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SUMMARY .

Our research effort continues to be focused on GaAoc and aimed at the
establishment of quantitative relationships underlying crystal growth para-
meters - materials properties - electronic properties and device applications.
The overall program evolves about the following thrust areas: (1) crystal
growth - novel approaches tn engineering of semiconductor material (i.e., GaAs
and related compounds); (2) investigation of materials properties and electronic
characteristics on a ma;ro- and microscale; (3) investigation of electronic
properties and phenomena controlling device npﬁlications and device performance.

We believe that this extensive ground program is a necessaéy step for
insuring successful experimentation with and eventually processing of GaAs
in a épace environment. We further believe that this program covers in a
unique way materials engineering aspects which bear directly on ;fploitation
of the potential of GaAs and related materials in dé§1ce applications.

' Our nmost recent literature survey covering the period 1977-1980 showed a |
definite ascen&ing trend in GaAs research and device development. The position
of GaAs as a material which extends semiconductor techno;ogy ¢o areas of opto-
.&lectrouic and high-speed devices has been firmly established. At the same
time, most recent developments clearly identify significant problems related
to the poor quality of available bulk GaAs and Galis surfaces and interfaces.

In many arens the need for better melt-grown GaAs has been recognized as
critical. and urgent, whereas MOS technology development hinges on suitable
surface oxides or other dielectrics.

A significant aspect of our last year's program was the transition from
the search for new characterization ;nd crystal growth methods to a comprehen~
sive utilization of our techniques toward the establishment of growth-property

relationships and the enhancement of the quality of bulk and epitaxial GaAs.

'Y
.
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As the most significant and promising result of last ycar'liteseatch we
consider the growth of electron trap-free bulk GaAs with extremely low
density of dislocations. Bulk GaAs of such high ulectronic and structural
quality (i.e., of epitaxially grown GaAs quality) has never been achieved
in the past. In conjunction with this achievement the understanding of the
effects of As pressure ﬂor vacancies) on dislocation density and deep \evel
concentratio; was substantially advanced.

In electroepitaxy we succeeded in developing a riew growth co;figuracion
vhich eliminates the substrate back-contact. This new configuration can be
extended to the simultaneous growth on many substrates with a thin solution
layer sandwiched between any two of them. The significant reduction of Joule
heating effects in the new configuration made it possible to realize for
the first time in liquid phase epitaxy the in situ Qeasurement of the lafer
thickness and the growth velocity.

Utilizing the advantages of electroepitaxy in achiéving abrupt accelera=-
tion (or deceleration) of the growth we showéd that. recombination centers are
formed as a result of growth acceleration. This finding underlines the impor-
tance of the dynamics of crystal growth, which has not been explicitly con-
sidered in most prévious investigations.

Our electronic characterization facility was utilized to assess the
quality of presently available melt-grown GaAs obtained from commercial
suppliers and also for a detailed analysis of bulk and epitaxial GaAs growm
in our laboratory. Our photo-electric characterization methods were extended
to the study of GaAs-oxide interfaces which constitute one of the most chal-
lenging problems in device applications. We discovered a gigantic photoioniza-
tion effect in the GaAs-oxide interface. Utilizing this phenomens we showed,

for the first time, that both deep and shallow interface states can be
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attributed to Ga and As vacancies. Furthermore, our findings make it possible
to explain anomalous hyste:siesis and frequency response of GaAs MOS structures
as non-equilibrium effects involving deep interface states.
INTRODUCTION
Our experimenisl and theoretical effort led to the development of
unique crysial growth approaches, new effective techniques for electronic
charnctefizacimn op a macro- and micro-scale, and to the discovery of new
phenomena and processes relevant to GaAs device applications. Table I sum-
marizes the major devef%pments achieved during the last four years. The
most important results obtained during the last year (i.e., since April 1,
1980) are indicated in this table by shad~d areas. Detailed discussion is
given in our publications and our annual reports.
B
CRYSTAL GROWTH

Electroepitaxy

GaAs device technology relies--by necessity rather than choice--on
epitaxial growth technology. Among various epitaxial techniques such as
chemical vapor deposition (CVD), molecular beam ep?taxy éMBE) or liquid phase
epitaxy (LPE) we hav:i chosen liquid phase epitaxy because of unique prospects
in this technique for achieving precise control of the crystal growth process
by e£imply controlling the electric’cutrent passing through the substrate-
solution 1uterfacc.

Our earlier experimental and theoretical investigations have led to the
development of a theoretical model of the growth kinetics, impurity segregation
and composition of multicomponent systems.(l-s) We have also demonstrated the
unique advantages of électroepitaxy in achieving ideal surface morphology,
reducing density of &efects generated Futing the growth and/or outdiffusing

from the substrate. Furthermore, high growth velocity achievable in electroepitaxy



T paA9jyoe sea sye) AInq
?913-de1l vo1373[a IWII ISATF I 10l *sar31adoad
2JU01309T? § 121Nn30N1I8 30713dns jo syen umoild-Iyouw

sywy 1911

',,;_’;i o

03 PeoT YOTYm PIIFA0ISIP I319A SUOT2ITPUOD YIMOID ~de1]l ©woI199TA 3O YInoio °¢
uoyieandyjuo
uvelpyag [eIUOZIIOY © UT 8VED 291J-U0TIRIOTSTP
30 yimoa3 37qIoNpo1dai paAaTyIe dAey aa Tl 43 : sye9 9313-UOTIBD mw
0T JAaoqe 2anss2id sy Jo T013uU0D asyooad SurzyTran _-o1st¥g pedopup 3O Yynoay °g m%@%@
«gz9joweied y3moad Supiorjuom P SUFTI0II D s i
-uod 3103 KIFTFqIse’al anbjun sepraoad waisds ayl .
6 ssyeg Jo 4imo1d [EITI3A 1o/pue 1ejuozyioy 103 wa3sLs Yamnoin-IT9H 8VeD
pa3Iomnisuod 3 pausysap UIIq sey waisis padueApy PIouURApY 3O UOFIINIISUOCY °T HIMOUS ITIR
$21N39N13IBCIIIY
30 yImo18 Teyxe3fda01IDITd 103 P230Nn135U0D UIAQ SBY £22N32Nn1380133+Y JO YIA0IH
snyeiedde pITToIIUOD 208893c1doxdju T ioueape ATY3ITH ay3 3103 snaviwddy PIDURAPY °[
" K3po0o19A yimoad pue ssSau
=X9FY3 a9fey 3JO sjusuw@anseaw NIfs UF I41 UF WD
g8 3I%3T3 Y3 103 PazITe?x Iaawy m waisis Supiojyuocd 8OTISUTH Yyimoad
pezya9anduod 3§ uojaeandyjucd 863 [IDLJUCD Surzririn JO $3UIWAINSVIR NIFS-UL °9
PoIRUTEIT? 231 312¥U0I-IEq 23e13I8qN8 IY3
o3 mounﬁou,aaoﬂacun TeaF1owad Y3 YoJys Uf padnp
L -013uf ST uorleandyjuod 1erxeaydeo13da[a m3u ¥V uog3eandjjuo) 8S3aTIVBIUC) °§
: sajex yamoad y3gy SOF3ISTII3 .
yamoa8 yerxe3ydaoildaTa uf panajyoe «2918Yy) DJUOIIVATY pue In3
9 u99q sey AIFSUSP I0IJIP-01DTW 3JO UCFIONPaY -9N213S 199390 UY JuswdA0IdU] °Y
. gwaasis juauocwod swa3sis 3juauod
4 -j3fnm 3 Aaeulq 3o £xe3pdaoaloard 9yl vy —wOodTIINH 30 TOPOK Y3moxd °¢t
(ol 3 399339 I9FITA4 IY3 jo pue uo3Iwidwo1IIIT 19poR uorieda13as suedoq °Z HIMOYS
FAR S Jo aT03 Y3 jo 3ujpueisiIpun aATIRITIUEN( T9poH SOFIDUTA YIAoa) °T IVIXV1IId3081031d
3UII9IJ9Y S3UWWO) uamdoTIA9q

"lll"ll‘l‘)\l"‘l

SIKARAOTIAZG WOIVR 40 IARANS ~ 41vd Ol SSA490ud

z INVL



UOISNJIJFPINO IZTWIUTR 0] PIAJTINNIOI IIOA SUOTIFPUOD
ganoxn *ade7d soye1 $89201d Y018 Buranp saaley
[ % 4 qd7 03UF I3T1ISGNS IYJ WO1J SIIJUID UVOTIBUTq
=WO0Z91 JO UOTSNIITPINO JLY] PIJLIISUCLIP Sea 3T

8T9A3T daap jJo

£L3ysuep Y81y 3 uorIvsuadwod ITqEIDFIOU SIFQTYXI
¥ {91eds0xd}w uyr snodualowoyuy ATy3y 8F sYyey
Un013-379w ITqRITeA® AT3udsaxd eyl umoys sem 31

TS YNT

(sdeay atoy

PU® UOIIIITI Surpnour) STIAIT daap Jo savam

0 -waed Jweudlp JO UOTILUIWIIIIP dAfIeIFIuenb 103
peadope sea Inbyuyoal Iduerrdededojoyd Juarsueal y

Y3i8uat uvoysni3ip 3o Suyrrjoad snosuejuelsuy
9t 267 dn 398 sea we3sds Ianjeiadwal I[qeyaep

UOFIRIIUIDUOD 33T3IIed § 8afIfanduy s3ovjap 3Jo
Sur1T3oadordTw Idulds’uTunTopoyled 103 dn 398
sea m23184s 21n3je13dudl ITQETILA PIDUBAPY

uoridiosqe 1ariaed

2213 § £IFT7qOU UO1IIDITS WOIJ OFIex Uolles
~uadwod § UATILIFUIOUOD UOIIDITP JO uorIvum
«19333p QIQPITF1 103 39doTaA9p sea yowroadde meN

61-LT

$231838 IIBJIIIUT § STIAIT A[NQ JC UOFIEUTW
. =1339p 24y3 103 9Tqearns dn 3as sem waIsAs CIIQ

- ; sTaAaT doop
ST JO UOYIBUFWIIIIP Y3 103 padoraasp sea Ldod
-801323ds oumjiyoededsojoyd pajerapou yiSuogasem

uUﬁUﬁusmmw MoyIRYys

'TET
=1933p 3yl 103 padoiaaap sea yoeoadde mou y
uoyldaosqe aafa

~122 2913 y3noayj oriex uoyjesu’adwod

Y4 UOTILIIUIIU0D I3F3118d Jo Surrrjoadozorm
163 padolaadp Sem poyIdIW IAFILITIUEBND

9 27n29n138 pueq ‘STIAIT deap Jo uorleurm

93wI38qNs 3 12Aw] Terxel

=747 uUIAIANIIq UOTIdBIIJUT -

. SVE) UACIH-ITIH
Jo ssy3aadoag d3uoaIdITA

. oonnu«uantooucsm.uno«nﬂnua

3Ua11IN)
peonpul weag UOIIIITI-}IS

-

90UIDSIUTENTOPOYIB)-HES

sanbyuyoay 3Jxodsueiayl

£doosox3d9ds Idueryouden
. Juarsuel] T2A977 deaQ

£doos8ox309dg Ioue)
=jouvdedojoyg IAFIVATINQ

Adocs01323dg adeaytoa
=030UJ IDVIaANG IATIVATI(]

uojidaosqy Supuueds ¥1

‘T

‘T

L

‘9

‘S

Y

‘€

T

‘T

VNJRONIHd
9 SA1I¥3d0dd

NOLIVZI¥AIOVEVHD

JUIIJ3Y $3UauW0)

JUANAOTIAI]

(penuyauod) I FIAVL



. dul 30
§7 PI319Tdwod 3134 Jul jo sITpnas 27U23983UTENTOPOYIED ) sagazedoad aguoa309T1203d0 °0T
$3]OUEDRA BY PU® ©)
woxj @3vurdyio s3jels @oeI1a3uy AMoTTEYS 3 daop
gz°Lz 430oq 3"\ <omy3 IS1F3I I3 103 tymoys sem 3T uOUI e

-wouayd sTyl SurzZFIFiN *PAIIACISTP sem 830BJIAIUF ouv3IaIul
IpIXO-SYEY UOC 399332 ao«»nnqﬂc«ouosa,oﬁuﬂmunm v ) SPIX0 PFPOUV-8VED 6
9T SI70 PITITPOS YITA PIUTWIIIP 319A ) ’ |
29231930 IPFXO Jjpouv-sye uo g231e3s 20VIJING s93931§ IdWIIANNUL °8
syeg Uy 2701 10ujw ¥ gAe1d TeI3
92 —uaj0d a8uex JI0yS ® YIIA g123u3> £q 3urialleds sye9 UF
uo13J9Td INYl SI8¥q T®o33I9109Y3 ® uo umoys sem 1 Suji1933w0§ 137118 2913 L

ainyeladual pue
[T UOFILIIUIDU0D I19T128d JO uUOFIdUNY € ge paindwod

sea syeg 2443-d ug A3TTFQOoR I9FIIWD L3IF30UTR A3TTTGOR 397318D A3pI10UTR *9
sye9 uaoi1d-3Tem Uy UOTILIIUIDU0D TIAIT dosp %
o3Il uojaesuadeod ‘£33 11q08m 58 TI°A 8@ Kygsuap sye9 Unois-ITR 30 8913
T1-01 uoTI®IOTSTP 3 ¥ I ay3 2a0qe 2anggaad sy -39do1g T®1a30NIIS 3 22n88914
ua9m13q POUSTIqEIN? gea djysuoriel@1 I0AIFP ¥V sy U3IAIq sdyysuorielay °S
. uojiedaises K3panduy )

uey3 adyjelx £3133WOTYIFOIS WOIJ woyIerA2P %
Suypdop asyaejoyduwe £q Juanuiaaod aie I1e08
«0Z0]8 ® uo syej jo sap3radoad 2ju01323T? 243

a eyl umous sea 11 <awy3 ISIFF Y3 193 peutel SUOTITPuUC) Y3imoid
-qo 2a9A 8SYE) umoag-3Tou uf $uUOTILAIUIOU0D . =3I % sap312doag OFu0I
£3pandsy PIZFuoT ¥ uol3IITP 3O s911303d029TH <2974 U23MIq gdyysuorierdd °%
sye) Uf 812U uojajeuUquUoIAX JO )
(A 4 uoj3IvwIo] Y2 uo 03339 JuedTITudfs IATY yamoan TEFXeITdd U sdpye VNARONIHd
SUOTITITA I3W1 yamo13 Iwy3 punoj seA ) § ~uoTIvIN £330d023-4In039 °¢ 9 s3TINA0Nd
22U39J9% 83UWN0) FuasdoTaAx(q

(penurivod) 1 FT1AVE .



-

suopledr1dde IOTAID- 9 y3no18 ‘uoriezIiIIOEITUD
. syen JO waie Iyl uf suoplvziuedio Tejalenpul
YA PIYSITqeEIS? 319a $IIEIVOD Kaevupuwyriaad

$3CTIUITOS TENPTATPUT YIFAa SIIVJUOD 10921IP

10/pue s3uriasm 2F3JIUIFOS W srojjejuasaad

$(*239 “jyepoy ‘x0a3X s+1,3ul S3ydny ‘paeyoed

~JI9TM9H ‘9uawNIISUY SEAIL ‘vou) sucilezyued

. <20 TE}3ISNPUT U3 u9AT3 saeujuwas JO SITIIS ©
yinoaya A3Ipunuwod 2FJTIUIIIS 9yl 03 pasodx?d 1%
sajuaudotaasp 1o0feu 83T % weifoad juesaad Iyl

-7 -

Juaudo{Inap

‘puUER YdILISIT SYED UF SPUIII jue3laodny 3sowm
v:n,dcﬁuQNﬂnnmuo Suppe?] Y3l BurLITIUAPT
pajepdn 3ea sye) uo Keaang 21n3e1IJTT SUIL

*1861
¢¢I-TT YoaeR 103 pITNPaYIs s1 doysyzom dn’

807103 V »snopaedyydde § yamoad syey 103
g3d9dsoad 2anIny | swayqoad aofem ‘snieis

(24 quasa21d Jo JuIwssISSE IYJ 03 PIJ0AIP Suofl
-hi133ISUF [EUOFIEdNpa § TEFIAISNPUT Surpest

Jo saajIvaudsaidal yiya PI9Y sea doysyion ¥

s3s93u0) Supnaop

L3punemo) JFIFIVITIS 03
wea8013 943 jo eansodxz

Kaaang dINnINII}]

doysyion

°Y

‘T

SNOILVZINVNO
TVINISAANI
1 AIIA NOILOVNAINI

DVFIIIIMN S3IUIURIODH

(penug3uod) I TIAVL

FURdOTIA(



'%‘mmmwwvwm—v;‘q‘., R 5 IR T TV S ,,, T ’»’

-8- [
made this process comparable to melt growth and thus offers a unique possibility

»

for obtaining sizeable "bulk” crystals of ¢p1taxial quality,

During the Jast year our research on electruepitaxy was concencrated
primarily on overcoming certain technical problems (e.g., electrical back-
contact to the substrate) and also on the development of new cdvanced "state
of art" oys:;ms for electrocpitaxial growth of’high quality heterostructures
and for thick GaAs layers.

Contactless Configura<ion for Electroepitaxial. ‘Growth

We have introduced a new electroepitaxial configuration in which the

problems related to the substrate back-contact are 2)liminated by positioning
the subintrate between two identical segments of the solution. Furthermore,
with this configuration growth can take piace simultaneously on many substrates
positioned in the solution parallel to each nther. . In addition, growth as well
as dissolution can be studied on the oﬁpoiite sides of the siue substrate.

In liquid'phase electroepitaxy the growth is 191:iated and gusnained by
passing an electric current through the growth cell containing the solution
and the substrate. In most instances the growth process”is primarily controlled
by the electromigration of a solute flux toward th; substrate. Peltier cooling
at the solution-substrate interface provides additional driving force for
growth. The advantages of electrcepitaxy in studying and controlling crystal
;rowtﬁ are associlated with tge attainable very high growth rates and low super-
cooling localized at the interface. In practice, however; these advantages
can be significantly attenuated by serious interference from the Joule heating
at the substrate back-contact. Furthermore, theoretically predicted ideal
surface morphology of elactroepitaxial layers can also be affected b§ non=

uniform electrical b;ck-contacts to the substrate. A schematic illustration

6f the new configuration is shown in Fig. 1. A boron nitride slider divides

the solution in two segments. w1ch.the'aid of this slider the substrate is



»
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' Pié. 1. Top view of apparatus for electroepitaxial growch’withnu:

back-contact. Shaded parts are boron nitride. Others arec graphite.
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positioned between the two solution-cegments. A stainless steel current
electrode is inserted into the graphite walls of each solution segment
together with thermocouples and voltage probas.

Experiments with Cr-d:¢:2d and d+ GaAs substrates were carried out at
850°C. The electric current passing through the two segments of the solutions
and,” thus, through the substrate resulted in growth on one side of the substrate
and simultaneous dissolution on the other. For ﬁ+”(81-doped) substrate the
growth rate was found to exceed only slightly the diesolation rate. Such
behavior is consistent with a model astuming a dominant role of sclute electro-
migration in both growth and dissolution. In contrast, higher dissolution
rates th:n growth rates were observed in the case of Cr-doped lubntrac;. As
showa in Fig. 2, for low current densities, the difference betwaen these two
rates is relarively small; however, it becomes significant at higher current
densities due to the rapid increase of the average dicsolution rate. This
behavior is apparently associa:cd‘with pronounced convective flow caused by

localized Joule hezting at the substrate; the resistance of the Cr-doped suh-

strates (Qctive area 0.71 cn?. thickness 500 um) was 5.8:&10-3 ohms, whereas
that of the Si-doped substrates (active area 0.71 cnz, thickness 340 um was
-3

only 0.6x10 ~ ohms. Non-uniform disiuolution was fuvther evidence of convective
flow near the substrate-solution interface.

As pointed out in our previous studies, convective flow can be raduced
by decreasing the solution thickness. Accordingly, in the present configuration,
a multi-wafers arrangement, with a thin solution layer sandwiched between
substrates, is a promising means to prevent convective flow at high current
densities. It should be noted that the dissolution rate in the low current

density region (Fig. 2) depends linearly on applied current and strongly

suggests electromigration limited behavior. Thus, with a sandwich-type arrangement,
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¢lectromigration limited growth on Cr-doped substrate should be possible
even at high crwrent density,

In Situ Measurement of Growth Kinetics

The significant reduction of contact resistance and, thus, of Joule
heating effects brought about by the new growth configuration, made it pos-
sible to achieve, for the first time, the "In Situ" monitoring of the LPE
growth rate and the ln§er thickness. These measurements are basaed on
monitoring the total resistance of the substrate and the growing layer.
Typical results of thickness vs. time as measured for an undoped GaAs layer
grown at 350°C on N* substrate are shown in Fig. 3. Fig. 4'illustrates a
typical electroepitaxial transient induced by pulsing of an electric current,
It should be emphasized that in addition to the evident practical importance,
these in situ measurements of growth kinetics constitute an extremely
valuable tool in studying growth-property relationships.

Advanced Apparatus for Electroepitaxy

During the last year we essentially completed construction of a highly
advanced systen for electroepitaxial growth of improved ;uality heterostructure
layers. This system combines our own experience in current-controlled LPE
vith the advanced know-how of industrial organizations (RCA, Nippon T & T,
Fujitsu Lab 8) leading in the field of thermal LPE, Three subsystems of
the new appdratus, ie., electronics system, the ambient gas systenm, aﬁd
the electroepitaxial boat, were already tested. The first series of growth
experiments will be completed before March 31, and the results will be
discussed in our annual report. |

Our second electroepitaxial system for the growth of thick GaAs layers
in a Czochralski—:y;e arrangmecnt has_been utilized in a seriez of exploratory

experiments., The possibility for growing layers of a thicknass of 1 mm orX
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greater l;B demonstcated. However, we have also identified practical problems
related to Joule heating and inadequate thermal characterffcic: of the furnace
utilized in a prototype apparatus. Extensive work on imprernent cf the

apparatus to overcome Joule heating effects is currently in progress.

»

Our unique Bridgman-type apparatus for the study of growth-property
:elationshipa(g)‘has been utilized to establish the effect of As pressure
ou structural and electronic properties of GaAs. The“resuits of these studies
surpassed our expectations, as they led to the establishment of growth con-
ditions yielding undoped dicloca:ion-gree GaAs and also, for the first time,
electron trap-free GaAs. | ‘

Growth of "Dislocation-Free! Undoped GaAs

The dependence of structural properties of GaAs on the arsenic pressure,
PA.. above the melt was studied employing a horizontal Bridgman furnace with
precision-controlled thermal characteristics. Changes in P, were introduced
during crystal growth by varying the "cold" zone temperature (controlled by
a sodium.heac pipe) over the range 612°C to 620°C. This temperature range cor-
responds to approximately 0.17 atm changes about the 1 atm P As’ |
A ueri;s of <1l1ll>oriented cross-sections 1 mm tﬁick vere cut from the crystal
grown under controlled changes of PA'; they were etched ip molten KOH for
a&ch—g}t density (EPD) evaluation. | |

In the seeding region of the crystal, a relatively high dislocation

density of about 10°cm 2

was typically ohserved. Owing to the {esign of

the quartz boat in the seeding region, these dislocations are congined preferen-
éi&lly in the upper half of the growing crystal. Thus, as shown in Fig. 5,

the density of dislocations drastically reduces as growth proceeds. The

dislocation density in the further portion of the crystal is influenced by
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arsenic pressure. As gliown in Fig. 6, it reaches a minimum value (EPD
below 100 cm-z) for an optimum PA: correspbnding to a temperature at the
cold zone of approximately 617°C.

For the sbove temperature of 617°C we achieved reproducible growth of
undoped GaAs with dislocation density below 100 ém-z. i.e., essentially
“dislocation-free n;terial".

Reports on low de;sity dislocation GaAs crystals grown by Czochralski-
type methods indicated the importance of neckihg techniques, low temperature
gradient at th; solid-liquid interface, and the dislocation density of the
seed material. Sumitomo Electric Industries recently reported the effect of
"{mpurity hardening” whereby a sharp decrease of dislocation densities was
observed as the GaAs was doped with Si at concentrations greater than 2x1018cm.3.

The present results indicate the importance of arsenic partial pressure
control for reproducible growth of diélocation-free GaAs. This implies that
generation of.gtowth of dislocations are directly related to the presence of
point defects. Elimination of "wetting" of the quartz Soac by the melt was
found to be another important factor in horizontal Bridéman growth. Elimination
of wetting was achieved by certain design features of the boat and by careful
preparation of the quartz boat surface. Control of dislocation generation in
the seeding regio? during seeding r~ocess appears to be more important than
dislocation density of the seed. '

Dependence of Electronic Properties on As Pressure

We have found that the "optimum As vressure" condition which leads to
dislocation-free material also yields GaAs with optimum electronic properties;
i.e., highest mobi{ity. smallest compensation ratio, and lowest concentration
of electron traps. Typical variations of the electron trap concentrations

induced by a slight change of PAs (1°C change of a temperature of the cold
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Fig. 6. Dislocation etch-pits in a crystal grown under cptimum
As pressure. )
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zone) is shown in Fig. 7.

Grovth of Electron Trap-Free GaAs

The availabilicty of high quality bulk crystals is paramount to realizing
the full potential of GaAs in electronic applications. Thus far, high quality
material has becn produced only in thin layers by epitaxial techniques. Com-
mercially grown bulk GaAs exhibits significant concentrations of structural
defects and deep n:ates.which act as trapping or recombination centers
precluding m?st of its direct applic;tiona on an active device material.

We showed recently, for the first time, that melt growth of electron trap-
free GaAs can be reproducibly achieved through high precision control of the
As vapor pressure over the melt and by doping the melt with ﬁinute amounta of
Ga,0,.

As is seen ttoﬁ typical DLTS spectra in Fig. 8, crystals doped with
60203 and grown under optimum As pteséure exhibit two deep levels near the
seed; as gtowtﬁ proceeds the concentration of these levels decreases to values

below the detectability limits (approximately 10-€

t.e., 103c073

in the present case). It should be noted that orily two electron
traps are initially present in this material (0.7 eV and 0.40 eV below the con-
duction band edge) in contrast to three to five deep states typically found

i1 bulk GaAs, and also in GaAs grown under opti?um PA; but without Gazo3
doping.

Photocapacitance measurements also confirmed the absence of electron

traps and revealed a single hole trap at about 0.4 eV above the valence band

lscm.3 (i.e., less than 1% of carrier con-

with a concentration of about 3 x 10
centration). In contrast, the high quality of LPE GaAs often contains two

hole traps of comparable relative concentrations.

of free carrier concentration,.
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The highly beneficial effect of cazo3 doping is further evidenced in

Table II where typical properties of GaAs crystals grown under optimum As
pressure with and without cazo3 doping are presented. Remarkably, the crystal '
grown with Gazo3 exhibits 4 much larger value of the minority carrier.diifusion
iength (as determined from photovoltage and SEM-EBIC measurements) and has a
minority carrier lifetime which is close to the radiative recombination limit.
The crystals grown in the abrence of 64203 reveal significant concentration of
deep states and the minority cntrier.lifetine is nearly 25 times smaller than

in electron trap-free GaAs.

It is thus evident that the outstanding quality of GaAs achieved results
from the combined effects of minute additions of 03203 in the melt and of the
precisely controlled "optimum" arsenic vapor pressure.

At ptesehc. we do not fully understand the mechanisms by which oxygen
in conjunction with precise arsenic vapor pressure control leads to the elimina-
tion of dislocations and deep levels in GaAs. However, this process is
reproducible under stringently controlled growth conditions. Further studies
on low carrier concentration electron trap-free bulk GaAs should enhance
the understanding of the role of oxygen ana other growth parameters on the

matevials properties of melt-grown GaAs.

PROPERTIES AND FHENOMENA
Blectronic Properties of Commercially Available Bulk GaAs

During the last year we performed detailed macro- and micro-scale analysis

of the electronic properties of the "state of art" melt-grown GaAs produced by
one of the major commercial suppliers of GaAs. Some representative results of
our studies are given in Figures 9-11. Thus, a typical electron concentration
microprofile obtained with our IR laser scanning technique (Fig. 9) clearly
shows ﬁhe presen;e of inhomogeneities which appear to be related to turbulent
convection in the melt caused by thermal asymmetry enhanced by the viewing

window of the growth apparatus. As shown in Fig. 10, high resolution SEM
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Fig. 9. Electron concentration microprofile of melt-growrn commercial
GaAs obtained with IR absorption scanning. .
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cathodoluﬁinescencc scanning measuremen’s have revealed the presence of low
magnitude closely spaced fluctuations of electron concentration which are
superimposed to a lorge magnitude, lower frequency fluctuations observed
also in IR scanning measurements, It is important to note that none of these
inhomogeneities were present in GaAs grown with our horizohtal Bridgdan
léparatus in which thermal symmetry was minimized. ‘

The commern;al n-type GaAs exhibited typically 4 to 5 eieccron traps
ss determined by DLIS measurements (Fig. 11). Within a given wafer the
concentration of deep levels exhibited remarkable variations, from point to
point (see Table III) of A relative amplitude clearly exceeding the respective
changes in electron concentrati These results do not show any correlation
between dislocation density and the density of deep traps. It (s also evident
that variations of the concentrations of deep levels do not show any systematic
trends. These results are markedly‘different than the results obtained with
our crystals grown under precisely controlled growth conditions (see below),
whereby all deep level concentrations varied with changes of As pressure in
a8 similar m.nner. It is thus apparent that thermal fluctuations at the
growth intcrface present in a commercial growth system have particularly

adverse effects on deep levels and carrier concentration inhomogeneities.

Recombination Centers in LPE GaAs

We have utilized electroepitaxy in introducing controlled growth velocity
changes during LPE gro'/th of GaAs from Ga-rich solutions and to assess their
role in the formation of recombination centers. The changes in concentration
of recombination centers were measured by the minority carrier lifetime micro-
profiling of the grown layers, utilizing SEM-electron beam-induced current (EBIC)
techniques. Representative experimental tesﬁl;s showing the effect of growth

welocity changes on EBIC collection efficiency'are given in Figures 12 and 13.
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(It should be noted that the collection efficiency decreases when the
conce:ntration of recombination centers increases.)

It is evident from Fig. 12a that an a&brupt increase of growth velocity
from 2 to 4 ym/min produces a pronounced minimum in collection efficiency in
the corresponding transition region. Higher growth velocity changes‘(from
2 to 14 ym/min; or from 8 to 20 pm/min) reduce the collectip? efficieﬁcy by
ai wuch as 30%. It should be pointed out that the recovery of the collection
efficiency (concentration of recombination centers) foilowing the step~like
change in growth velocity indicates that the acceleration of the growth (dv/dt)
rather than the absolute value of growth velocity (V) is responsible for
the formation of recombination centers. This conclusion is confirmed by the
results of Fig. 12b, whereby the growth velocity was Ehanged from 8 to 20 ym/min,
however, not instantaneously but during a period of 10 seconds. In this case
no noticeable amount of recombination centers was iatroduced.

The results shown on the right-hand side of Fig. 12 (a,b) indicate that
theAeffecF of deceleration of the growth on recombination centers is about
on e order of magnitude smaller than that of acceleration of the growth.

Experiments, as discussed above, were also carried out‘with substrates
of different thickness, and thus under different current-induced changer of
the interface temperature. No significant differences were observed from the
results of Fig.12 obtained with thin substrates. Apparently, changes in inter-
face temperature are of secondary importance compared to changes in growth
velocity.

Typical results regarding the effect of backmelting on the formation of
recombination centers are shown in Fig. 13. In the upper portion of Fig. 13
backmelting is introduced with 1 sec electri; current pulse of polarity opposite
than required for growth, It is seen that a minimpm in collection efficiency

is introduced by this pulse.
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In order to verify whether the observed increase in concentration of
recombination centers is caused by phenomena taking place during backmelting
of the grown crystal or by the subsequent increase of the growth velocity to
the original value of 8 m/min, the following experiments were carried out:
G;owth was arrested for an extended period and then it was abruptly increased
to 8 ym/min. In addition, the growth was interrupted for 1Isec and then
restored abruptly to its original value of 8 ym/min, As seen in the lower
part of Fig. B, the results are the same as those obtained for hackmelting
(upper part of Fig. B). Thus, it is concluded that the recombination centers.
introduced into the epitaxial layer during baclkmelting are formed primarily
by the acceleration of the growth following backmelting.

In summary, we have demoastrated the importance of growth dynamics, and
in particular, the importance ci the acceleration of growth in the formation
of recombination centers during liquid‘phase epitaxy. It is likely that these
tecombination centers originate from point defects generated at the growth
interface in response to abrupt increases in growth velocity (abrupt deviations
from steady state growth conditions). It is apparent that surface nucleation
effects commonly considered of no significance in the LPE process with slowly
varying growth velocity can in fact be of primary importance 1n.the ca#e of

abrupt increases in growth velocity.

Cathodoluminescence of InP

Cathodoluminescence studies were carried out on p-type InP with carrier

16 to 7.4 x lOlscm3 in the temperature

concentrations ranging from 7.2 x 10
range of 80 to 580 K. It was found that low temperature spectra exhibited
peaks at 1.4l and 1..38 eV. These peaks were attributed to band-to-band

transitions, respectively. The dependence of the band-to-band peak on

temperature was used to extend the temperature dependence of the energy gap



-1 -

xr
-
£S5 & s
38 ¢ I K
xw = Vé )
S> = - al.
W
=
wS85 + 8 8 pm/min
EE%gEBEg 30%
<=2 4
nEgt . -8
COOW
= V2 V2 Ve
Eg —_
gg W0 | - woll
s> . | ‘
~{l I b)
W 2 5
oo .
whe2 + 0 8 8 8 pm/min
gg¥c o T\ \/
g3k + 0
xcoow

Fig. 13. EBIC microprofiles corresponding to backmelting (a) and to

abrupt changes of growth velocity without backmelting (b).

¢



-32 -
of InP té 550 K. It was shown that the half width of the cathodoluminescence
peak can be used for the determination of carrier concentration and carrier
concentration inhomogeneities in the material. The variations of the cathodo- .

luminescence peak height with temperature indicated the possibility of \uger

18

.recombination for high carrier concentrations (7.4 x 10 cm’) at temperatures

above 450 K. A more detailed account of these studies will be presented in

our annual report.
vaAs-Oxide Interface

We utilized the photoionization discharge of GaAs-oxide interfaces in
order to identify the energy position and the dynamic parameters of interface
states. We have found two discrete states with energies 0.7 and 0.85 eV below
the conduction band. Furthermore, a new gigantic photoionization process was
discovered which leads to photodischarge of the interface surface states
(at Ec - Et =.0,7 eV) with rates up to three orders of magnitude greater :han‘
those of standard photoionization transitions to the conduction band. It
exhibits a sharp peak at 45 meV below the energy gap with a shape similar
to acceptor-donor transitions and is attributed to an Auger-like process, shown
schematically in Fig. 14. This process involves the ejection of electrons
from deep surface states following an energy transfer from photo-éxcited donor-

4cm-2) in

acceptor pairs associated with a high density of states (about 101
the interface region. Utilizing the new process it was possible to confirm
the energetics and dynamic parameters of the deep levels and also, for the
first time, those of donor and acceptor interface levels, consistent with
previous theoretical predictions. It was gshown that not only deep levels,
but also shallow donor and acceptor levels at the GaAs-oxide interface can
be assigned to Ga and As vacancies. ‘

We have also utilized the photoionization discharge of GaAs-oxide

interfaces in conjunction with capacitance measurements and thérmal emission
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rié. 14. Schematic representation of an Auger-like mechanism of the

gigantic photoionization effect: (a) photoexcitation of donor-
acceptor pair; (b) energy transfer to a deep state and ejection

of an electron to conduction band.
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to establish the origin of C-V hysteresis and anomalous frequency dispersion
inherent to GaAs-MOS structures. It was shown that, for n-type GaAs, discrete

13cm-2

states at Ec - Et = 0,7 eV present at concentrations of the order of 10
play a major role. Due to the low rate of thermal emission the occupation of
these states doe not cbey equilibrium characteristics (determined by Fermi

level position at the turfaée) which leads at low temperatures to very large
C-V hysteresis. Photoionization diacyarge of interface states which is far

more efficient than thermal emission brings th; occupation to equilibrium

and thus eliminates the C-V hysteresis, Photoionization also reduces the
frequency dispersion of C-V characteristics. 7Tt increases the contribution from
interface states capacitance and makes it pdssible to reach the oxide capaci-
tance for lower values of positive bias on the metal or for higher frequencies.
These findings indicate that anoyalous frequency dispersion is also associated
with low thermal emission of 1ntérface states. However, in this case the
thermal emission limits the frequency response of interface states and thus
their contribution to Fhe overall capacicanée. The pzesent findings clearly
show that all essential featu;es of GaAs-MOS characteristics can be adequately
explained as non-equilibrium effects involving discrete interface states.

This non-equilibrium character dictated by the large separation of states

from the conduction band seems to constitute a major difference between GaAs

and Si which has not been explicitly recognized in previous studies.



o X

1.

2.

3.

4.

3.

6.

7.

9.

10.

11.

12.

13.

14.

15.

-3 -

Refercnces .

L. Jastrzebski, J. Lagowski, H.C. Gatos and A.F. Witt, "Model of Lijuid
Phase Electroepitaxial Growth: GaAs," presented at Fourth American Conf,
on Crystal Growth, July 1978, Gaithersburg, Maryland. ’

L. Jastrzebski, J. Lagowski, H.C. Gatos and A.F. Witt, "Liquid-Phase
Electroepitaxy: Growth Kinetics," J. Appl. Phys. 49, 5909 (1978).

L. Jastrzebski, J. Lagowski, H.C. Gatcs and A.F. Witt, "Dopant Segregra-
tion in Liquid Phase Electroepitaxy; GaAs," presented at Fourth American
Conf. on Crystal Growth, July 1978, Gaithersburg, Maryland.

J. Lagowski, L. Jastrzebski and H.C. Gatos, "Liquid Phase ‘Electroepitaxy:
Dopant Segregation," J. Appl. Phys, 51, 364 (1980).

T. Bryskiewicz, J. Lagowski and H.C. Gatos, "Electroepitaxy of Multi-
component Systems,” J. Appl. Phys. 5i, 988 (1980).

Y. Imamura, L. Jastrzebski and H.C. Gatos, "Defect Structure and Elec-
tronic Characteristics of GaAs Layers Grown by Electroepitaxy and Thermal
LPE," J. Electrochem. Soc. 126, 1381 (1979).

S. Isozumi, C. Herman, A. Okamoto, J. Lagowski and H.C. Gatos, "A New
Approach to Liquid Phase Electroepitaxy", to be published in J. Electrochem.
Soc. . .

A. Okamoto, S. Isozumi, J. Lagowski and H.C. Gatos, "In Situ Monitoring
of GaAs LPE Growth Rate", to be published in J. Electrochem. Soc.

J. Parsey, Y. Nanishi, J. Lagowski and H.C. Gatos, "Bridgman-type Apparatus
for the Study of Growth-Property Relationships", to be published in J.
Electrochem. Soc. . L

Y. Nanishi, ., Parsey, J. Lagowski and H.C. Gatos, "Dislocation~Free
Undoped GaAs by Controlled Horizontal Bridgman Method", to be published
in J. Electrochem. Soc.

J. Parsey, Y. Nanishi, J. Lagowski and H.C. Gatos, "Electron Trap-Free
GaAs", to be published in J. Electrochem. Soc.

L. Jastrzebski, J. Lagowski, W. Walukiewicz and H.C. Gatos, "Determination
of Carrier Concentration and Compensation Microprofiles in GaAs," J. Appi.
Phys. 51, 2301 (1980).

J. Lagowski, W. Walukiewicz, M.M.G. Slusarczuk and H.C. Gatos, "Derivative
Surface Photovoltage Spectroscopy; A New Approach to the Study of Absorp-
tion in Semiconductors; GaAs", J. Appl. Phys. 50, 5059 (1979).

M.M.G. Slusarczuk, "Study of Electronic and Optical Properties of Gallium
Arsenide Surfaces and Interfaces", Doctor's Thesis, MIT, 1979.

E. Kamieniecki, J. Lagowski and H.C. Gatos, "Wavelength Modulated Photocapaci-
tance Spectroscopy", J. Appl. Phys. 51, 1863 (1980).



16.

17.

18.

19.

20,

21.

22.

23.

24.

25.

26.

27.

28.

- 36 =

-

E. Kamieniecki, T.E. Kazior, J. Lagowski and H.C. Gatos, "A Study of GaAs-
Native Oxide Intcrface States by Transjent Capacitance", presented

at 7th Annual Conf. on the Physics of Compound Semiconductor Interfaces,
Estes Park, Colorado, January 1980; J. Vac. Science & Technol. 17, 1041
(1980). ‘

W. Walukiewicz, J. Lagowski, L. Jastrzebski, M, Lichtensteiger and H.C.
fatos, "Determination of Compensation Ratios in Semiconductors from
Flectron Mobility and Free Carrier Absorption; GaAs", 153d Electrochem,
Soc. Meeting, Seattle, Washington, 1978.

W. Walukiewicz, J. lLagowski, L. Jastrzebski, M. Lichtensteiger and
H.C. Gatos, "Electron Mobility and Free-Carrier Absorption in GaAs:
Determination of the Compensation Ratio", J. Appl. Phys. 50, 899 (1979).

W. Walukiewicz, J. Lagowski, L. Jastrzebski, P. Rava, M. Lichtensteiger,
C.H. Gatos and H.C. Gatos, "Electron Mobility and Free-Carrier Absorption
in InP; Determination of the Compensation Ratio", J. Appl, Phys. 51, 2659
(1980).

M. Kaminska, J. Lagowski and H.C. Gatos,-"Deep Levels in Melt-Grown GaAs;
The Role of Oxygen'", to be published in J. Appl. Phys.

J. Lagowski, "Microcharacterization of GaAs for Device Applications",
Proc. 3rd Bilemnial Univ./Industry/Gov. Microelectronic Symp., May ‘
1979, Lubbock, Texas, IEEE Conf. Record, p. l.

H.C. Gatos, J. Lagowski and L. Jastrzebski, "Present Status of GaAs',
NASA Contractor Report 3093, Jan. 1979. .

L. Jastrzebski, J. Lagowski and H.C. Gatos, "Outdiffusion of Recombination
Centers from the Substrate into LPE Layers; GaAs", J. Electrochem. Soc.
126, 2231 (1979).

L. Jastrzebski, J. Lagowski and H.C. Gatos, "Effect of Growth Kinetics on
Formation of Recombination Centers in GaAs", presented at 155th Annual
Meeting of Electrochem. Soc., May 1979, Boston.

L. Jastrzebski, J. Lagowski and H.C. Gatos, "Formation of Recombination
Centers in Epitaxial GaAs Due to Rapid Changes of the Growth Velocity",
J. Electrochem. Soc., 1980, in press.

W. Walukiewicz, J. Lagowski, L. Jastrzebski and H.C. Gatos, "Minority-
Carrier Mobility in p-Type GaAs", J. Appl. Phys. 50, 5040 (1979);
"Electron Scattering on the Short-Range Potentials in GaAs", to be
published in J. Appl. Phys.

J. Lagowski, W. Walukiewicz, T.E. Kazior, H.C. Gatos and J. Siejka,
"GaAs-Oxide Interface States . . .'", submitted to Phys. Rev. Leiters.

J. Lagowski, T.E. Xazior, W. Walukiewicz, J. Siejka and H.C. Gatos,
“GaAs Interface States, a Gigantic Photoionization Effect and Its
Implication to the Origin of These States'", 8th Conf. on the Physics
of Comp. Sem. Interfaces, Williamsburg, Va., Jan., 1981.



- 137 -

29. C.H. Gatos, J.J. Vaughan, J. Lagowski and H.C. Gakos; "Cathodoluminescence o
of InP", J. Appl. Phys., in press.

30. A.F. Wict, H.C. Gatos, M, Lichtensteiger, M.C. Lavine and C.J. Herman,
"Crystal Growth and Steady-State Segregation under Zero Gravity: InSb",
J. Electrochem. Soc, 122, 276 (1975); also 125, 1832 (1978).

31. PF.M. Eisen, "A Review of GaAs Materials Preparation for High Speed

Logic", Electrochem. Soc. Meeting, Hollywood, Fla., October 1980,
Ext. Abstracts, p. 470.

e

32, C.A. Liechti, "Pathways and Pitfalls for GaAs IC Technology",
Electrochem. Soc. Meeting, Hollywood, Fla., October 1980, Ext.
Abstracts, p. 1168.

APPENDIX

PUBLICATIONS

Reprints and preprints of papers which appeared in the litersture
or were submitted for publication since our last annual report are appended,
They provide 2 more detailed account‘of some of the work discussed in the

text of the present report.
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