘..‘ "",:".'._,.
— e, = HEE T
né Py “uy, . Ns
i’ Neformation posentiol (563 M
» (T S e ™
4 s ., —s oo . -.,...
2 Puetoetchic (8) =" e },(
e Inhovent Vemit (SK} .~ 4
Bachground mﬂa"x:-—-- )

e

O A R
5 Tolat (77K} B
w i Il | SR W I | 2
U]
0" Electron qos density, Ng (cm?) 0

FIG. 2. Riectrorn mobility at 5 and 77 K vs interfsce carrier densi-
ty. Solid and open circles comespund o the experimental dats of
Ref. 7 meusured in the dark, and under illumination, recpectively.
Theoretical  mobllities were cakculated using remote  and
buck;xound»somzed impurity concentrations of 8.8x 1016 and
L 1044 cm~?, respectively. The insert shows the effect of intersub-
bend wattering. The upper curves correspond 1o the intrasubband
mobility, while the lower curves include the cifect of intersubband
scaliering with Bloadening parameter £ = 0.5 meV,
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drop in electron mobility occurs st sbout 7x 10M ¢m™3,
resulting from the onsel of the intersubbund scattering.
The contribulions of the intersubband scattering to indivi-
dual scaltering processes are shown in the insert of Fig. 2.
The total electron mobility, obtained from the sum of alf
contributions to electron scatiering, is shown for 5 and 77 K
in Fig. 2, together with experimental results of Ref. 7 which
were obtained usirg persisient photoconductivity 1o vary the
electron density;!? it is seen that the agreement is very
good, assuming a background impurity concentration of
1% 10" cm~3. It should be noted that the experimental
mobilities, as & funciion of glectron concentration, exhibit a
maximum al about N, =7x10'" em~? consisien! with our
theoretical finding (Fig. 2). The inherent mobility Jimit
(i.e., assuming no background impurity scattering) at 5 K is
also shown in Fig. 2. 1t is seen that the upper limit is ep-
proximately 2x10° em?/Vg far N,=7x]0% cm~?.
Ahhough it is of no practical significance, we also show in
Fig. 2 the absolute mobility limit, i.c., sssuming neither
background nor remots mobility scattering.

A very important characieristic of the GaAlAs-GaAs
structure is the undoped GaAlAs spacer width; by increas-
ing the spacer width, the efficiency of remote impurily
scattering is decreased and concurrently the density of elec-
trons iransferred 1o the well is decreased. Therefore, there
musi be an optimum spacer widith, al which point the con-
ductivity (the product of mobility and electron density)
reaches 8 maximum.

The dependence of the electren mobility on spacer width
at 5§ K is shown in Fig. 3. It is seen that the total mability
veaches & manimum; the spacer width at which this max-
imum occurs decreases with increasing background impurity
concentration. Actually, the inherent mobility limit {no
background impurity scattering) increases with spacer width
and tends towards a shonon-limited value at large spacer
widih, which is also in sgreement with experimental (rends,
a5 reported in Ref. 7.

In conclusion, we proposed 2 model for the electron mo-
bility in two-dimensional electron gas which took into con-
sideration intersubband scattering. Mobility limits were thus
determined as functions of temperature, electron density,
and spacer width in GaAlAs-GaAs heterostructures. These
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FIG. 3. Electon mobility values at maximum conductivity
(e, ) vs spacer width for GagaAly yAs-GaAs heterosiruciure at §
K. The “total' curve corresponds 1o a background impurity con-
centzatan of %101 em™3,

calculations provided a good description of 1ecently reported
high ¢lectron mobility characteristics in such heterostruc.
tures.
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ON THE DISLOCATION DENSITY.IN HELT-GROWN GaAs
J. Lagowski, H, C., CGatos, T. AOyama(“) and D. G. Lin
Massachusetts Institute of Techuology
Cambridge, Massachusetts 02139
' ABSTRACT

we.have discovered a striking relationship between the dislocation
density and the Ferm{ energy in melt-grown GaAs. Thus, a shift of the
Fermi energy from 0.1 &V above to 0.2 eV below its high temperature {1100 K)
intrinsic value increases the dislocation density by as much as 5 orders
of magnitude. The Fermi energy'shifz was brought aBaué by n- and p~type

doping at a level of about 1017cm73

i.e, one to two porders of wmagnitude
below that commonly employed for impurizy hardeming. The pronounced role
ef the Fermi energy in dislocation densitites must be associated with the
dependence of the point defect interactions on the charge state of these
defects, ife. on the occupancy of the associated electyonic levels., It
appears wost likely that these interactions and thus the dislocation den-~
sity are contralled in e critical manner by the concentration of gallium
vacancies. Similayr post-solidification defect interactions were recently
proposed in order to explain the formation of the antisite defect AsGa
and the associated midgap level EL2. Our findings permit the identifica-
tion of regimes of thermal stress, stoichiqne:ry. Fermi energy and im-

purity hardening which are of fundamental importance in the formation of

dislocation in the welt~grown GaAb.

(a’On leave from Hitachi Research Labovratories, Ibaraki, Japan. '

Presented at the Third Conference on Semi~Insulating ILI-V Materials,
Warm Springs, Oregon, April, 1984,
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INTRODUCTION .

A reduction of the dislocation density in melt-growum single crystals
is perhaps the mcat important materials préblem in GaAs IC's technélogy.
Dislocation free GaAs {s commercially available but only heavily doped

18 o 101 w3, Semi~insula~

with a donor concentration ranging ffam 10
ting material, currently used for IC's has been f&cently obtained dislo-
cation-free by utilizing doping with 1§oelectronic i{mpurities (group III
ard V elements) at a level of 1019 to 1020 cm'3.(l)

It has been a common trend to treat dislocations in melt-growm crys-
tals, and particularly in crystals grown by the Czochralski ligquid encap-
sulated (LEC) technique, within a framework of critical stress models.(z’a)
Such models assume that dislocations are generated in the solidified ma-
terial wﬁenAthermal stress exceeds certain critical values, which 1s
supposed to be 2 well-defined characteristic of the material.

Impurity effects on dislocation density(l'a)have been attributed to
various mechaniams of blocking the propagation of dislocations (e.g. strong
localized boundingss)differencea in tetrahedral ra@ii between the impuricy
and che host a:omsfﬁ) and impurity-defect blocking coﬁplexess7) They are
phenomenclogically treated as impurity hardening effects which increase
the value of the critical stress. Such treatment is an extention of that
developed for elemental semiconductors (Ge and 5i) and it doeé n&t take
into account the unique stoichiometry aspectz of faAs related to a finite
existance region. It is of interest to note that the effects of stoi-

chiometry on the dislocation density in CaAs were originally reported in

the mid 60'558) The systematic demonstration of the critical role of

N g
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otoichiénetry in the generation of dislocation has been provided in our
recent study on GaAs grown under minimized thermal stress by the horizon-
tal Bridgman method ip which stoichiometry is controlled (end varied) by
controlling (varying) the araenic source temperature, TAB' We have found
that the dislocation density exhibits a sharp and very pronounced mini~

mum at an optimum arsenic temperature TlAa = fl7 % 1‘0.(9) We have further '
found that growth under "off stoichiometry" conditions leads to high dis~
location densities which exceed those found in crystals grown under pro-

(9,10)

nounced thermal stress. It has been suggested that étoichiomecry

also plays aen important rele {in the form of stoichiometry dependent crit-
ical stress) indislocation formation during LEC growth of GaAs.(u)

In the present communication we presén: experimental results which
shed a new light on the role of defects in the dislocation formation in
GaAs grown under low thermai strese; we show that in moderxately doped crys-
tals the dislocation density is controlled By the Fermi energy.
EXPERIMENTAL

Single crystals of Gals with a cross~sectional area up to 2cm2 were
grown using a horizontal Bridgman apparatus especially designed for the
9

precise control of growth parameters. The growth was carried out in
a high purity fused quartz boat (speclally treated to prevent the melt
from wetting the boat) or in a pyrolytic boron nitride boat.

A series of experiments were carried out to investigate the effects
of stoichiometry on the properties of GaAs. In these experiments the ar-

senic source TAs’ temperature was decreased (increased) frem 623°C to

610°C (from 610°C to 623°C) in discrete steps of 1°C to 2°C at 1 to 2 hour

T i ©oersms - o



intervals corresponding to 1 to 2 cm of growth. The corresponding melt
composition ranged from approximately 0.49 (610°C) ta 0.51 (623°C) atom-
fraction of arsenic.

'Undoped. Si-doped and Zn-doped grbwth nelts were employed in these
experiments. The crystals with free carrier concentrations (both holes

3

and electronsg) below 5 x 1ol§cm' were grown with addition of Ga,04 to the

melt in order to reduce the silicon contamination. The carrier concentra-

" tion was determined from Hall effect and conductivity measurements, Dis-

locations were revealed using molten KOH etching.
RESULTS AND DISCUSSION

Effect of Staichiometry

Our previous investigation of lightly doped n-type crystals has shown
a striking correlation between deviations from stoichiometry and disloca-
tion density. We have established an optimum arsenic source temperature,

9.10) 11 present

617 ¢ 1°C, which leads to a minimum dislocation density,’
growth experiments confirm thase results and further show that the same behavior
is also characteristie in ligth1§ doped p-type Gaas qtystals.

In Fig. 1 we show the dependence of the disloéation density on the
arsenic tewperature TAs for p-type and n-type GaAs crystals with a free
carrier concentration of about 1016cm.3. A minimum dislocation density
of about 103cm"2 is obtained at an optimum temperature 617 + 1°C. Devia-
tion from éhia temperature leads to an increase of the dislocatin density
by as much as two orders of magnitude i.,e. £¢ dislocation densities which
are comparable to {or aven higher than) thosa found in Gais cryécais grown

under large thermal scresses.(1-3)
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Iﬁ Fig. 2 we show Nomarski contrast photomicrographs of etched sur-
faces oé three segments of a p-type crystal; These photomlcrographs show
sharp changes in the dislocation density during growth in response to
stoichiometry changes. Dislocations vapidly vanish ia the er&gtal as TAs
becomes closer to the optimum value. On the other hand dislocations are
gerexated as Tas is shifted away from an optimum value. Exactly the same
behavior has been observed previously in lightly doped n-type GaAs. These
findings indicate that non-stoichiometry induced dislocations
do not xeadily propagate with progressing crystal growth; accordingly

they must be in a form of dislocation loops raﬁher than edge dislocations.

Effects of Doping

We have reported previously that, in crystals grown under carefully
mininized thermal stress, n-type dopins.cpnséituyes a very effective means
for ‘the virtual elimination of non-stoichiometry induced dislocations.(lo)
This dramatic effect of doping ils observed for a aonor concentration of

about 10%7sm™3

i.e. significantly smaller than those involved in impurity
hardening phenomena believed to block the propagation of stress induced
dislocation.(l'“-7) This relatively low level of doping is quite suffic-
ient to convert crystals with high dislocation densi:ies,'ﬂo, grown under
arsenic deficient conditions (TAs = 6§13°C, ND N.105—106cm-3) to dislo-
cation free material (ND < 100cmf2). The same is also true for erystals
grown under arsenic rich conditions.

The effect of p-type doping iz very different from that of n-type
doping. The differences are evidenced by the Nomanski contrast photomicro-

graphs of Fig., 3. 1t is seen that for crystals grown under opcimum
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stoichiometry increase in the acceptor concentrators increases the dis-
location density in contrast te the effect resulting from an increase of

the donor concentration. It is algo seen in Fig. J that GaAs with 2 hole

coneencration of about 5 x 1017

4

exhibits a high dislocation dénsity
(5 x10 to 5 x 105cm-2) which could net be minimized to any signifi-
cant extent by the optimization of the arsenic source kemperacupe. The .
effects of the conductivity typeland carrier concentration on the dislo-
cation density in Gais grown under optimum TAs are quantitatively summariz
in Fig., 4. It is seen that the ;ransi:ion form n-type to p-type material
enhances the dislocation density by as much As five orders of magnitude.
The Role of Fermi Energy

" The key to understanding the formation of dislocation in GaAs grown
. undex low thermal stress lies in the finite existence region of GaAs.
Accordingly the type and concentration of point defects (especiélly of
vacancies and thelr complexes) in a solidifying crystal is controlled by
the melt composition (i.e. the argenic source temperature). During the
post-solidification cooling defects in the crystal become supersaturated
and interact formlng other defects such as defect complexes and disloca;
tions.

We ﬁave suggested, in conjunction with the antisite defec: model of

EL2, that the relevant defect interactions are contrslled by the migration
of gallium vacanéies.‘lz) The same model of gallium vacancy migration
can explain the effects of the conductivity type and of the carrier con-

centration on the dislocation density in GaAs., The formation of dislo-

cations in GaAs upon condensation of vacancies regquires the participation

@,
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of defects fromboth the Ga and As sublattices, However, the process can be
initiated by only one typé of defect, such as vGa’ since the corresponding

defect,vag can be created upon migration of vGa' The point defects in

- GaAs lead to localized electronic levels, The occupancy of the levels,

i.e., the charge state of defects is concrqlled by the Vermi energy. The
charge state of defects determines their concentration, migration and abil-
ity to coaiesce.

Transition from p~ to n-type Gads caused by intentidnal-doping
shifts the Fermi energy upwards in the energy gap incfeasing'the concen~
tration of negatively cﬁarged acceptor-type defects and decreasing the
concentration of ionized deep donor levels. According to ref. 12 critical
post-solidification defect interactions take place at a temperature of
about 1100 K. Thus, in Fig. 4 we have indicatedvthe Fermi energy values

k.13 e

of 1100 K corresponding to the carrier concentration at 300
correiation betwéen the Fermi energy and dislocation density is evident.
The plateau of dislocation densit& coincides with a constant Fermi energy.
On the n-type réglon the dislocation density decreases when the added
donor concentration becomes comparable to (or higher thanm) the intrinsic
carrier concentration at 1100 K; ni(lloo K); while on the p~type region
the dislocation density incréases when the acceptor concentration becomes
comparable to ni(lloo K). This relationship is consistent with the crit-
ical role of a gallium vacancy which in GaAs leads to an acceptor level
close to the middle of the energy gap. The downward shift of Fermi energy

ceused by n- to p~type transistion increases the fraction of neutral gallium

vacancies which promote condensation and migration of vacancieg required for

Lw
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the formation of dislocations.

It 193 of interast to note that the importance of gallium vacancy has

previously been suggested in accounting for the stoichiometry effeccs(a)

and also in conjumction with donor impurity hardening in dislocation

¥

blocking by cowmplexes of donor atom-gallium vacancy. The role of
Ferml energy h:s been discussed in the dislocation model as a factor alter-
ing the propagation of dislocation and thus also affecting the low temper-

(4)

ature value of the critical stress. To our knowledge the correlation
between Fermi energy and dislocation formation in GaAs reported here is
established for the first time.

Different Regimes of Impurity Effects on Dislocations

The present finding together with literature data made it possible
to define regimes of fundamental importance in the formation of disloca-
tions in melt-grown GaAs. Two mechanisms of dislocation formation should
be distinguished: ‘(l) stress-induced glide dislocations which are gener-

ated by an excessive thermal stress; and (2) nonstoichiometry=-ind: ced dis-

- locations which are generated upon condensation of excessive vacancies

into dislocation loops. As shown in Fig. 5, dislocation densities corres-
poﬁding to both of these mechanisms overlap over a wide range of the dopant
concentration. In strictly undoped material (without electéically active |
or iscelentronic lmpurities) the lowest dislocation density is controlled
by the stoichiometry. The Ferml energy effects on the nonstoichiometry
induced dislocations arg significant for dopant concentrations exceeding

lécm-a 17 =3

about 8 x 10 . Donor-type impurity at concentration 2 x 10 cm ” is

sufficlent to eliminate completely nonstd}chiometry dislocations while
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acceptor impurity increases the dislocation density.

The thérmal stress—induced dislocations are generated at a tempera-
ture which is wmuch closer to the melting point than 1100 K corresponding
to nonstoichiometry dislocations. Thus, the effects of Ferni emergy on
propagation and multiplication of stress-induced di;locationslVOuld re~
quire high concentration of electrically active dopant, exceeding lolacmna.
As shown in Fig, 5, this concentration range overlaps with that considered
in other "impurity hardening" phenomena. GaAs free of stress-induced dis-
locations is typically grown with electrically active dopant of concentra-

tion well above lOlscm.-3

or with even higher concentraéion of iscelectronic
dopants. The effectiveness of impurity hardening in GaAs is a function
of stoichiometry. .

-~ ' Acmcmnncmur

The authors are grateful to the National Aeronautics and Space Admin~

istration and the Airforce Office of Scientific Research for financial support.



1.

10.

11.

12.

13.

REFERENCES
G. Jacob, Semi-Insulating III-V Macerials, edited by §. Makram Ebeid
and B; Tuck (Shiva, London, 1982) n, 2.
A. §. Jordan, R. Caruso and 4. R. Von Weida, The Bell System Technical
Toummal, 59, 593 (1980). |
M. G. Mil'Vvidskii and E. P. Bochkarev. J. Crystal Growth 44, 61 (1978).
M. G. Mi1'Vidsky, V. B. Osvensky and S. S. Shifrin, J. Crystal Growth
52, 396 (1981).
Y. Seki, H. Watanabe and J. Matsui, J. Appl. Phys. 49, 522 (1978).
P. A. Kirkby, IEEE J. Quantum Electron. QE-11, 362 (197%). .
V. Swaminathan and S. M. Copley, J. Appl. Phys. 47, 4405 (1967).
J. C. Brice and G. D. King, Nature 209, 1346 (1966); J. Brice, J.
Crystal Growth 7, 9 (1970). ‘
J. M. Parsey, Jr., Y. anishi, J, Lagowski and H. C. Gatos, J. Electro-
chem. Soc. 128, 936 (1981); 129, 388 (1982).
J. M. Parsey, Jr., J. Lagowski and H. G. Gatos, J. Electrochem. Soc.
(1984) in press; |
M. Duvseaux and G. Jacob, Appl. Phys. Lett. 40, 789 (1982).
J. Lagowski, H. C. Gates, J. M. Parsey, K. Wada, M. Kamingka, and
W. Waleiewicz, Appl. Phys. Lett. 40, 342 (1982).
Fermi energy values were calculated using GaAs parameters compiled by

J. 8. Blakemore, J. Appl. Phyd. 53, RI23 (1982).



Fig.

Fig.

Fig.

Fig.

‘Fig.

1.

3.

5.

)

FIGURE CAPTIONS

Dislocation density vs. arsenic source temperature
(stoichiometry) for lightly doped n- and p-type GaAs.
Photomicrographé_of etched crystal surfaces from

different segments of a Ggﬁs crystal,

Photomicrographs of etched surfaces of GaAs crystals grown
under diflerent arsenic source temperatures and under different
doping conditions,

Dislocation density vs. 300 X free cafrief concentration.

Upper portion ghows the corresponding values of the
Fermi energy at 1100 K.

Schematic diagram of dislocation density in GaAs vs. free

_carrier'concentration and conduction type.
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OXYGEN-RELATED MIDGAP LEVEL IN.GaAs
J. Lagowski, D, G. Lin, T. Aoyama(a) and H. C. Gatoes
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139
ABSTRACT
We establiched that in Bridgman~ as well as in Czochralski~LEC=-

grown GaAs there is a aeep level related to gxygen, ELO, with essentially
the same activation energy (B25 % 4 meV) as EL2; however, the electron
capture cross section of ELO is four times greater than that of EL2.
In conjunction with measurements on "oxygen-free crys:#ls? containing
only EL2 we formulated practical procedures for the evaluation of the
[EL2]/{ELO] concentration vatio from DLTS measurements. The IR absorp-
tion spectra of GaAs containing only EL2 and EL2 + ELO were found to be
essentially the same indicating the need to re-examine the absorption
characteristics of ELZ. The present results answer the question of long
standing as to whether or not oxygen is responsible for a deep level and
confirm recent finding that ELZ is not the only midgap level in melt-

grown GaAs,

(Q)On leave from Hitachi Research Laboratories..tbaraki, Japan.

Presented at the Third Conference on Semi~Insulating YIII-V Materials,
Warm Springs, Oregon, April, 1984,
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INTRODUCTION

Deep energy levels in melt-grown GaAs have vecelved a great deal of
attention as conpensating‘cencers responsible for the high resiétivity
material required for IC applications. The complex electrical and optical
properties of this material have been commonly 1nter§reced in terms of
“the one deep leéel model" ui:ﬁ only one midgap donor referred to as EL2.
However, most recent discoveries of midgap levels other than EL2 (1), and
especially of the oxygen~related level ELO, (2-4) have demonstrated that
the simpliscic one midgap level (EL2) concept of melt-grown GaAs cannot be
valid. These findings raised once again the question of long standing.
Is oxygen involved in midgap euergy levels in melt-grown GaAs? ﬁé have
addressed this question in our extensive experimental studies in the last
three years. Our results (5) confirmed. the earlier findinés {6) of the
oxygen-induced suppression of Si contamination. We have also identified
indirect effects of oxygen doping (5) such as increase of the electrom trap con~
centration, a decrease of the excess carrier lifetime and the suppressicn
of the 1.2 eV luminescence band. These effects resulted from gettering
the silicon impurity erm-the GaAs melt rather than from direct oxygen
invélvemen: in electrically active centers.

In our most recent study (3) we have succeeded in the identification
of an oxygen-related midgap level, ELO, in iridgman-grown GaAs which ap=
pears to be very similar to the midgap level in oxygen fumplanted GaAs (2)

and in LEC GaAa (1). In the present communication we discuss the proper-

‘ties of ELO and compare themwith those of the native defect level EL2.

ey
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We also present practical means for distinguishing between the two:
midgap levels.
EXPERIMENTAL

"Oxygen-doped" GaAs crystals were grown in a horizontal Bridgmen-
tyée (4B) apparatus utilizing quartz or PBN boats. okygeg doping was
realized by adding ca203 to the GaAs charge material at a weight fraction

ratic wG. o /wG .. varying from zexo ("oxygen free" crystals) up to 10"3,

273
or by filling the growth ampul with oxygen gas to a pressure up to 300

Torr {at room temperature). The upper limits of added oxygen exceeded

by about one order of megnitude the doping range utilized in the stud& of

ref. 7 which failed to recognize any midgap levels other than the EL2.
The oxygén concentration in our "oxygen free crystals" was below

3

10%6cn” , and in the heavily doped ones it was 1 to & x 1016cnr3, as deter-

mined by SIMS amalysis. Our heavily oxygen-doped crystals remained con-

6cms'a) due to the

ducting {electren concentration ranging from 0.5 to 2 x 101
presence of sulfur impurity in the stcrting material.

| Deep level characterization was carried out using transient capaci-~
tance measurements, photocapacitance transients (induced by monochromatic
light) and optical absoxption measurements. The features of our trans-
ient capacitance system included: (3) DLTS with variable duration filling
pulses; (b) direct determination of the capacitance relaxation, c¢(t), by
recording with a signal averaging technique; the various méasurements
could be electronically stored and directly compared, {¢) precise temperature

control and monitoring with an absclute accuracy and reproducibility

better than 0.1°C.

1§ 7]



RESULTS AND DISCUSSION

Midgap Level Parameters

The primary difficulty in siudying ELO stems frow the striking simi-
larity between ji.s5 parameters and those of EL2. Accordingly, when both
ELO and EL2 are simultaneously present their unique separation 1s hardly
possible without refevence to standard material containing only one mid-
gap level.

In our study the crystals grown without oxygen doping and containing
only EL2 were used aa rgferance. In Fig. 1 we present Schottky barrier
capacitance transients corresponding to electron emission from midgap
levels in oxygen—free and in heavily oxygen~doped GaAs. The capacitance
relaxation, C(t), in oxygen=free material (Fig. la) is perfectly exponen-
tial consistent with the standard emission equation for a single deep
level 6C-60°e-te‘, where t is time, 3C° Is the magnitude of capacitance
change, and e; is the emission rate., The oxygen-doped crystal (Fig. 1lb)
exhibits a two-component exponential transient: Gc-écfe-tel + éc§e"te2,
with the slow component corresponding te EL2 emission as measured in oxy-
gen-free material. By subtracting the EL2 component we separated the
transient corresponding to ELO and thus we were able to determine the ELO
emission constant e, and the ELO concentration (from 685). We have carried
out such~analysis of capacitance transients recorded over a wide tempera-
ture range 270-450 K. The results are summarized in Fig, 2 in the form

2 -1

of thermal activation plots T2~ vs 103/T for EL2 and ELO levels. Least

squarte analyais ylelds for EL2 an activation energy EA = 815 + 2 meV and

an electron capture cross section %" (1.2 £ 0.1) x lo-lscm?; the

- PR A -2 L T



corresponding values for ELO are EA = 825 = 5 meV and
Z

%ha ™ (4.8 £ 0.6) x 10_13em . Empirical formylas for emission rates are:

1. 3,53 x 1070 -1

for EL2: e] = —=2 3 exp (9e€0) sec (1)
: T
-1 6.84 x 1070 9580, -1

for ELO: &," = -4———5————» exp G"?F'o sec 2)

T
where T is the absolute temperature in K.

We consider the above EL2 parameters more accurate than any previous-
iy published ones due to a much greater range of experimental data (8).
We propose that these values be used as standards for midgap level iden-
tification in GaAs.

It is not clear at present vhether oxygen ls directly and solely
responsihie for the wmidgap ELO level. Theovretical study (9) and experi-~
mental data extrapolated from GaAslthx (10) indicated that an energy
level of oxygen atom on arsenic site should be located in Gads alout
0.79 eV below the conduction band, l.e., very close to ELO energ}.

ELO Concentration

As pointed out above, the activation eneyrgies of the electron emis-
sion rates are very similar for ELO and EL2. Accordingly, both individual
levels éxhibit DLTS peaks of identical shape. However, the ELO peak tem-
peratuve TELO is shifted to a temperature lower than that of the EL2

peak, T .. due to the larger value of the electron capture cross section

EL2
(oua(ELO) = Qana(ELZ)). Using the emission rate foxmulas 1 and 2, the

DLTS peaks can be exactly calculated for any given boxcar gate setting

PR S s



:1/:2 {or an ecmission rate window (tz-tl)/ln tzltl). When ELO and EL2

are simultaneously presenﬁ at concentrations NELO and &ELZ’ respectively,
the resulting DLTS peak will occur at a temperature, Teff’ dependent on
the concentration ratio of the two levela. As showm in Fig. 3, the involve-
ment.of two levels in an overal DLTS peak is not by any means evident.

The balf widch of the overall peak is only marginally larger than the half
width of the component peaks corresponuing to the individual levels. It
is thus clear that the involvement of two levels of similar enexgies can
be recognized more readily from direct capacitance transient measurements
C(t) (Fig. 1) than from DLIS measurements. Nevertheless, when the sample
temperature is precisely monitored, the ratio NELO/NELz can be accurately
determined by deconvolution of a DLTS peak into components with emission
rates described by eqnu. 1 and 2 (as done in Fig. 3).

The relative concentration of midgap levels tan be quickly evaluated
from the position of an overall DLTS peak using the calculated values givea
in Fig. 4. It 1s seen in that figure that increase of ELO concentration
gradually shifts Teff from a temperature characterlstic for ELZ peak down

to a temperature Of ELO peak. The shift is linear with X £ N.. /(N

ero’ MerotVer2)
up to X « 0.6. Furthermore, the shift is very similar for all rate windows.
Thus, X can be very well approximated by a simple relation:

X = 0.05 x AT (3)
vhere AT(‘C)‘is a difference between the actually measured peak position

and the position corresponding to EL2 only, e.g., measured in oxygen-free

GaAs, (Both measurements should be made with the same emission rate window.)



ELO Identification Using Short Filling Pulses

The above procedure assumes the identical initfal occupation of ELO

‘and ELZ within a depletion layer. In our recent work onx ELO identifica~

tion (3) we have discussed a very effective means for enhancement of the

~relative contribution of ELO to overall transient capacitance signal based

on utilization of short duration filling pulses, which preferentially fill
ELO and h;t EL2. As shown in Fig. 5a the magnitude of capacitance transi-
ent corresponding- to EL2 decreases when a short duration filling pulse is
used. A corresponding decrease of the ElL2 peak heighh is seen in the
DLTS speétrum of Fig. 5b. However, there is no shift in a peak position
and no change in emission rate is observed in Figs. 5b and 5a, respectively.
In oxygen~doped Gads (Figs. 5c and 5d) a decrease of the filling pulse
duration produces meore significant changes. The increased contribution to
ELO in respect to that of EL2 (the effect is due to larger capture cross
section of ELO than that of EL2) is clearly geen in capacitance transients
of Fig. 5c. A corresponding shift of an overall LS peak toward lower
temperature is visible in Fig. 35d.

Using the procedures discussed above, we have identified ELO not only
in the heavily oxygen~doped HB GaAs grown in our laboratory, but also in
/N

comnme kcial BB GaAs (typically W £ 0.3) and in LEC-grown GaAs

ELO° "EL2

(N_. /N % 0.25). The presaence of ELO in these ecrystals is not sux-

ELO’ "EL2
prising, since they were grown from melts containing oxides (usually
arsenic oxide added in HE melt) or encapsuiated in 3203 {LEC).

Apparent Effects of Electric Field

Praferential filling of ELO (as compared to that of EL2) is also

b

e e i - IR S






observed for long duration £1lling pulses, when the magnitude of employed
pulses is smaller than the barrier heigh (i.e., insufficlent to complete
the filling of all levels within the depletion regiont DLTS results ob-
tained under such conditions could be easily misinterpreted as anomalous
phenomena such as: an increase of the emission in low electric fields, non-
uniform discribucion of levels benecath the surface; or a speéttun of aid-
3ap lewvels ta:ﬁet than two levels only.

Interference in the determination of the ELO/EL2 ratio can also
result from apparent effects of strong electric fields on the electron emis-
sion. We have investigated the effects of strong fields (up to 4 x 105v/cn)
using the dquble pulse technique of ref. 11, and we have established that
both levels exhibit a amall field enhancement of electron emissiom, well
within the range of the Poole-Frankel effect. In contrast, we observed very
pronounced electric field effects, however only with diodes having large
revers2 bias currenta. We vefer to these effects as “apparent" field ef-
fects because they originate in Schottky diodes with poor characteristics
rather than in the naure of EL2 and ELO. (12)

Optical Absorption

It is evident that the one midgap level (EL2) cencept of melt-grown
GaAs cannot be valid and that the nidgaé level properties of GaAs must be
re-examined in view of the presence ﬁf more than one level,

Re-examination of the midgap level properties is especlally urgent
with réspec: to the infrared absorption (13) commonly utilized for the
determination of the EL2 concentraticn in semi-insulating GaAs. In Fig. 6

e present optical absorption and photoionization capture cross section

C ~‘;}
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spectra for oxygen-free GaAs containing EL2 c¢nly and for heavily oxygen-
doped GaAs containing ELO ind EL2 in approxiunately egual concentrations.
It is seen that the results for both crystals are almost the same. The
most plausible explanation of these r.esulcs‘ is that the optical properties
of ELO and of EL2 are similar. Indeed both levels exhibit similar spectra
of electron photoionization capture cross section., What is even more sur-
prising is that both levels exhibit quite similar intracenter transitions
in the region 1.05 < hv < 1.3 eV manifested by the difference between the
optical absorption and the photoionization cross lection (shaded areas in
Fig. 6). The similarities bhetween the EL2 and the (ELO + EL2) properties
could be accounted for if the ELO contribution to optical abscorption is
negligible 1n couéositicm to that of EL2. Perhaps very precise measurements
on crystals containing different ELO/EL2 concentration ratio (currently in
progreass) should uniguely resolve this issue. In the meanwhile, we must
conclude that infrared abzorption measurements in melt-grown GaAs should
be treated as a measure of midgap levels rather than as a u'n:l.que measure
of the EL2 only. ) |
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6,

FIGURE CAPTIONS
Capacicance transient corresponding to electron emission (a) from
only one level EL2; (b) from two levels EL2 and ELO nti;ltaneously
present.
Emission rate thermal activation plot for EL2 and for the oxygen-
related level ELO.
DLTS spectrum (rate window 25'.63"]) of heavily oxygen doped GaAs
deconvoluted using experimentally determined emission rate; of .
EL2 and ELO vs. temperature. (Compare with ref, 1)
DLTS peak temperature vs. deep level concentr;tion ratio. (see
text)
DLTS spectra and capacitance transient: (1) forvlong duraricon; and
{2) €for short duration filling pulses (see text).
Absorption coefficient a; and photoionization cross section o,
(determined from capacitance transient) for oxygen doped GaAs
containing ELO and ELZ and for oxygen free Gais containing only
EL2. ’
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REAL AND APPARENT EFFECTS OF STRONG ELECTRIC FIELDS
ON THE ELECTRON EMISSION FROM MIDGAP LEVELS EL2 AND ELO IN GaAs

J. Lagouski, D, G. Lin and H. €. Gatos
Massechusetts Institute of Technology
Cambridge, Massachusetts 02139
J. M. Parsey, Jr.

A. T. & T. Bell Laboratories
Murray Hill, New Jersey 07974
M. Kaminska
Institute of Experimental Physics

University of Warsaw
Warsaw, Poland

Abstract

The effects of strong electric flelds, up to 4 x IUSV/cm, en the
electron emission from the GaAs dominant midgap levels EL2 and ELO
were investipated by employing differential capacitance transients
on GaAs—-Au Schottky diodes. It was found that, in diodes with normal
reverse bias characteristics, both levels exhibited a small field en-
hancement of electron emission, well within the range of the Poole~

Frenkel effect. In contrast, very pronounced "apparent electric field
effects were observed in diodes with large reverse bias current.
Thus, the conflicting reported results on the magnitude of the field
enhancement of the electron emission from FL2 must be attributed to the
characteristics of the Schottky diodes employed rather than to those of

EL2.
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Midgap levels in GaAs have received a great deal of attention as com-
pensating centers responsible for the high resistivicy material for IC applica-

tions.l The complex electrical and optieal midgap-level properties of GaAs
have been generally asscciated with only one deep doneor referred to as EL2.2
However, most recent discoveries3’4 of midgap levels other than EL2, and
especially of the oxygen-related level ELO,“ have shown that the simplistic
one midgap level (EL2) concept of melt-grown GaAs is generally invalid. Fur~
thermore, the electric field ionizatiou of EL2 has been a controversial issue
because of highly confliccing experimental results, Thus, a dramatic field
enhancement of the electron emission {up ¢¢ 7 orders ¢f magnitude) has been

5,6

rveported. In fact, a new model of tunnel emission enhanced by coupling

with phonons was proposed to account for these results.? On the other hand:
in other studies no pronounced effect of electric fields on the electrxon emis-
sion from EL2 has been found.e'9
In view of the importamce of fiéld ionization in the determination of the
deep level characteristics by means of junction-based measurements, the present
study was undertaken to investigate the effect of strong electric fields on
the electron emission of midgap levels particularly in the light of the newly
identified ELO. The same approach was employed as that in the identification
of ELO, i.e., detailed capacitance transient measurements in conjunction with
measurements on reference crystals especfally grown to contain only ELZ.4
GaAs crystals were grown utilizing a horizontal Bridgman-type apparatus
especially designed for precise-control of the grawth parameters.lo Crvstals
containing ELZ and ELO at similar concentrations were grown by adding oxygen‘

in the growth ampule (at a pressure of about 100 Torr at room temperature) or

by adding equivalent amounts of Ga203.4 These "oxygen~doped" crystals were
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semiconducting n N2 x 101 e s due to the presence of sulfur impurity,
Crystals containing only EL2 (and a shallower trap FL3 at concentrations 5 to
10 times smaller than that of EL2) were grown without cxygen doping. They

17 -3
cm

were n-type, Si~doped, with n = 0.5 to 1.5 x 10 at 300 K {(doping at

higher levels leads to the rapid decrease of the EL2 céncen:ra:ion)ll.

Schottky diodes were prepared by evaporating Au on the As(111l) surfaces after

they were chemically polished (using borax), etched in HCl and rinsed in deionized
water. Diodes with minimum reverse bias current were obtained when the samples
were transferred immediately after cleaning to the evaporator with a base pres—
sure below 10~° Torr.

The features of our transient capacitance apparatus included: (a) precise
temperature control and monitoring with an absolute accuracy and reproducibility
exceeding 0.1°C; (b) direct determination of the capacitance relaxation, €(t),
by recording with a signal averaging technique; the wariocus measurements could
ba electrunically stored and directly compared.

The effert of electric fields on the emission rate was studied using dif-

\the same_as in refs, 6 and 7.,
ferential capacitance measurements)  In this approach two capacitance transients

Cl(t) and Cz(t) are monitored following the application of filling pulses of
a magnitude VP and VP+AVP' reapectively. For small values of AVP, {we have

used Avp=0.1 wolt), the differential transient AC(t)Dgf

cz(:)—cl(t) corresponds
to tyaps in a narrow zone of the depletion region with a well defined electric
field value, determined by Vp and the net concentration of fonized impurities
N;;N; = n. '

Typical diffecentirl eapacitance transients obtained with GaAs containing
only EL2 are shown in Fig. 1 (a) and (b). It is seen that at 353 K there is 2

small field enhancement of the electron emission (by a factor of about 1.5,

manifested as a faster ACIACO decay) . This small emission enhancement conflicts
with the results of refs. 6 and 7, however it apgrees very well with
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obtained with a new technique9 designed to minimize effects of reverse current
' and dopant inhomogeneities on deep level emissicn, )

recently reported resultsﬁ At 293 K the effect becomes more pronounced,

The transients do conform tc an experimental decay, AC/ACo L] exp(—ent); it
should be pointed out that the low field values of the emission rate, e
. are consistent with the recently revised values for ELZ.“

The observed behavior is consistent with the Poole~Frenlkel effect whereby
the enhancement of emission from localized levels is caused by an-effective
lowering of the potential barrier surrounding the trapped charge.lz The rela-
tive increase of the emission vate in an electric field.]i, (associated with
the decrease of the barrier by SE(B) is e(E)/e(O)WeéﬁlkT. It is seen that the
effect becomes less pronounced ﬁith increasing temperature, consistent with
the results of Fig. 1. For a Coulombic barrier in Gads S6E = 2.25 x 10‘4(531/2
where 6E 45 in eV and &, is in V/cm. This change in the barrier in the field
of 4 x 105V/cm would lead to a 200-fold emission rate enhancement at 293 K and
about 70-fold at 383 K. Experimental values are 4 and 1.5 at 293 K and 383 K,
respectively. This much lower magnitude of emission enhancement 13 not sur-
prising, since the deep midgap level is expected to be far more localized than
the Coulombhic centers.

In some instances much larger field ewnission enhancementz were observed
than those in Fig. 1 (a) and (b). These apparent enhancements were found to
be invariably associated with GaAs—-Au diodes exhibiting relatively large reverse
bias current. Typical results are shown in Fig. 1 (c) and (d). These results
were obtalned on the fdentical GaAs sample as those of Fig. 1 (a) and (b).
Thus, after the results of Fig. 1 (a) and (b) were obtained from the Galds~Au
diode with characteristics shown in Fig. ¢ (diode A}, the Au layer was removed‘
and the Gads Ag(lll) surface was cleaned as outlined above. However, before
the new Au film was evaporated the cleaned surface was exposed to the room

ambient for a few hours. The resulting diode chavacteristics are shown in
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Fig. 2 (diode B). As seen in Fig. 1, the field enhancement of enission
rate for diode B is 30 and 50 at 383 and 293 K, respectively, i,e,, much

greater than for diode A.

It should be emphasized that both diodes exhibited the same C-V
characteristics; the same ionized impurity concentration and the ssme con-
centration of deep levels. Alse, for both diodes impurities and deep levels
were uniformly distributed within the depletion layer. Thus, the large
leakage current in diode B must be attributed to inadvertent surface

effects stemming from oxide layers and/or surface contaminants.

Thus, reverse bias current of a GaAs-Au diode can be respomsible for high

-

field electron emission enhancement apparently via impact ionization.lJ

The

role of the reverse bias current becomes perfectly clear by comparing two

transients in Fig. 1 (d) designated as Vg, and Vi they were taken at the

same low electyric field, 1.8 x 105V/cm, but under two different reverse bilas

conditions indicated in Fig. 2: VBl = -9.5V, J1 w5 x IO"I‘A/cm2 and vBZ = -4 V,

J2 = 3 x lO-SA/cmz. Of these two transients only the one obtained at the low
current density yields an emission vate which is equal to the low field value
for EL2. For the higher current density the emission rate is shorter by almost
a factoxr of two. This result shows that the effects of the reverse bias cur-
rent can be appreciable even under low electric fields, apparently because
impact jonization enhances emission from the levels in the entire dépletion
region; this behavior is in contrast to the real electric field effects (Pocle-

Frankeleffect or electron tunneling) which are primarily assocliated with levels
located in the high field zone of the depletion layer.

The study of the electron emission from the oxygen-related level ELO (in

the presence of EL2) was carried out using again differential capacitance

transients, but in conjunction with reference measurements on oxygen-free samples



containing only EL2, The presence of both levels led to two-component exponen~-
tial transients AC = Gc:e—tel + 5c;e“‘ez. where e, and e, are the emission
rates of EL2 and ELO, respectively; the slow component was the same as
emission from EL2 as measured in oxypen-free crystals.la By subtracting the
EL2 component we were able to obtain the transient corresponding to ELO. This
procedure could be carried out reliably only for low reverse bias current
diodes, provided, of course, the £L2 contribution was well defined from
reference measurements. We found that emission from ELO is essentially unaf-
fected by electric fields. Up to fields of 3 x IOSV/cm the emission rates
were the same as the low-field ones given in ref, (4).

For diodes with large reverse bias currents, the separation of the
transients is a very complex task. Nevertheless, we observed for ELO signi-
ficant electron emission enhancements by reverse blas currents which wvere |
qualitatively similar to those observed for ELZ,

Our results on the electron emission from the two midgap levels are shown
in Fig. 3. They were obtained with diodes exhibiting low reverse currents
and thus they must be considered as representing the upper limit of the real
effects of electtic'fields. These results are in agreement with those
reported in refs. B and 9. 1In Fig. 3 we present also results from refs, (6,7),
which show unusually large enhancement of the total emission rate. It was at-
tributed entirely to field-induced tunnelling from EL2, enhanced by phonons.
But in view of the present findings, the unusually high emission rates cannot
be attributed to the behavior of EL2 and ELO in electric fields. They must
be conasidered only apparent field effects and should be attributed to other

factors such as fmpact lonization or the involvement of midgap levels other



than EL2 or ELO. The very good agreement of present results with those
of ref. 9 is consistent witﬂ our assignment of the apparent fileld effects
to & large reverse curremnt, )

In summary, we have identified the real effects of electric fields on
the electron emission rate from the two major midgap levels ELO and ELZ, 1In

fields up to 4 x 105v/cm electron emicsion changes did not exceed a facter

of 4, which is well within the range of the Poole-Frenkel effects.
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14. Energies of ELD and EL2 are very rimilar., However, the emission
rate of ELO is about four times larger than that of ELZ due to
the larger value of the electron capture cross section. Detailed
enission rates vs., temperature values are given'in Ref, 4 for both

1evels.
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FIGURE CAPTICNS
Differential capacitance transients of EL2 for GaAs-Au Schettky
diode with normal reverse bias current (a and b) and for diode

with large reverse bias current (c and d); see text.

I~V characteristics of GaAs-~Au Schottky diode with normal
reverse bias current (dicde "A") and with large reverse current

(diode "B"); see text,

Emission rate of the midgap levels EL2 and ELO vs, electric
field. o0,e - present results obtained with diodes of normal
reverse bias current; A -~ cerresponds to experimental results

of Ref. 6 and solid line corresponda to theoretical electron
tunneling model of Ref. 7. The enhancement of the emission rate
in Ref, 6 and 7 represents the apparent effects of electric field

related to the dicde characteristics,

~
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FERMI ENERGY CONTROL OF VACANCY COALESCENCE AND
DISLOCATION DENSITY IN MELT-GROWN GaAs

J. lLagowski, H. €. Gatos, T. Aoyama(a) and D. G. Lin

Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

Abstract

We have discovered a striking effect of the Fermi energy on the
disiocation density in melt-grown GaAs. Thus, a shift of the Fermi
energy from 0.1 eV above to 0.2 eV below fts intrinsic value (at
high temperature, i.e., near 1100 K) Increases the dislocation density
by as much as five orders of magnitude. The Fermi energy shift was
brought ahout by n- and p-type doping at a level of about 1()]'7&1:0“3

(undey conditions of optimum partial pressure of As, i.e., under ‘
optimum melt stoichiometry). This effect must be associated with
the fact that the Fermi energy controls the charge state of vacancies,
"(i.e., the occupancy of the associated electronic states) which in
turn must control their tendency to coalesce gnd thus the dislocation

density. It appears most likely rhat gallium vacancies are the critical

species.
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It has been a common trend to treat dislocations in me;t-grown crystals,
and particularly in crystals groum by the Czochralski liquid encapsulated
(LEC) technique, within a framework of critical stress uu:\dels.l_5 Such
models assume that dislecatlions are generated in the solidified material '
when thermal stress exceeds certain critical values. The decrease of dis-

18

location densities by electrically active 1mpur1tiés3~6 @at levels >10 cm-a)

3,5-7 %ca3) has been treated

and by iscelectronic impurities (at levels >lO1
phenomenologically as impurity hardening effects which lead to the increase
of the value of the eritical stress. The effects of melt composition on dis-
locatlon density in GaAs were originally reported in the mid 60'8.8 More
recently we have shown that stoichiometry plays a key role in the generation
of dislocations under minimized thermal stress.g’10 By varying tue arsenic
sovrce temperature, TAs’ {(i.e., arsenic partial pressure or melt stoichiometry)
we found that the dislcocation density exhibits a pronounced minimum at an
optimum T, = 617 £ 1°C, We have further found that growth under “off stoi-
chiometry" conditions leads to ﬁigh dislocation densities which exceed those
found in erystals grown under pronounced thermal stress.lo

In the preseni communication we present experimental results which shed
a new light on the dislocation formation in GaAs grown under low thermal stress;
we show that in moderately doped crystals the dislocation density is controlled
- by the Fermi energy.

Single crystals of GaAs with a cross-sectional area up to 2 cm2 ware
grown using a horizontal Bridgman apparatus especially desipgned for the
precise control of growth parameters.9 The growth was carried out in a high
purity fused quartz boat (especially treated to prevent the melt from wetting

the boat) or in a pyrolytic boron nitride boat. The arsenic scurce tempera-—

ture, TAs’ was varled in discrete steps of 1° to 2°C, at 1~ to 2-hour Intervals

e P ik e R
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corresponding to 1 to 2 cm of growth, Lightly doped (5 x 1016cm—3), si-

doped, and Zn-doped melts were employed. The carrier concentration was deter-
mined from Hall effect and conductivity measurementa. Dislocations were
revealed using molten KOH etchiug,

In an earlier study we have established an optimum arsenic source tempera-
ture, 617 + 1°C, which leads to a minimum dislocation density in n-type
crystals.lo The present experiments confirm these results and further show
that the same behavior is also characteristic in lightly doﬁed p-type GaAs
crystals. Thus, in Fig. 1 we show the dependence of the dislocation density
on the arsenic temperature, TAs’ for p-type and n~type Galds crystals with a

6 -3

free carrier concentration of about 10%cn 3. A minimum disiocation density

of about 10 cm 2

is obtained at an optimum temperature 617 *+ 1°C. Deviations
from this temperature lead to an Increase of the dislocation density by as
much as two orders of magnitude, i.e., to dislocation densities which are
comparable to (or even hipgher than) those found in GaAs crystals grown under
laxge thermal stresses.

By increasing the doping level (but still maintaining it below the impurity
hardening regime) we found that the effects of p-type doping are entirely
different from those of n-type doping. These effects of conductivity type
and carrier concentration on the dislocation density in GaAs grown under optimum
TAs are quantitatively summarized in Fig. 2. It is seen that the transitiom
from n—-type to p-~type waterial enhances the dislocation density by as much as
five orders of mapgnitude. |

The key to undexstanding the formation of dislocation in GaAs grown

\minimizeds ’
under /thermal stress liea in the finite existence region of GaAs, i.e., in

deviations from stoichiometry at or very near the melting point. Thus, the

type and coacentration of vacancies in a solidifying crystal is controlled by
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the melt composition (i.e., the arsenic source temperature). During the
post-solidification coocling vacancies concentrations exceed saturation in
the crystgl, and vacancies can coalesce toc form defect complexes and dislo-
cations., The formation of dislocations from the coalescence of vacancies
requires the participation of vacancies from both the Ga and As sublattices;
hence a minimum in dislocation density observed under optimum melt stoichio-
metry {Fig. 1) is due to a minimum value of the product of the gallium vacancy
and arsenic vacancy concentrations. In general, the formation of dislocationsa
can be initiated by only one type of vacancy, such as vGa’ since the corres-~
ponding defect, VAs’ can be created upon migration of vGa’

It is well known, however, that vacancies in GaAs lead to localized
electronic 1evels.11 The occupancy of the levels, i.e., the charge state of
the vacancies, is controlled by the Fermi emergy. Obvicusly, the charge
state of vacancies must determine thelr concentration, migration, and
ability to coalesce.

Transition from p- to n-type GaAs caused by intentional doping shifts
the Fermi energy upwards in the energy gar increasing the concentration of
negatively charged, acceptor-type vacancies, and decreasing the concentration
of ionized deep donor levels, According to ref. 12, critical post-sclidificatiocn
defect interactioms In GaAs take place at a temperature of asout 31100 X. Thus,
in Fig. 2 we indicate the Fermi energy values of 1100 K corresponding to
the concentration of free carriers measured at 300 K.13 The plateau of the
dislocation density coincides with constant Fermi energy. ©On the n-type
region the dislocation density decreases when the added doncor concentration o
becomes comparable to (or higher than) the intrinasic carrier concemtration at

1100 K, while on the p-type region the dislocation density increases when the

{w»)
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acceptor concentration becomes comparaple to the intrinsic carrer concentra-
tion at 1100 K. This relationship is consistent with the ciitical role of
VGa' which din GaAs leads to an acceptor level c;ose to the middle of the
energy gap.ll The downward shift of the Fermf{ energy caused by th. n- to
p-type transition increases the fraction of neutral VGa which can readily
migrate and coalesce to form dislocations. In the n~type region the fraction
of charged Vcé is increased, and thus their coalescence and consequently,

dislocation formation is impeded.

The tnermal stress-induced dislocations are generated at temperatures of about

1300-1400 X
which are much closer to the melting point than 1100 K wlere nonstoichiometry

dislocations are formed. Thus, the effects of Fermi energy on the propapation
and multiplication of stress=induced dislocations would require a high con-
centration of electrically active dopant, exceeding 1018cm_3- This concentra-
tion range overlaps with that considered in "impurity hardening' phenomena.

In summary, we have shown that the Fermi energy controls the dislocation
density in GaAs (under minimized thermal stresses) since it controls the

charge state of the vacaiucies, and thus the extent of their coaleacence.

These phenomer:a must characterize compound semiconductors in general.

ACKNOWLEDGEMENT
The authors are grateful to the National Aeronautics and Space Adminis-

tration and the Air Foxce Office of Scientific Research for fimancial support.

b

P P NP - @ e



RS

—

-6 -

REFEREES

(a) Permanent address: Hitachi Research Laboratory, Hitachi, Ltd.,

2.

4.
Sn

6.

10.

11.

4026 Kuji~cho, Hitachi, Ibaraki 319-12, Japan,
A.5. Jordan, R. Caruso and A.R. Von Neida, The Bell System Technical
Technical Journal 59, 593 (1980).

M.G. Mil'vidskii and E.P. Bochkarev, J. Crystal Growth 44, 61 (1978).
M.G. Mil'vidskii, V.B. Osvensky and 5.3. Shifrin, J. Crystal Growth
32, 396 (1981).

M. Duseaux and G. Jacoh, Appl. Phys. Lett. 40, 790 (1982).
M, Duseaux, C. Schiller, J.P. Cornier, J.P. Chevalier and J. Hallais,
J. de Physique 44, C4-397 (1983).

G. Jacob, Semi-Insulating III-V Materials, edited by §. Makram—~Ebeld

and B. Tuck (Shiva, London, 1982) p. 2.

G. Jacob, M. Duseaux, J.P. Farges, M.M.B. Van Den Boom and ?.J. Roksaoer,
J. Crystal Growth 61, 417 (1983).

J.C. Brice and G.D. King, Nature 209, 1346 (1966); J. Brice, J. Crystal
Growth 7, 9 (1970).

J.M, Parsey, Jé., Y. Nanishi, J. Lagowski and H.C. Gatos, J., Electrochem.
Soc. 128, 936 (1981); 129, 388 (1982).

J.M, Parsey, Jr., J. Lagowski and H.C. Gates, Proc. I1I-V Opto-Electronics

Epitaxy and Device Related Processes, edited by V.C. Keramidas and
S. Mahajan, The Electrochemical Society, Inc., PFennington N.J., 1983)
p. 61.

M. Jaros, Advances in Physics 3, 409 (19bu).

(&’



12.

13.

-7 =

J. Lagowski, H.C. Gatos, J.M, Parsey, K. Wada, M, Kaminska and
W. Walukiewicz, Appl. Phys. lLett. 40, 342 (1982),
Fermi energy values were calculated using GaAs parameters compiled

by J.S. Blakemore, J. Appl. Phys. 33, R123 {1982).

("‘u



L

"'8"

FIGURE CAPTIONS

Figure 1. Dislocation density vs. arsenic source temperature
(melt stoichiometry) for lightly doped n- and p-type

GaAs,

Figure Z. Dislocarion density vs. 300 K free carrier concentration
for crystals grown from optimum melt stoichiometry and under
optimal thermal stresses.9 Upper portion shows the corres-

ponding values of the Fermi energy at 1100 K.
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ELECTRON MOBILITY IN MODULATION DOPED HETEROSTRUCTURES
W. Walukiewicz®, H. E. Ruda®, J. Lagowsk! and H. C. Gatos
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Cambridge, Massachusetts 02139

Abstract

Ll

A model for electron nbbility in a two-dimensional electron
gas confined in a triangular well was developed. All major scat-
tering processes, i.e., deformation potential and pilezoelectric
acoustic, polar optical, ionized impurity and alloy disorder were
included as well as intra- and inter-subband scattering. The wodel
is applied to two types of moﬁulation doped heterostructures, namely
GaAs~GaAlAs and 1“0.536a0.4753’510.521“0.48As‘ In the former case
phorions and remote ionized impurities ultimately limit the wmobility,
whereas in the latter, alloy disorder iz a predominant scattering
process at low temperatures. The calculated mobilities are in very
good agreement with recently ;eported experimental characteristics for

both GaAs-GaAlAs and 1“0.53680.d7A°-A10.52In0.48A8 modulation doped

hetarostructutes.
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I. Introduction

Tae advent of modulation (or selectively) doped hetercatructurea (MDH)
has prompted a wave of studies, both theoretical and experimental, on the two-
dimensional electron gas (2DEG). As MDH with exceedingly high electron

| mobilities have been cbtained, = new challenge associated with the under-
standing of the tranaport properties of the 2UEGC has emerged.

The concept of separating electrons from their parent donors in semicon-
ducting systems was originally proposed by Esaki and 'I'su.1 However, it was
not until Molecular Beam Epitaxy (MBE) technology was sufficiently developed
that such structures were grawn.z It soon became apparent that these typea
of structures are the key to a new generation of high speed semiconductor

de\ritzes.?"'7
Many of the studies concernéd with electron mohility treated the confining
potential &8 a square well; this treatment is only applicable to Multiple
Quantum Well Structures.8°l1 However, the highest electron mobilities have
been observed in Single Quantum Well Structures, where a triangular potential
well is a better suited approximation. The framework for the treatment of
two-dimensional electron transport in a triangular well was originally developed

12-14

for silicon inversion layers. This approach was adapted to the treat-

ment of scattering by fonized impurities, by alloy disorder, and by surface

roughness in GaAs-GaAlAs MDH.ls

The treatment, however, was limited to intve-
subband scattering, and therefore it was not applicable to higher gas densities.
Effect of doping of GaAlAs on the electron mobility in GaAs-CaAlAs heterostruc-
tures has been also considered.16 Since in MDH ionized impurity ecattering is
substantially reduced, even at low temperatures electron phonon interaction

constitutes an important mechanism limitng electyon mobility. The problem

of electron phonon scattering has been addressed in general terms,. and the
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difficulties a proper description of optical phonon scattering would entail,

especiaily at higher temperatures, were pointed uut.lzla

Electron mobilities
have been &lso calculated for GmAs-CaAlas MDH taking phonon scattering into
consideration}g however, the calculated valuzs are much lower than those

reported recently.2°'21

A simplified approach to 2DEG mobility calculations
in a triangular well has been carried out by adopting formulas valid for a
square well potential and using an effective width taken as the average sspara-
tion of the electrons from the 1nterface.22 In addition to these simplifications
alloy disorder scattering was not taken into account. *

An important feature of an electron gas confined in 2 2d potential well 4is
the quantization of the electron energy in the potential well leading to a
splitting of the three~dimensional conduction dand into two-dimensional sub-
bands. The importance of inte:—subbsnd_scattering has been implicated in numerous

experimental investigations.5'6'21'23

17,18

To date, however, apart from treatment

of the phonon acattering, the mobility calculations of 2DEG in MDH ‘have

been carried out considering only intra~subband scattering.zz’ls
In this paper we have formulated a model to calculate electron mobilities

in 2DEC confined in a triangular well, teking inte consideration all major

scattering mechanisms, and considering both intra~ and inter-subband scattering.zé’zs
This paper has been structured as follows: In Section II we discuss essential
features of the MDH used for the confinement of the electron gas. Also, the
enexgetic structure of 2DEG in a triangular well is described. The relaxation
times for all the considered scattering processes including intra—- as well as
inter~subband transitions are obtained in Section IXII. Remults of this section

| are then spplied in Section IV to calculate characteristics 6£vthe electron
uobility for MDH based on various conducting systems. The results are compared

with published experimental data, Summary and conclusions are given in

Section V.
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IX. Electronic Structure of Single Quantum Well

We consider the single quantum well at the interface of two semiconductors
of different electron affinities nn& band gaps. As showi sthemacically Iin Fig. 1,
the larger affinity semiconductor (S1 at z 20) is nominally undoped, while the
lower affinity semiconductor (SZ at z < Q) 1s selectively doped, i.e., it
contains the undoped region —d < z < O (commonly referred to as the “spacer")
and the region z £ -4 highly doped with shallow donors. As a result of the
electron affinity difference, electrons from the donors in S2 are transferred
to §1, and accumulate in the vicinity of the interface; this results in a strong
electric field perpendiculsr to the interface. This field leads to a quantization
of the energy band structur2: the subband energies and their separation depend
on the electric field. In general, the electric .field varies with the distance
from the interface, and an accurate description of wavefunctions and eigenvalues
would require elaborate numeriecal calculations. However, it has been found that
the single quantum well of the MDH can be effectively approximated by a finite
triangular well. In this appreach the eigenvalues and wavefuncticns for the
ground and first excited subbands Ean be expressed in a simple manner, using

one independent pakameter related to the electric fiald within the well., For

the ground subband (0) and excited subband (1), the wavefunctions ate:la’ls
: expl- 32)
-+ . Z expi\~
‘l’o(raz) = ¢k‘ K (r)xo(ﬂ) - ¢l< 1 el 3 (1a)
oty X7y (h:,2)1/2
b ED = Ox@ = A0 sep- 21 (1)
1% kerky T X1 ooy g3 2
o

where ¢k“.ky(¥) is the two~dimensicnal plane wave

e w3, 2 2,,1/2
A= [3b3b7 /4 (b, "b by + b “)]7 % and B = (b +b))/6.
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— ]t e e L%



[

-5 -
The parameters bo and l:a.1 were evaluated by comparing the roots of the wave~
functions and their first derivatives for (0) and (1) subbands, given by egs.
(1a) and (1b) with voots of corresponding wavefunctions derived from the
Airy~function sclutions for a triangular well. For a given effective mass of
the electron, m%, there is a relationship between bo and bl. Thus, for GaAs
it is found that b ==0.754b°. which in turn gives the following relationships:
Ax 0.&7(1)0)3. B = 6#.292!:0. Therefore, the forms of the wavefunctions {(la) and
{1b) are determined by one parameter, bo. On the other hand, the parameter bo

is determined by the electric field within the well, or equivalently, by the

electron pas density, bo ] (Ns)0'36. (2)
The energles of the (0) and (1) subbands are
| $22
EO,l(k) - EO,! + S (3

where k = (kx.ky) is a two-dimensional wavevector and Eo ) are the energy band
»

minima of the ground (0) and excited (1} subbands, respectively., The total .

number of electrons inthe well per unit area, i.e,, the electron gas density,

Ns. is given by the equation,

ok Jmax
Ng=—3 I R (EeE)) (%)

]0for£< o
lJforE2 o

where @Q(E) =

The equation (4) is used to determine the Fermi wavevector for the electrons
in the ground subband.
In our approach the energy separation.Alo = El-Eo dsvends on the electrice
field, or eguivalently on the parameter, bo; For exapple, for the case of GaAs
4, = 1.23 x 1671 b )1 Pnev. (58)

1 crit

where bo is in cm ~. Thus, the critical gas density ﬂs &t which the Fermi

energy Ep reaches the first excited subband is given by,

o a  mt _was e o mmeE 2 T
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- cric _TWhe _erit
10 F Ns (5b)

since b o C2n be expressed in terms of Ns in the present model (see eq. (2)),

one has to include only two parameters, N, and Norit

o » to completely define the

system.
In equilibrium the transfer electrous from the doped region te the well15

of the MDH shown in Fig. 1 is poverned by the following equatién::
E +E. =V = - hﬂez(ns *'Nd%gl)z - 4%92 (N + XN )d (6)
(\] F o Bb 2 < N H £ 8 depl

where V; is the conduction bahd energy offset, Eb is the donor binding energy in
the doped part of semiconductor 52, € is the static dielectric constant, Ndepl
is the areal concentration ¢f ionized donors in depleted regions of (S1). The
above equation was used to calculate the concentration of ionized remote impurities,

P
Ni’ as a function of electron gas density, Ns’ and undoped spacer width, d.

11I. Scattering Mechanisms

There are certain features which distinguish electron transport in two-
and three-dimensions. For example, in the case of ionized impurities, there -
are two distincrly different types of scattering in the two-dimensional case:
Electrons can be scattered by remote impurities located within the doped region
of the 82 sewiconductor as well as by residual background impurities in the S1
semiconductor. Also, there 1s the possibility of scattering by interface
charges, located at the heterojunction interface.

The dominant scattering mechanisms for bulk III-V compounds are now well
established.zsIn our calculations of electron mobility in the 2DEG we included
all these mechanisms, and in addition included scattering processes unique to
the 2DEG structures, as alluded to ahove. We consider a range of electron
gas densities which justifies the use of degenerate electron statistics at
temperatures delow 60 ¥X. Therefore, the inverse of the total relaxation

time 1/1to can be calculated from the sum of the scattesring rates for the .

t

(v

ly
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individual processes:
Use, = § U7y §)

At higher temperatures, relation {7) may not be valid due to the
limited applicability of degenerate statistics, and also of the relaxation
tinme approximation for the polar optical phonon scattering. However, for
temperatures higher than 60 K the scattering in 2DEG is dominated by polar
scattering. Accordingly. we have calculated this scattering separately wsing
general Fermi-Dirac statistics in a three-dimensional abproximation. In
our calculations of electron transport, we consider the two lowest subbands
(0) and (1). In general, to calculate electron transport in such systems, one
must treat the two subbands as coupled through intersubband (0+1) scattering.
For low electron gas densities, subband (1) is empty, and the conductivity
within this subband does not contribute to the total conductivity. The major
effect of subband (1) is through the density of the final states available for
the scattering of electrons; it increases abruptly when the Fermi energy exceeds
the energy separation between two aubbands,lﬁlo. Intersubband scattering would
result in an abrupt decrease of the electron mobility for electron concentrations

crit

exceeding Ns . However, since the actual density of states function is broadened,

one expects a gradual increase of inter~subband scattering for “s eclose to chit.
We included these effects by considering the bzoadening to be described by a
simple Lorentzian function with energy independent broadening parameter I. The

relaxation time for inter-subband scattering is then modified in the following

way:
\ E-E
1 -1 1 .7 -1 1
=3=0) - (—.T.-) St [= 4+ tan T )3 N ()}
Ti(E> broad Ti ) unbroad. n 2 r
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Phonon scattering

It has been shown2§ that phonon scattering plays an important Yole in

limiting the electrom mobility in III-V semiconducting compounds. The most

important phenon scattering processes are: (i) deformation potemifal acoustic,
{11) pilezoelectric acoustic, and (£1i) polar optical scattering. To calculate
the matrix elements for the appropriaste scattering process, a quasi three-
dimensional approximation was adopted, in which the perturbing potential has

a spherical 3d type symmetry. Using the two-dimenslonal wavefunctions of

equation (1), the square of the matrix elements fox phonon scattering are:

b6
|1, 12 -p:woti)leiailwocn)>lz =T BCR-RD 9
b2+t

where

6’ - (q,q ) and R= (¥,z) for intra-subband scattering, and
AA?qz

1,12 = ka1 Ry @02 e B sk - E-D (0
(a'+q, )

where a = 3B = (bo+b1)/2 for inter-subband scattering. The relaxation time
for deformation potential scattering is given by
R 2%
1 av ( _ 2 * o T
O.l 2k Jo @ quz )qdqci(l coa) (Io.ll Glso(k) EO.I(k+q)l an
1 .

where 1 refers_to either deformation potential or plezoelectric scattering,

D2k T
with Ci-cacr 2cl for the deformation potential scattering and
e2k TP2
C,»C for pilezoelectric scattering. 6 1s the angle between
.1 Tpe 6 (q2+q2)

K and k+q, D is the deformation potential comstant, P is the piezoelectric

coefficient, Cl is the longitudinal c¢lastic constant, Rﬂv is defined by the

equation,
= (m + 1) = b kp 12)
ZkBT
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A
exp( kBT )-

where R = (
P

The factor Rév approximately accounts for the phonon occupation number at very
lov temperatures, where the phonon energy hutk, is comparable to kBT. We have
approximated the average wavevector of phonons participating in the scattering
process by the value of the electron wavevector at the Fermi energy. To a
good approximatfion th equals unity at temperatures exceeding 5 K. At very low
temperatures NS’O, and thereforé, as seen from equation (12}, the
relaxation rategs for phonons saturate.

Standard integration of the equation (11) gives the following results for

the relaxation times.

2
1 3] kBTbo
= R (13)
° 16?\30 av
ac L
and 1/‘1':l =b /%)
ac eff’ "ac o ?
b 24
eff 3 5 (14)
For the piezoelectric scattering,
1 ezk.BTsz* )
- I(k,b ) 15)
° 2re 1‘|3k2 °
pe 5

ancar?-b2) - ain(sbZ-8i’)
where I(k,bo) = 5° 733 -
166> (4k* = b2)




- 10 =

L 2k -141(2 - bi
—=——log ¢ ===yt 2k > b
{413-b2 2% +YakZ - b2
3 ; o o

16(4iE-b2)?

2
2 Arcos (ﬁk-) : 2k< b
Vbz-—!okz b; o °
o [+
and
2A2e2k3'1‘1’2m* q.dq.
T- 3 NI (16)
2 eb (+e2) (442

- =
The relaxation time for}éﬂﬁﬁsﬁalscattering was obtained in an approximate
manner. Since the wavevectors of electrons in the excited subband are much
smaller than those in the ground subband, we have assumed that the oavevéctor
change can be approximated by Ii;—ﬁl[ X Ii;l = kg» This is a good approximation
for the slectron density Ns’ which 1is not much larger than N:rit.

Both of the aforementioned scattering processes are elastic, and therefore
the relaxation time approximation could be used. However, polar optical
scattering in GaAs is highly inelastie, due to the large optical phonon energy,

\Jherefore, a proper treatment of this .
hmo = 36 meV.inechanism in 3 two-dimensJlonal formalism, would necessitate the
inclusion of all the excited subbands which are separated from the Fermi energy
by less than the optical phonon energy. The scattering rate is thus the sum of
many inter- and intra~subband scattering processes over a wide energy range.
This will result in a swearing out of the features which are characteristic
of confinement of electrons in a two~dimensional system18 including the
electron density distribution within the well, Therefore, i{L can be argued
that the three~dimensional approach to polar .optical phonon scattering is
justifiable also for 2DEG. Accordingly, the optical phenon contribution was

calculated using a variational method developed for bulk semiconductors.27

(*)
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Alloy-Disorder Scattering QF POOR QUAL‘W

For MDH invelving ternary compounds, the additional scattering due to
alloy disorder potential should be included, Two distinct types of herero-
structures may be invisaged in which the 2DEG is confined either within the
alloy, or within the compound semiconductor. In the latter case, alloy dis-
order scattering affects only the electrons which have penetrated fnto the
alloy. In the former case, practically all of the electrons are subject to
alloy disorder scattering. As both deformation potential acoustic and alloy
disorder scattering result from short-range potentinls, there is a formal
similarity between the relaxation times in both cases. Thus, for 1htta-snbband

scattering the relaxation time can be written 3528‘29

2

1 - miy (1-%x) <V> 0,1
0,1 ﬁ3 alloy an
Tnlloy

vhere x is the mole fraction composition of the ternary alloy, <V> is the
alloy disorder gcattering parameter, f1 is the unit cell volume. For electrons

within the alloy,

0 = 4 3

Ialloy - [ lxo(z)l dz = 7e b » (18)
o

1 2 2, _ .3

Ialluy = J“|x°(z)l IXI(Z)I dz 16 beff (19)
o

with beff given by eq. (14). However, for the 2DEG within the compound semi-~

conductor,
(°]
o - “ 4
Iolioy j Ix (z)]"az (20)
and
o
1 - ‘ 2 " 2
Talioy J [x, 2)]7Ix; €z} |"az (1)
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where

X, (z) = M exp(Y2mdV fh°z) for z < O is the part of rhe wavefunction
0,1 0l o
for both ground (0) and first excited subband (1), which describes penetra-
iion of the electron gas into the alloy. For large parameter VO,MO and Ml can
be approximately determined from the balance of the forces acting on electrons

at the interface. Using the approach of ref. 15, one obtains,

2
2 N 4ne 1 :
1% % T (3 N + Nygpp) (22)
8 0
and
2 4ne
[y |7~ 2 (8N, + Ny ) (23)
8 O
2
where g = 1--£’-A 3[ 6 ) 4 3 +-l2-
bfatb )7 (=+h )% (365 )b b

- — (.__LQ.._2+__4_...§....1;_2.)]

at+b
[+ (a+b0) (a+b°)b° bo

In our calculations the screening of acoustic phonon and alley disorder
scattering by free carriers was neglected., This effecc certainly should be
included for all long-range interactions such as electron-piezoelectric acoustic
phonon interaction. However, it is not obviocus whether the short-range poten-
tials, such as alloy disorder and deformation potential acoustiy shnuld be
screened by free carriers. Most of the analyses of transport in three-dimen-
sional electron gas have neglected this type of short-range potentinl screening.

Tonized Impurity Scattering

The scattering of electroms confined in a triangular weill by a screened

ionized impurity potential was originally considered for silicon inversion
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1ayers.12 the relaxation time for tnis scattering process can be written

in the following general forﬁ.ls
2 [* P
1 2ne dq (1-cos8)
51 h dz}li(z) de q -——-52( )
ion 9
—- 0
-+ + =+ 4 0,1 2
S{E(0) - £y (DI (ay2)] O
where |
Fo’l » * - - »
(q,2) = [dz°x (2%)x, ;(z"Jexp(-qlz-2"]), (25)
]
e
e(q) = €. (1 30 (26)

and 9 is the screening parameter defined in the appendix.

As an approximation for the dielectric function for inter-subband scat-
tering the djielectric function for ground subband was used. This approximation
is expected to be good, as long as the occupation of the excited subband is
small. The function Ni(z) represents the impurity distribution in the hetero-~
structure and is shown in Fig. la. The integration over z can be divided into
four integrals, corresponding to remote scattering from the doped region of the
82 semiconductor, (e:-d) the undoped spacer (=d<z<0), from interface tharges at
;-0 and from background residual impurities in the undoped semiconductor
(2>0). The expressions for relaxscion times due to all of these scattering
processes are given iyx the Appendix,

As discussed in the previous seztion, eq. (6) gives the relationship
between the 2DEG density in the well and the concentration of remote ionized
impurities. Thus, the onily unknown parameters are the densities of residual
ionized impurities in the spacer, N:, residual impurities in the well, Nb.

and the charge localized at the interface, Nigt. It should be noted, however,

¢
- s

L ]
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that the contribution of ionized impurities located within the spacer is
negligihle for densities lower than about 3 x lolsmi's.

Another scattering mechanism vhich tas been found to be important for
silicon inversion layers 1s the surface (or interface) roughness lcattering.ls
In the case of MDH, part of this ucattering process 18 included in the alloy
disorder scattering. Furthermore, interfaces extremely flat (on an atomie scale)
are obtainable by the state-of-the-art MBE, end rhus, this scattering mechanism
was excluded from the present calculations.

IV. Mobility Characteristics of Modulation Doped Heterostructures

lattice matching represents one of the most severe limitations orn achieving

high quality MDR. To date, three semiconducting alloy systems have been shown

to be suitable for MDH, namely, GaAs~(Ca,Al)As, In 30

31,32

As - InP”" and

0.53%%0.47

I“o‘sac‘o.47"‘1“0.48510.5253' In the first case, the 2DEG is primarily

confined In the GaAs, wheveas in the latter two cases the electrons are located
within the In0 53Gl0 A7As. In Table I, all the parametera used to calculate
the electron mobility are listed. The values of the effective masses given

are somewhat higher than for the bulk material; this 1is commonly attributed

15

to the non-parabolicity of the conduction band. There is a large margin of

uncertainty regarding the values of the alloy disorder parameters. However,

several studies on GaAlAs have estimated this parameter ta lie in the mnge

35,36

of 0.8-1.0 eV, In the case of (Ga,In)As MDH, since alloy disorder scat-

tering dominates low temperature scattering, we were able to determine this
parameter by {itting the available experimental dataal with our theoretical
model.

The highest electron mobilities reported for MDH were obtained for the

20,21

(Ga, "1)As-GaAs system at low temperatures. In faet, most of the work on

single quantum wsll=MDH has been reported for this system.
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Temperature Dependence of Mobility

A basic wmobility characteristie of MDH, which reveals the importarce of
the different mechanisms, is temperature dependence of the electron mobility.

In Figs. 2 and 3 the calculated electron mobilities in the range 1-300 K are

given for (GaAl)As GaAs together with experimental data of refs. 21 and 20,

respectively. The component wobilities are also presented. At hi 4t temperatures,
polar optical phonon scattering is the dominent scattering mechanism; on the
other hand, at low temperatures electron mobility &s limited by deformation
potential acoustic and piezoelectric acoustic phenen scatiering, together with
alloy-disorder scattering and ionized impur£t§ scattering. ' The equilibrium con-
centration of remote ilonfzed impurities in the doped region of the semiconductor
82 1s related to the interface electron density Ns and the spacer width, d, by
equation (6). Therefore, remote ionized impurity scattering is always present
in MDH. Thus, an “inherent limit" determined by alloy disorder, phonon and
remote lonized impurity scattering, exists for a given MDH. In Fig. 2, thé
inherent xobility limit saturates at low temperatures at about 1.5 x loﬁcm2/Vs;
the experimental data points of ref. 21 lie very close to this limit, indicating
that the other scattering mechanisms are not significant in this case. Slightly
lower values of experimental mobility at low temperatures may be attributed

to temperature-independeni scattering processes. In fact, an excellent agree-
ment is obtained when a small contribution from background ionized impurity

3em 3 (which s very close to the

scattering at a concentration of 9 x 101
ionized impurity concentration one expects for "undoped" GaAs) 1s included.
This result is & clear indication that additional scattering msechanisms such
as surface roughness and/or interface charge scattering are not appreciable in

this case. Alloy disorder is also insignificant for such low electron densities,



W T

13

fal

- 16 =

As seen in Fig., 1, these mechanisms only contribute at very lov temperatures,
resulting in a slight lowering of the abzolute limit defined purely by
phonons.

In Fig. 3 experimental results of ref. 20 for MDH with spacer width of
230 A are given, together with the results of the theoretical calculations.
The solid pointe correspond to experimental data taken im the dark. These
experimental uobiiities are much lower than the inherent limitr. To account
for :hia discrepancy additional contributions are required from

scattering by background impurity, interface charges and/or

surface roughness scattering. The higher mnbility values (open eircles in
Fig. 3) correspond to cCata measured under illumination. As a result of the
persistent photoconductivity effect, illumination increases the 2DEG density

1 o2 to about 3.8 x lOllcm.z. Taking this inte

in the well from 2.2 x 10™"cm
account, we have calculated the total electron mebility both in the dark and
under illumination, assuming additional contributions from backgroumd ionized

impurities at the same level of 1 x lOlscm-s

. Good agreement with experiment
is seen in Fig. 3 at both electron densitiea. As discussed in ref. 15, the
surface roughness acattering rate rapidly increases (corresponding mobility
decreases) with increasing Na; therefore, the obsexrved mobility increase upon
increase of Ns could not have been explained 1if surface roughngas scattering
was impovtant.
The saturation of the phonon-limited electron mobllitry at very low
temperatures results from the temperature dependence of the phonon accupation
(see eq. (12)) and leads to a saturation of the absolute electron mobility at .

A8 x 106 cmZ/Vs for Ns = 38x 1011 and at 1.8 x 107cm2/Vs for Ns 2,2 x 1011'
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Electron Density Dependence of Mobility

The 2DEG density may be continuously varied in MDH by extermal means:
for example, illumination or gate voltage. Corresponding mcbility changes
are very pronounced, and they are of practical and fundamental importance.

In Fig. 4, the calculated values of component mobilities of individual scat-
tering processes are given as functions of Ns. There are two reasons why these
processes exhibit Ns dependences; first, direct dependence on k vector, and
secondly dependence on the parameter bo. For example, acoustic deformation
potential scattering mobility decreases with Ns’ sclely due to the dependenﬁe
of bo on Nﬁn derived using considerations of section II. Alloy disorder
scattering exhibits the strongest Ns dependence, which originates from the
enhanced penetration of the 2DEG into the alloy with increasing Ns (see

eqgs. (22} and (23).

The alley disorder mobilty values in Fig. 4 are wore than one order of
magnitude greater than movility calculated by Ando,ls for the same MDH and
using the same alloy disorder potential. The reason for such & large discrepancy
is not known at present} however, it certainly cannot be attributed to opur
approximate description of the penetration of the electron gas into the GaAlAs.
It should be emphasized that the present model is in agreement with calculations
reported in vef. 28. Using our formulae, we have calculated alloy disorder
mobility limited by scattering within the barrier of InP-In(Ga)As, i.e., for
the conditions similar to those outlined in footnote 9 of zref. 28, Adopting

the same set of parameters we obtain u 1.06 x 108cm2/Vs as compared with

alloy Y
the value 9.5 x 107cm2/Vs of ref. 28.

The increase of the experimental wobility seen in Fig, 4 with increasing

Ns may be attributed to the presence of background and remote ionized impurities.

The mobility due to these scattering mechanisms increases strongly with Ns.
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Accordingly, as seen i Pig. 4, for the MDH with the apacer width d = 150 A
the ionized impurity electron mobility can be expressed in the form pNNZ with
v = 1.4 and 1.2 for remote and background impurity scattering, respectively.

At higher “s’ wvalues ( >7 x lollcmz). effects of inter-subband scattering
are important. They result in a lowering of the electron mobility compared
with simple intra-subband scattering, as seen in the insert of Fig, 4. The
most proncunced drop in the electron mobility is obtatned for alloy disorder
scattering; this may be attributed to the large overlap of the parta of the
electron wavefunctions for ground (0) and (1) states, which describe penetration
of the 2DEG into the GaAlAs. On the other hand, inter-subband scattering for
remote jonized jmpurities at finite spacer widths is negligible, owing to the
exporential factor exp(-ZIﬁo-ilid) (see eq. (A2) of the Appendix), The combina~
tion of all the aforementioned scattering processes can provide an excellent
explanation of the experimental date of ref. 21, both at 5 K and at 77 K. In

the latter case optical phonons were included, with “ont % 6.5 x loscm?/Vs.

Spacer Width Dependence of Mobilily

The basic concept of MDH is to separate the 2DEG from paremt fonized donors,
thereby limiting ionized impurity scattering from these remote centers, This
consideration would dictate maximizing the spacer width, 4, to maximize the
mobility, However, according to eq. (6) an increase of 7 leads to a decrease
in the 2DEG density in the well, which has a deleterious effect on the
electron mobility,

Importance of high Ns is highlighted in device applications of MDH, where
one is more concerned with maximizing the channel conductivity (ach - eNsue)
rather than just the mobility values. Fig., 5 gives the calculsted component

electron mobillities evaluated at maximum c¢onductivities az a functionm of d.

f.
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The inherent mobility limit increases rapidlywith increasing spacer width,
veaching mobilities of about 2 x 106cm2/Vﬂ at large spﬁcer widths (>350 ).
The introduction of 1 x 1015emf3 background ionized impurities significantly
alters this dependence, resulting in a peak mobility atciailso A. Higher
background impurity concentrations shift the peak wmobllity tc successively
lower d values. The background concentration as a function of 4 at which
the electron mobility attains its maximum value i1s given in Fig. 6; for MDH
exhibiting high mobility the maximum shifts to very large spacer widths.
This behaviox can qualitatively explain the reported mobility dependences on
spacer width given in the literature; it has been found that in very high

20,21

mobility MDH the mobility increases continuously with d, whereas it

has a distinct maxima for lower mobility HDH.37
In Fig. 7 the maximum inherent conductivity °::§ (maximized with respect
to R, at a given d), s plotted versus spacer width. Also, the N and Ng values
required to maximunm O4nh 8T given in this figure. ?he ionized impurity scat-
tering is very sensitive to the distribution of ionized impurities and is there-
fore altered by smearing out the doping profile resulting from diffusion of
impurities into the space, or even the well. This would have an especially
profound effect at small spacer widths., However, it should be negligible for
MDH with larger spacers exhibiting higher electron mobilities.

In(Ga)As-Based MDH

MDH based on In 30 oY

0_536a0.47A5, and lattice matched to either InP

Alo 52‘“0 48A331 have recently attracted a lot of interest. In these Struc-

tures, the 2DEG is confined within the ternary compound In(Ga)As rather than

on a binary system (GaAs) discussed above; thevefore, it has been scon

28,29

realized that alloy disorder scattering should play a much more prominent

Tole. We have applied our model to the In0.536a0_47As-A10_521a00h8As MDH.
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Fig. 8 givea the total electron mobility, calculated as a function of
temperature using the parameters listed in Table I, and compavred with the

11

experimental dats of ref. 31. As stated in ref. 31, for N >4.5 x 10 2

cm ©,
the first excited band {5 already occupied, and thus inter~subband scattering
should be included. We have calculated the electron mobility including both
intra- and inter-subband scattering processes. It should be noted that ocur
results for the intra~subband alloy disorder scattering are in very good agree-
went with calculations of ref. 28 where only the ground subband was considered.
Inclusion of the inter-subband scattering results in about 29 lower alloy
disorder mobility., Background impurity scattering was calculated using the
limits for the background ionized impyrity concentration given in rei. 31

o -

experimental values at low temperatures, we were able to determine rhe alloy

0.5telx 1016cur3). By fitting the calculated mobilities to the

disorder scattering parameter in this system. This determination is believed
to be very accurate, as alloy scattering is the primary scattering mechanism
limiting the electron mobility. Within this range of background imnurity
concentration, we have determined this parameter to be in the wange 0.55 -
0.63 eV, which compares favorably with the bulk value of 0.80 eV as determined
in ref. 138,

In the case of InGaAs-GaAlAs MDH, one may expect a different electron
mobility dependence on Ns compared to GaAs-GaAlAs MDH. This originate§ from
the opposite dependence of the electron mobility on N, for alloy disorder
scattering as contrasted with ionized impurity scattering. Ns dependence can
therefore provide information about the relative contribution of alloy disorder

scattering to the total mobilicy.

£

trma
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Summary and Conclusions

In conclusion, we have presented a model for electron mobility calculations.
which 18 directly applicable to single quantum well modulation~doped hetero-
structures. In this model a tyriangular well approximation for the confinement
potential was used. All the major scattering processes were ineluded, con-
eidering both intra- and inter-sushbband transitions. Therefore, all the
basic mobility characteristics of the 2DEG could be explained. We success~
fully described electron mobility over a broad range of ¢(emperatures (1-300 K)

and electron densities (1011

-lolzcurz). These calculations provided limits
on the electron mobilities that are attainable in various semiconducting
systems. In GaAs-Ca; Al As heterostructures the inherent mobility limit
inzreases with decreasing temperatures, reaching at very low temperatures a
limit of about 2 x 10° for x = 0.3 and at large spacer widths. On the other
hand, feor Ino.53630.47bs-hased heterostructures, alloy disorder scattering
limies the mnbilit} to a level (mloscmZIVs) at tepperatures below 60 K, An
accurate determination of alloy disorder scattering potential parameter, <V}
for InGaAs mixed crystals was therefore made. For both semiconducting systems
considered, at temperatures above 60 X, optical phonons begin to limit the
mobility. Furthermore, we have analyzed the effect of spacer width in
optimizing channel electron conductivity. Our results show that for the highest
quality heterostructures maximum channel conductivity 1s only achieved at very
large spacer widths, whereas for heterostructures exhibiting mobilities well
below the inherent limit, an optimum spacer width is predicted.
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TABLE I. Parameters employed in present publicatiom,

MDH GaAlAs-GaAs

Ing 530835 47

As=Al, oIn, ,gAs

Parameterx

Electron effective 0.0?6%a
mass, m¥

Deformation 7b
potential D{ev)

Elastic coEstant, b

11
¢, (dyn/cm?) 13.?7 x 10
Plezoelectric c
constant, P 0.064
Static dielectric

constant, €

12.9°

High freqency die- 10 9b
lectric conmstant, €, ¢
Optical phonon
energy, ﬁwo {meV)

Alloy disorder
parameter, <V (eV)

Conduction band
energy offset, VO, 0.3
(eV) .

b
13.09 x 10*t

0.034°
13.8 b
10.3b
39.3b

0.63 - 0.55

0.538

ARef. 33
Ref. 26
Ref. 34
Ref. 35
Ref. 15
Ref. 31
gRef. 30

Hh O A N o
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APPENDIX

° The integration in eq. (24) for the ionized impurity scsattering rate
can be divided into four integrals, corresponding to regions of different
ionized impurity concentratrion: (1) remote icnized impurity scattering from
the heavily doped region, z < «d, with N (z) - N : (2) remote ionized
impurity scattering from the ions located within the spacer -d < z < o with
Ni(z) - N:.
regions can be expressed in the form

Scattering rates from the lons in both of the above-mentioned

6
1 b, [n + (Ng- e *¥ ] qdq

c -2 | (A1)

1T " % .2
: { 2
Tr.s k o PD(q’bO) ék?'q

for intra-aubband scattering and

-2qd

-2k d
1 s Y .6 ¥
-1 Clpl(kp.a)[N1 + (Ni Njde ] (A2)
r,s

- lzanm*e4 szm*ek

for inter~subband scattering where C , Cl - ;3—5——- N
[
s

a h3 si

a = (b°+b1)/2. po(q'bo) = [Bq(q+bo)3+ 4 (8b3 + 9bzq + 3b Qz)lz-
2 o2 2 E E -1
A (o + 2k) » 28 m*
and q == {[1+exp(~ )]2n[1+exp( )})
(k+qs)2(k+abﬂk 8 “2 k T k T kBT
14
is the inverse screening length. As seen from eq. (A2), the inter=-subband

Pl(ktu) -

scattering rate due to remote ionized impurity scatrering depends on the

exponential factor exp (~2de) which becomes very small at large spacer width,

' d. Scattering from charges located at the interface with N (z) - Ni"tﬁ(z)
gives an inverse relaxation time of the form,
2k
1 b: iﬂc qzd
« 2C =4 (A3)

o o 2
Yint k P, (asb) J 4kmg?

- rs
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for intra-subband scattering and

. - = 20,P, (K )k N (a4)
int

for inter~subband scattering. Although the concentration of residual
background ionized impurities is typically very small, their proximity to
the 2DEG results in very effective electron scattering. The scattering rates

for intra- and inter-subband scattering are, respectively

0.5
b
A 400“1 F(x) (1-2%) dx ' (A5)
0 2
Th bok X, - (0.5x)
°| _xk N
where
Py = 189 = 336x + 6307 - 580 + 264 - 4gx’)
[ 32(1~2x) (1=x)° + £ (10 = 15x + 6x2)]°
k 9s
x . L nmd ——
k and B ~
bO h0
and
2 b
BA™N
1 i cgkgf
e R i - 2C(KIR(K) + T{k
R v A R e L L (ae)
-1~ 3B
where C(k) = 1 —k
a a 28 6a
R(K) = =2 4 3 > 23* 3
(o+k)*  (aek)’ (oK)
2 2
T - ;2 . a a, . a) + 2a a, . 3{a°a3-fjg2—l . 3152-9-23133] .
& 2“2 403 4(;4 [‘05
10a,a, 452>
273 2%
3 7’
a Ba

(v
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’o a»k+1

al = (a~k)[1 -

)

- A3 -

(0-k)3 + 3B(u-k?
(otk) 3 (a+k)!‘

RS W T %
(atk)? O (atk)?

.'.(9:.&23 (1 -8k _ 38 3BGal)
2

atk a-k (a+k) 2



Fig. 1.

Fig. 2.

Fig, 3.

Fig. 4.

FIGURE CAFPTIONS
Schematic representation of (a) the doping profile, and (b} the
energy configuration for a single quantum well modulation doped
heterostructure; aee text.
Temperature dependence of the electron mobility in GaAs~GaAlAs

heterostructures. Points are experimental data of vref., 21 for

& carrier density of 3 x lollcm—z. The curves are calculated

mobilities for this carrier density and a remote ionized impurity
6 =3

concentration of 8.6 x 101 cm T

Temperature dependence of the electron mobility in GaAs-GaAlds

heterostruccure. The experimental data of ref. 20 were obtained

in the davk - @ and undey illumination -~ o with Ns = 2.2 x lollcnrz

and 3.8 x 101lem-2
ffespectively. e component mobiliries given in the figure were

calculatad with Ns = 2,2 x 1Dllcm—?

Electron mobility &t 5 K and 77 K versus interface carrier density.
Solid and open circles correspond to the experimental data of
ref. 21 measured in the dark and under illumimation, respectively.

Theoretical mobllities were calculated using remotes and background

6 -3 3

ionized impurity concentrations of B.8 x 101 em ~ and 1 x 1015cm" .

respectively, The critical concentration is 8 x lollcm—a corres~

Q =2

ponding to Nde - 5x 101 cm . The insert shows the effect of

P
inter-subband scattering. The upper curves correspond to the intra-
subband mobility, while the lower curves include the effect of the

inter-subband scattering with the broadening,paranetef = 0.5.



Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Electron mobility values at maximum conductivity (eﬂ‘ue) versus
gpacer width for GaAa-Ga0.7A10'3As at 5 K. The "total' curve
corresponds to a background impurity comcentration 8: =] x 1015cm—3.
Background ionized impurity concentration and mobility fox
GaAs-Gao'7Alo_3As as 8 function of spacer width at which mobility
attaing ics maximum value.

Maximum inheront channel conductivity (maximized with respect to

the charge density) as & function of the spacer width. The cor-
responding charge density and remote ionized iwpurity concentration
are also given in the figurc.

Electron mobility is InD.SSGaO.&7“5"A10,52x“0.48A’ with 80 R spacer
width., Experimental data points are from ref., 31, The theoretical
wobllity was calculated for Ns taken from ref., 31 with N:tit -

4.5 x J.(J]'lc:m"2 and Ndep = 0, The upper and lover background ionized

i{mpurity limited mobilities correspond to N? = 0.5 % 1016 a

lsx 1016cm}6. respectively. Alloy disorder scattering potential

nd

was used as a fitting parameter.
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PARTI1ALLY-CONFINED CONFIGURATION FOR CRYSTAL GROWIH
FROM THE MELT IN ZERO GRAVITY ENVIRONMENT

J. Lagowski and H.C, Gatos

Massachusetts Institute of Techuology
Cambridge, Massachusetts 02139

Abstract

A novel partially-confined configurationtis proposed for the growth of
semiconductor crystsls from the melt. A triangulir prism is employed to
contain the growth melt. Due to surface tevsion, the melt will contact the
prism along three parallel lines. This partial confinement will force the
melt to acquire an eiongated cylindrical shepe needed for directicnal
solidification. The three empty spaces between the eylindrical melt and the
edges of the prism will sccommodate the expausion of the solidifying
semiconductor, and in the case of semiconductor compounds with a volatile
constituent, will permit the presence of the desired vapor phase in contact

with the melt for controlling the melt stoichiometry.

Background Remarks

The advantzges of zero gravity conditions in solidification in genersl and
semicoaductor growth in particular, stem primarily from the suppression (or
virtual elimination} of thermal convection and solutal convection in the
melt.(1) As demonstrated in early experiments, elimination of thermeal
convection caused impurity segregation to proceed under ideal diffusion
control conditions ard led to a uniform dopant distibution and enhanced
homogeneity of the crystals.(2,3)

The potential advsntages of kpace in growing compound semiconductors and
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especially GaAs hsve recently been magnified by the discovery of the profound
role of the melt stoichiometry and stoichiometry flucinstions.(4) Thus,
during the last three yeara it has been established that stoichiometry is the
single most important growth parameter which controls all of the key
properties of melt-grown GaAs, namely, coupensation,(5) mobility, excess
carrier lifetime, deep levels,(5,6) dislocation density(7) and response to
thermal processing(8) in a macro~ and micro-scale. Eliminstion of seolutxl and
thermal convection should eliminate stoichiometry fluctuations to make it
possible to achieve growth of Gads with enhanced control of the electronic and
structural properties.

An additional advantage of space environment ie that melt containers may
be eliminated so that contamination of the melt can be avoided. However,
unconfined melts acquire a spherical shape which is not nuitnhie for
directional single crystal growths Furthermore, wmelts with volatile
constituents cannot be processed in an unconfined configurxation.

For these reasons in crystal growth experiments from the melt confined
configurations have been employed, and in particular cylindrical
containera.(9) Regarding the growth of semiconductor cryst«ls, due to volume
expansion upon solidification, confinement of the melt presents the serious
problem of theknolidifyins crystal pressing agsinst the coufining walls
leading to crystal defect formation. A second major problem arises when a
vapor phase in contact with the melt is nacessary during crystal growth, as
for example, in the case of GaAs where the preseure of arsenic effectively
contruls the melt stoichiometry.

To overcome these problems "soft confinements" have been cousidered

whereby a suiteble soft material is positioned between the melt and the
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conteiner. To our knowledge, no such soft materials huve been formslly
reported.

In the present communication we report a novei lpprbach to crystal gyowth
from the welt in the absence of gravity which overcomes the above major
problems associated with the growth of single crysiale in space.

The New Approach

We propose that a triangular prism used to confine growth in space
provides an excellent sclution to the probleme putlined above. As seen in
Fig. 1, the melt in a triangular prism scquires a cylindrical shape in space.
Thus, the empty spaces between the cylindrical melt and the edges of the prism
provide the neceuaty' room {0 accommodate expam{on during solidification.
Furthermore, they constitute three channels through which & vapor phase of
controlled pressure cac be in contact with the melt during the growth process.
In Fig., 1, Gads crystal growth is considered in a DPridgman-type configuration.
An arsenic source is used to provide the arsenic vapor pressure desired to
control the melt composition during growth by meane of an arsenic source
temperature. This aspect is of fundamental importance for the ressoms pointed
out above. |

The contuiner can be shaped to achieve necking in the initistion of growth
and thus minimize the propagation of dislocations into the erystal; it can be
made of quartz, borom nmitride, or any other material suitable for the
particular system under consideration. We intend to employ the presently
described configuration for the growth of GaAs mingle crystals.

In summary, a novel partially confined configuration is presented for
solidification in general and aemiconductor crystal gruwth in particular,
under zero gravity comditions. It is our expectation that the proposed
configuration will encoursge the design of nev materials processing

expeviments to be carzied out in space.

P I ey - s LT



ACYNOWLEDGEMENT
The authors are grateful to the National Aeronautics snd Space

® Administration for financial support.

LR BT e S P o e oD



1.

2,

4.

5.

7.

8.

(s
y

REFERENCES
H.C. Gatos in “Space for Mankind's Benefit," edited by J. von
Puttkemer and T.J. McCullough, NASA §P-313, Washington, D.C., 1572.
RH.C. Gatos, in "Materials Processing in Reduced Gravity Environment
of Space," edited by G. Rindcnme, Elsevier Publishing Co., Imc.,
1982, p. 355,
A.F. Witt, B.C. Gatos, M. Lichtensteiger, M.C. Lavine and C.J. Herman,
J. Electrochem. Soc. 125 (1975) 276; A.F, Witt, H.C, Gatos, M. Lich-
tensteiger and C.J, Herman, Ibid., 125 (1978) 1832.
H.C. Gatos and J. Lagowski, "Proceedings III-V Optoelectronics Epitaxy
and Device Related Processes," edited by V.C. Keramidas and §. Mahajan,
The Electyochemical Society, Inc., Pennington, R.J., 1983, p. 1.
D.E. Holmes, R,T. Chean, K.R. Elliott and C.G. Kirkpatrick, Appl. Phys.
Lett. 40 (1982) 46.
J. Lagowski, H.C. Gatos, J. Parsey, K. Wada, M. Raninska and
W. Walukiewicz, Appl. Phys. Lett. 40 (1982) 342.
J. Parsay, J. Lagowski and H.C, Gatos, "Proceedings III-V Optoelectronics
Epitaxy and Device Related Processes,” edited by V.G, Keramidas and
S; Maha jan, The Electrochemical Society, Inc., Pennimgtom, N.J., 1983,
p. 61,
H.M, Bobgood, L.B. Ta, A. Rahatgi, G.W. Eldridge and R.N. Thomas,
in "Semi~Insulating ITI-V Materials,” edited by 8, Makram-Eboid and
B. Tuck, Bhiva Fublishing, Ltd., Nantwich, England, 1882,

"Skylab Sciemce Experiments,"” edited by G.W. Morgenthaler and G.E.

Simonson, Bcience and Teqhnology Series, vol, 38, an American

Astronautical Society Publication, 1975,

(+)

e e - avm oo 3



10.

Apollo=-Soyuz Test Program, Summary Sciemce Report, NASA-412, Vol. I,
1977.

- e ok e E 5 ) *

kﬂ'?



FIGURE CAPTION

Figure 1. Schematic representation of a partially-confined configuration

for the growth of GaAs crystals from the melt in space.
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