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STUDIES OF THE VAPORIZATION MECHANISM

_ OF GALLIUM ARSENIDE SINGLE CRYSTALS

C. Y. Lou and G. A. Somorjai

Inorgdhic»MatefialSuResearch Division, Lawrence Radiation Laboratory
” Department of Chemistry, University of California ' '
 Berkeley, California 94720

ABSTRACT

N The'kineties of vaporization of galliﬁm-afsenide single crystals into
- vacuum have beeh investigated using microbalance and'mass spectrometric
techniques in the'temperatﬁre'range 7OO°-9005 c. Although '
galllum arsenide vaporlzed 1ncongruently to yleld liquid gallium and arsenic -
vapor molecules, initial steady state evaporation rates can be obtained in
the temperature range of study The total evaporation rates and the activa-
tion energles of vaporlzatlon were found to be the same for both (lll) and
(111) faces. The 1n1t1al vacuum vaporization rates of gallium arsen;de |
single crystals are lower than the maximum rates calculated from equilibrium.
vapor pressures by about a factor of two and the actlvatlon energy of vapori-
:zation'is AH* =.9O 3 kcal/mole. When excess.galllum liquid was placed i
Hedn‘toé'ef the vepori21ng surface, the rate imcreased (by a. factor of.two)
_to_ﬁhat Ofithe calculated maximum rate, while the aetivatien‘energy reﬁained
virtually unchanged.AABeth Te-doped and_Zn-doped-GaAs samples heve lower

evaporation rates than the pure gallium arsenide cryétals. The activation
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energy forATe—dopédzsamples is 90’kcal/mole,lthe same as that found for
puré‘samplés.”'However the activétibn energy of.ﬁaporization-is lower.for
the andgped.sémples (76.kca%émo%§). When excess gallium liquid was'placed
“on tdp.of:tﬁe.sufface of these?iimples, the_vaporization,raﬁe was found
again.to have ihcreased to the maximum rate, with the actiVation energies
reméihing'theisame'as those without excess liquid galliuﬁ. The vapor

" compositions for the (lil) and (I111) féceszére,fbund to be different by
maSs-Spectrometrié studies. Vaporization of the (111) face yielded onLy.l'
tétramersv(AS4);ttHowever,fdufihg the vaporization of the (III) cryétal
face béth the tetramers (As4) and'the dimers (As2) were detected. Excess
galliumAliquid on-tép of the crysfal surfacés does not seem to affect the
vapor qompoéitions significanfly. Based on these éxperimental resulfs at
leaét two reaction steps in the.sequencé of reactions leading to vaporiza-
tipn of gallium arsehide single crystals can be distinguished.- 1) The B
availabiliﬁy of arsenic vagancies VAs or divagéncies VAsta_at the vapor-
izihg surface appears to cohtfol thgvrate of sublimation; 2) Once these
defects are created the vapériZing arsenic molecules break away from the

' latticeAin‘a subsequent rapid reaction step which doeé not control the
rate,lﬁut;éstabliShes the #apor éomposiﬁibns'over the two different crystal

i

‘surfaces.



INTRODUCTION

The comppunds made'up of elements .in groﬁps_IIIA and VA in the
periodic table have ‘a broad spectrum df interesting pﬂysical and chemical
prcperties._'These compounds are éemiconductors with varying eléctroﬁic
‘band gap$ and_crystallizetinto either cubic (zinc-blende) or hexagonal
(wurtzite) struétures. They vaporize dissociativel& near equilibrium or

into vacuum according to the net reaction -
~ AB(solid) - A(solid or liquid) + (l/X)Bx(vapor) - (1)

' where‘ X=1, 2, or L. in most cases.l ‘Often; more thah one typé of vapor
molecules are found. Fdr aluminum nitridee.and gallium nitride3 the vacuum
(Langmﬁir) véporization rates were found to be lower than the maximum rates
~ calculable from the equilibriﬁm vapor pressure'data. It has been shown
that the vacuum evaporation rates pf gallium nitride ihciease markedly in
the'preSénce of excess liquid gallium or iﬁdiﬁmvoh the vaporizing surface.3’u
Vaporization of sdlids is a process which involves a éomplex series
~of-reaction steps. The rate-limiting step may in&olve bulk-diffusion,
charge transfer, bond-b:beaking, rearrangement, association, or dissociaﬁion

5

of the'vaporiiing surface atoms. It may also involve the transport of

these atoms along'the crystal surface. The purpose of a kinetic study of
vaporization is to find out which of these steps can be rate-controlling -
in the complex mechanism of evaporation. IH Should be noted that as the

conditions of vaporization change (e.g., change of surface composition,

temperatuié;-etc.) the rate-limiting step.may also change, thus perhaps
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giving'iise to different Vapq;ization rates and different activation
energies of vaporlzatlon. In'recent years the detailed vaporization

7,8

kinetics. of several SOlldS which undergo chemical rearrangements,
associat_;on’,9 or dlssociatlonlo-ll have been 1nvest1gated.

" In order to explore the vaporization mechanisﬁvof_IIIAgVA compouhds,7
we haﬁeﬂstudied'the'vacuum vaporization rates of galiium'arsenide'single -
crystals (cubic zinc-blénde structure) in the.temperature fange of T00°C- : s
900°cC. Along ‘the [lll] dlrectlon, galllum arsenlde crystals have alter- ‘
nate layers of two types of atoms, as shown in Figure 1. Both the (lll)
and (lll) faces were ‘'used in the investigations. These two low index
' faces are composed of predomlnantly one type of atoms and have been shown
to have different'surface structures,12 oxygen adsorption and desorption {

13

behaviof,,etchihg and c¢rystal growth rateslu under a variety of experig
mental conditions. The (111) face will be referred to es_the géllium
faCefand'the (111) face as the arsenic face. |
The.vaborization studies were carried out using both microbalance
and messfspectrometer. Microbalence studies yieid the absolute_vacuum‘
vapor;zation rate by monitoring the.weight loss of the single crystal
‘sample witﬁ known surface area as a functioﬁtof time.' Mass spectrometric
studles allow one to determlne the vapor compos1t10n over the vaporizing v ;
specimen. When these 1nvestigatlons are carrled out as a functlon of
:'tempefatﬁre,-the mass spectrometric measurements yield ~ activation -
energiesvof:vaporization of each vapor.species whereas the microbalance

 studies given an average activation energy of vaporization of all species. -
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Near équilibriuﬁ'gallium arsenide vaporizes incongruently (i.e., its
vapor coﬁpositidn is different from the crystal composition) according

15

to the dominant net reaction:
GaAs(solid) = Ga(liquid) + (X/2)Asz(vapor) + (1-X/4)As s(vapor)

in_ﬁhe temperature range'of 7QOfC—900°C; In,order to establish the sub-
limation méchanism, in addition to measuring the vacuum‘vaporiiation
rates and the vapor cpmpositions of both the gallium and arsenic faces

as a functioh'of time and as a function of temperature, the vacuum vapor-
iZatibnifétes of these faces covered with excess liquid gallium were also
monitorea. Mass spectrometric measurements of the vapor compositions
over the,liQuid gallium covered surfaces were performed. GaAs samples
doped with téllurium_and zine were used to cqrrelate evaporation rates
ﬁith the defect concentrations and electrical properties of the crystals.
.Again,‘vaﬁbfizatibn rates with excess liquid gallium on top of these

‘ ddped sampies were determined. From these studies, a mechanism for the
vaporization of gallium arsenide single crystals is proposed. It is
likely fhat this mechanism is applicable‘to most other IIiA-VA compound

semiconductors as well.

EXPERIMENTAL APPARATUS AND PROCEDURES
Gallium arsenide has zinc-blende structure and a melting point of
1238°C.; . High purity gallium arsenide single crystals (purchased from

Cominco American Inc., Spokane, Washington) were used in the experiments.



These-crystals were n-type, had room tempefature resistivities of 0.1-0.2
ohhfcm and’mobili£iee of about 5 x 10° ¢m®/volt-sec. Single crystals. |
‘were disodobtained'from Bell and Hdwell Corpavin Pasadena,,Célifornia
along“withfsamples doped with zine and‘tellurium The puie single
crystals were again n- type but’ w1th room temperature re81st1v1t1es of
0.027 ohm-cm and mobilities of 5,000 cmg/volt-sec. Zinc-doped crystals
(p;type)fhad room‘tempeféture resistivitiee of’O.dOhS ohm-cm and_mobilities
of-7l cm2/volt?sec. Tellurium doped samples'(n-type) had room temperature.
resiStiyities of 8.4 x 10™* ohm-cm and mobilities ofdehlo cme/volt;sec. |
Elecﬁronie'grade gallium metal used in the experiments.(obtaiﬁed from:
Eagle-Picher Co.)'had a minimum purity of seven 9's.

The GaAs crystals were X- rdy orlented cut 1nto 3x3x6 mm pleces,
polished, and etched with 5% Brg-methanol solution. Trlangular etch pits
for the"gallium face and mirror finish for the arsenic face were obtained.
These differehces in the-etching behaviors could theh be used as identi-

ficatienrfor the:two crystal faces.l7 The samples ﬁere then rinsed in
methanei~eolﬁtion and wfapped in,W foil to ekﬁosevbnly_the gallium or
the arsedic face. : _ ; . |

Thevmierobalance usedrfor'weight'loss measurements wae'made after ax
design by Honig andezandernalsf’l9 and was described in detail elsewhere.

' The restering force for a chaﬁgedin‘eample weighﬁ was produced.by the
coupling‘of a magnet and a soieﬂoid. Both magnet and sample were supported
by quarti fibers'with hooked ends With a weight of 500 mg, the sensi-

tlvity of the balance is abouL lu gram. The thermocouple monltorlng the

the sample temperature was placed outside the quartz vaporization chamber



and was calibrated in reference to another thermocouple placed inside
the quartz.tube in the position where the sample should be.

'Thefsample was mounted on the supporting fihefiwith the vaporizing
surface facing danWard.c Expefiments were'carried out to determine,the
effect‘of the difectiOn of vaporizaticn (i.e., vaporizing surface facing
either upward cr:dowhward) and no observable differences were found.in
the evaporation rate. The ambient pressure during the runs was usually
- in the range of 1077 torr so that the recondensation.rates were'orders_cf'
magnitude lower than the vaporizatioh_ratee. The furnace, withAa uell
known temperature profile,‘was heated to the desired temperature, and
the temperature was then stablllzed to within *#1°. Once steady state
temperature was reached the sample was lowered into the furnace and
" hooked over the balance plyot wire. Weight loss measurements were thenv«
taken at this temperature as a function of time.'fAfter the evaporation
rate was‘determihed, the sample was remcved frcm"the hot zone and the
furnace“wae heated to another temperature. Again‘the sample was lowered
and weight loss measurements were taken. Measurements were also made both
while increasing and while decreasing the tempefatures.. Optical micro-
_graphs,were taken of all sample surfaces before and after each vaporiza-
tion run. | |

For vaporlzatlon experlments w1th excess llquld metal (~ 0.04 gm) on
top of the evaporatlng surface, the exposed face of the sample was placed ‘
in the yaporlzatlon chamber facing upward. |Excess liquid metal was then
put on to cover the entire surface area and the vacuumvvaporization

experiment was carried out.
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’Stﬁdies”of.thé vapﬁr composition over the vapérizing GaAs sﬁifaceSA
Weié:bdrfiéd out in aISéparatevvaéuum system using a'quédrupolé mass
spéctrdméfer (Eieétfonic ASsoCiates,vInc. (EAI)'MOdei No. 200). This
.systém,ié éhéwn in Fig. 2..'The sample was wrapped in W foil and theﬁ
placéd in a high density graphifé sample holdef with the vaporizihg:sur-‘
face faéing upwérd. In the case of the mass spectrome£¢r system, fhe .
thermocouple Junction was placedvin contact with the.wrapping foil 6f the
sample. ‘Thé<system'was then evacuated first with sorption pumps, fhen
with a VacIon pump to a pressure of gl+x:10'7‘torf, and baked out at
300°C. -After bake;out,the ambient pfessureAwas'in the raage of about
10"2 torr. The furnace was then turned on to heat the samplé to the
desired vdporizafion témperaturé‘ Simultaneously, the chamber walls were
chilleEZWith liquid nitrogen to decrease the.diffuse scattering of arsenic
mblééules fromvthé walls.go After the'temperatﬁre.was stabilized (about |
30 min.)lthe intensities 6f the ion.fluxes weré measured for each of the

ions of interest (Ast, As_ '

5 Ass+, As4+) with the slit moving in line

and out of alignment with the ion éource and the ionizer so as to account
for thé background conﬂributions{ The mass spectrometer was operated
using the following iohization paramefefs: electroﬁ energy = 50 eV, .
emission1=r0.2 mé, electron trap voitagé = 30 eV,_ion energy = 6 eV, and
focus Volltage_'= -23 eV. These measurements were repeated at.different
j.temperatures. During'é typical experiment, measurements were made both |
while increasing and while decreasing the femperafures between ihtensity

‘measurements, as was done in the microbalance experiments.
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RESULTS

Studies of Surface Morphology

thiCél_micrographs of tﬁe crystal faces were taken afﬁer vaporiza- N
tion at differeht temperatureé, 'Wé found £wo tyéésvof dis:inctly different to-
-édgraphyffOr.the two 6pposing'faces. >These’aretshown ih Fig. 3a and 3b.

| -At'teﬁpefatures 5elow 800°C, various triaﬁgulér thermil pits were
observed on-ﬁhe_gallium face, withfgéliium droplets covering part of the
vaporizing surface. These triangular pits intersect each other and form
terraéed:mécfoscopié ledges, giving the>éppeafance of a very rough sur-
face;»'Mechaniéal damages on surface and edgeS'bf théAsamplé seem to’
sérve as;nucleatiOn sites for vaporization. At temperatures above 850°C,
vaporization was rapid; consequently, bigger gallium droplets Qere formea.

~ - On the afsenic face,'liquid gallium droplets wefe obServed after
vaporization even at the lower temperature (750°C)‘of our microbalance
studies (Fig. 3b).. Thié surface, howéver, appears to be smooth when
compared.to the vapofizedbgallium face. ,Thé'surfacé regions of the arsenic
face fhaﬁ are not covered by gallium were flat and shdweino'pitting
Asimilaf to that of the gallium face. For both Qrientations, ﬁhen liquid
éélliumvdrdpletsbwere physically removed from fhe_surface, flat regions

were found underneath.

~ Microbalance Studies of the Vacuum Vaporization Rates

The weight loss,of the sample was meésured'as a‘function of time ét'

a giﬁen_temperaturé., From these data and:thé geometric su-face area, the
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evéporation»rafe (mg/cme-secs was calculated. vDuring the vapOrizétion,
the'surfaqe-was of course not flat, as has been discussed-préviously, so
thaffthe.gébmetrié surface area is the lower limit of the tdfal vaporizing
area. However, Melvilleal has sﬁown that the evaporation rate may not be
appfeciably lafger'from_a rough surface than froh a crystal with a smooth
'geometriCai surface area. .Thus:the error involved in the estimation of‘
sﬁrféce area is expected to be within the expéfimentél éccuracy (+ 5%).
As a check on the calibration of our system, sodiuﬁ‘chloride single crystals
with high dislocation densities (~ 6 x 106/cm2)‘we¥é Vaporized”énd the
rates.weré'fouhd'to be the same as those repdrted by Lester and Somorjai.9.
.Since géllium liquid droplets were readily discernibl: on boﬁh
crystal faces after vaporization, it was concluded that gallium'arsenide
vaporizes incongruently to give:gallium liquid and arseniC'vapor molecul?s..:
The presence of liquid géllium, as we shall show below, increases the
evaporation‘rate of gallium arsenide surfaces. Since liQuid gallium is
accumulatihg on top of the vaporizing surface as a fuhction of time, fhe
question ééﬁ be raiséd as to whether one could attain a.steady state
évapératioﬁ ratevat all at a given temperature under these conditions.
In‘ordef to test this an exhaustive vaporization was performed during
which a smail crystal was evapqrated completely at a given temperature
and the,vacuumIVaporization rates were continuously monitored. The
results‘afe shown in Fig. 4. The vaporization rates remain constant
for more.than five hours at T = 849;C. A éimple éalculation of the sur-
face areé ébvered by the liquid gallium droplets shows that the liquid

gallium coverage of the vaporizing surface remains relatively constant
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duriﬁg the ihitiai'pefiod (approx..S hrs) of’vaporizetion. Due to the
lafge con£ee£7angle"of gallium dfoplets on the galiium arsenide surface
they”éSSumeea semispherical Shapé.l Thus, their #oiume increases without
' abpfeeiabie spfeading'on the.surface. When the aceumﬁlafed liquid gallium
was thén Spreed over:the entire surface bj Vidiently shaking the sample
a few times, the evaporatlon rates suddenly increase to that value which
is equal to the evaporation rate where excess galllum was added. As the
crystal contlnues to vaporize over a long perlod (hours),‘flnally a de-
crease in ‘rate was observed, correspondlng to a depletlon of the vaporiz-
ing matef151 from the crystal holder. Thus, from this experiment we Can‘
‘conclude that ‘an 1n1t1al, virtual steady state vaporlzatlon rate of
 gall1um arsenlde can be obtalned in our temperature range of study even
thOUgh gallium arsenide single crystals‘vaperize incongruently.

With the limit of sensitivity of our apparatus (* lu.gm), reproducible

V iﬁitial.steady state vaporizetion rates were found at any tenmefature in
the range of our study. Ho&evef, there is a éhofﬁ induction period of
slow trahsient evaporation before the Steady'statevvaporizetion is 05-'
tained,: fhe length of this fransient period.depends sﬁrongly on the
history_of the sample, e.g., preparation, etching, heat tfeatment.. Un-
etched cryetals usﬁaliy have.longef traﬁsient periods. Furtherﬁore, the
initial:traneient'pefiod is, in general, /
_ ionger for the‘afsenic face_tﬁan for the gallium face.
| vTﬁe steady state vacuum vaporization ratee were'measuredbfor both .
-crysﬁel faces of gallium arsenide as a function of_temperature. rThe

'data obtained using several samples is shown in Fig. 5.22 Within our
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expérimental‘accuracy thé steady state rates are the same for both
gallium“ahd arsenie faces. The thermal history of”the sample appeared
'to’havé nq'effecf on the vapdrization rates. The activation energy of
Vaporigation is 90 * 3 kcal/mole and the evaporatiopicoefficient, a, is
about C.S.in,#he‘studied temperature range (700-900°C). Crysals (undoped)
with slighﬁly different electron carrier coﬁcentratidns were found to
have the Same‘vapofizatién.rates and the'same'activationVenergies. :When ,
éxcesé'liquid‘gallium was‘pléced on top of:the vaporizing face so as to 4
éover:thé:entire surface, evaporation rates were increased by a factor

of two (Fig.’S) to that of the maximum rate (av ~ 1.0). Both crystal

faces'gaVe the same evaporation rates and the activation energy was found

to be 86°+ 5 kcal/mole.

_Therevis-COnsiderable disagreement in the 1iterature concerning the

3

exaét‘équilibrium vapor compositiqn of gallium'arsenide. Arthur2 has
studied the equilibrium vapor pressures of GaAs using a mass spéctrometer
and has rebprtéd the equilibriuﬁ‘vapor to consiét hainly of Asg molecules.
He has also found the heat of dissociation of 'As4(g) - 2As2(g) to be
62.5 kecal.  De Mafia ét al.15 has also studied thé equilibrium vapor
-preSsufe*&ver GaAs using a mass spectrometer. However,.he has f&und
comparabié intensitieS'for As, and Aé4 in the vapor phase and a heat of

- _diSSO'ciation (As, - 2As)) of 73.5 keal. | Recently Hudson,2 using
-.electron'impacﬁ ionization, has reported 6815 kcal.for~thé heat of -dis- .

sociation of As,. 'After corrections for the entropy factor in the data

reported by De Maria, we found similar values for the heaﬁ of‘dissociation‘:

as thaﬁ reported by Hudson. Based on the:se observations; we shall use
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the_equilibfium.vapor pressures‘reported by. De Meria in our calculetions
of the eueporation'ooeffieient QQ' ‘Table I gives the equilibrium.vapor
preSsuresuof GeAs and‘the cofresponding maximum'evaporation rates. It
fshould be pointed out that the absolute vaporlzatlon rates and the ratlo
of Asg/As found for vaporlzatlon of the arsenic face of GaAs w1th excess
Ga(z)_on‘top of the surface are similar to the maximum rates calculable
from‘the equilibrium'data reported by De Maria et al. 15

In order to 1nvest1gate the effect of 1mpur1t1es in the GaAs crystal
on the. klnetlcs of vaporizatlon, the vacuum vaporlzatlon rates of crystals
heavily doped with tellurlum and zine were measured (1mpur1ty concentratlons
~ 1018/om3); The vaporization rates of the Te-doped samples were found to
,be:about'oneéhalf of'that'of the pure eamples (o, ~ 0.29), as shown in
Fig. 6a. Within our experimental aCcuracy, the acﬁivation energy remain§
the seme,ei.e;; 90 * 3 kcal/mole as that for pure GaAs. The_conductivity
of the doped semples-dia not-change during vaporization. The diffusion
raté of Te in gallium arsenide is low -enough so_that the out-diffusion of

25,26

tellurium from GaAs during vaporization is improbeble. When excess
liquid gellium was placed on top of Te-doped erystals,_again, the maximum
Vaporization rates were obtained. The'acfivation energy was found to be
V87 + 3 kecal/mole (Fig. 6a). |
| The vacuum vaporization rates of Zn- doped GaAs crystals are shown in |

Flg. 6b, as. a function of temperature The evaporatlon coefficient is

the lowest ofzall, avv~,0.l-Q.2, in the teméeraﬁure'renge of our sﬁudy.

In addiﬁion,*the acﬁivation energy also deCreesessto 76 + 3 kcal/mole“

';(Fig. 6b). As- one continues to vaporize . either crystal face of the
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same sample, there is a prdgressive increase in the vaporization rates.
Conductivity measureménts before and after #aporizatibn and diffusion
data indicate that zinc does not diffuse out of the crystal during vapori-

zation. 'Fig.'6b clearly shows that the'evaporatioﬁ rates are gradually

inCreasing}. When excess gallium was placed on top of these p-type crystals,

rates‘éomparable to the maximum rates of undoped gallium—arsenide were
measured. However, the activation energy of vaporization for zinc-doped

samples with Ga(liquid) on top remains the same as that without liquid -

gallium, i.e,, 76 * 3 kcal/mole.

Since 1iquid gallium catalyses the vaporization of GaAs, an attempf

was made to investigate the posSible catalytic effect of other-liquid‘h

~metals. bLiquid_tin has low vapor pressures (~ lQ-S_torr) at the temperatures

of our studies (700-900°C). When Sn(liquid) was placed on top of undoped |

GaAs the absolute vaporization rates were found to be lower than that for
GaAs with excess Ga(liquid).on top and the activation energy of vaporiza-

tion was found'tovbe 76 + 3 kcal/mole. This is shown in Fig. 7.

Maés Spectrometric Investigation of the Products of Vaporization

The idﬁs which were readily detected in the mass spéctra of vapor-

. 8o . . ' » + .
izing gallium arsenide are As+, A52+, As, , and As4*. The dimer and

tetramer ion peaks had the largest intensities and they were of comparable'

magnitude invthe temperature range of our stpdy.
Thevexperimental_geometry has the advantage of allowing one to sample
~directly the vapor composition which emanates from the vaporizing gallium

arsenide surface. Thus, any association reaction which may take place on
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the'heéten orﬂchaﬁber walls would only change'the backgrOund:intensity-:"
wnicﬁ~éan=£é meeSured independently and then subtracted from‘the signal.
Interactlons of the arsenlc molecules with the hot thorium’ coated tungsten
ionizer fllament (most llkely dissociative reactlons) can also change the
vapor compos;tlon. However, we have found no observdble change in the

ion intensity ratlos upon changlng the emission current, thereby changlng
the temperature, of the ionizef filament. Xenon isotope spectra were
vused to calibrate the mass-transmission of the quadrupdle mass spectrometer.
Due to the lack of accurate ionization cross section data and the experi-
mental uncertainties in calibrating fhe mass'spectroneter; we ‘shall not
attempﬁjto“compute the absolute vaporization rates of the oifferent vapor
species’froﬁ the ion intensities, but rather use.the intensity changes as
a function of temperature to monitor changes in intensiﬁy ratios_and celg
culate'the ectiﬁation energies of each vaporizing species.

: Apﬁearance'potenflal'cur#es for all the‘ions,were'determined, and
'were found'fo be cOmparable ﬁo the literature values shown in'Table II
along with fhe dissociation energies and electron affinities of fhe
differenﬁsarsenic molecules.gy As_it can be seen,'ell ions_eppear at
electron energies-below 15 eV. Since the practlcal_lower limit for thev
energy of the 1onlzlng electron beam in the quadrupole mass spectrometer
is about 20 eV, it would be’ dlfflcult to employ electron energles low
enough to ellmlnate molecular fragmentatlon by electron 1mpact In order .
to determlne the fragmentation pattern of the arsenic molecules, pure - -
arsenlc crystals were vaporlzed at 500°K where the _vapor was shown to

-consist mainly of tetramer molecules.e_ In the vaporization of;GaAs single
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crystals, both AS and As3 nolecules can be identified as fragmenfation '
produétS-of electrbn impact ionization qf As, and As4'ﬁolecules; Correc-
tidnsvfbr'fragmentations ofFAs4 tO.A52 mo;ecules were also médé_in the 
intensities detected for As, and Asq. The methodvfor these corrections

25

is discussed in detail elsewhere.  Since As, is a moﬁoisdtopic molecule,
one may.not‘éasily'identify'the contribution of_As4++ to the intensities
-detected for As2+. However, comparing the ionization potential andithe
aissociation éﬁergies of As4+ to form Asf+ and As2+ + As, molecules,
réspecti&ély; it can be shown that the contribution of As2++ to A32+
intensities will be small as compared to other contributiohs due to frag;
mentation of As, and the ionization of neutral dimer moleculeé. The same
argﬁménf:may also be used to disregard the contribution of.As22+ to Ast.

No gaiiium ion-peak'was'detected as coming from the vaporizing gal-_ i
1ium éréenide'crystals in the'température range of our study (700-900°C).
Inspection of the high density graphite sample holder ahd the stainless |
steel vaporization chamber did not reveal the occurrence of any possible i
solid state reaction with‘gallium. Thus we have been unable to monifbr
the vapdrization of'gallium as a function of temperature and to calculate
its'activétion energy of vaporization. |

The infensities, which were corrected for frégmentation, of As2+ and
:AS4+1peaks from the vaporization of GaAs single crystals for both'gallium ,.
(111) and arsenic (iii)-faces are plotted as a fﬁnction of temperature in
Fig. 8a and 8b. During the vaporization of ithe gallium face of GaAs, -
after.COfrection for fragmentation, only tetramers were found, with'an:

averagé aétivation energy of 92 + 5 kcal/mole. However, during the
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vaporizatioﬁ of the arsenic face, oné'finds‘both.tbe dimer and the tetra-
mer vaporjmbiecﬁles with activation energies of. MH*(As,) = 88 £ 5 keal/
mole ahd: AH*(As4) 5.98 t 5 kcal/mole (Fig. 8b)'réSpéctive1y.

’ '\5Wheh;ek¢é5s'liquid;gallium was placed on top of the vaporiiing sur-
fdcé,’again different Vapor‘compOSiﬁioﬁs were found for the two opposing
faces. - Féf the vaporization of gallium face, 6nly tetramers (As,) were
found; just as for the vaporization of the same face without liquid gal-
lium.On'ﬁop (Fig. 8a). : For arsenic face,’Both-the dimers (Asp) and the
tetramerS'(AS4) were found. However, thé ratioi As2+/As4+, seems to be
slightly'higher in this qése than for the pure crystals without gallium
liquid oﬁ tQp; These intensities wére plotfed és‘a functioh of temperé—
ture and the activgtion.energies calcﬁlatédQ Within experimental accuracy,
the acﬁivétign energigs_wgre.ihdisﬁinguishabie,from that observed during,
the vapofization'Of'GaAs surfacés withoﬁt excess: liquid metal placed on

the vapqrizing surface.

© - . DISCUSSION

The following statémentS:summarize thosé resu;ts of our vaporization
studie$ that Shduld bévhelpfﬁl in uncovering the vaporization mechanism
of gallium_aréenide: |

1)ZTﬁé'morphology of the'vaporizing éallium and arsénic faces are .
différent{"LiQuid‘gallium droélets are detécfable on both crystal féces,

'fhe»galliﬁm face iS'rougheﬁed and‘éxhibiﬁs friéhgular etch pits while

the arsenic faée is relatively smooth.
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2) Vaporlzatlon of galllum arsenide samples for long times (~ 5 hrs)
at constant- Lemperature showed that steady state vaporlzatlon rates could
be attainad and maintainéd after a brief inductlon period in the tempera-
ture range of study (700°-900°C).

3) Vacuum vaporlzatlon rates of pure GaAs crystals were found to be ’
lower by about a factor of two than the calculated maximum rate (c ~ 0. 46) .
Within, experimental accuracy the vaporization rates and actlvatlon energies”
ofuvaporiaation are the same for buth gallium (lllj and'arsenic (lll)
crystal faces (AH* = 90 + 3 kcal/mole) -

| 4) Liquid gallium, when placed on the vaporizing surfaces, increases
the evaporation rates to that of the maximum rates (for both (111) and
(111) cu&stal faces) without significantly chaﬁging the actiuation ener-
,giéé~of.vaporization. | .

5) Only fgtrameré (Aé4)'wére'found to vaporlze ffom the gallium face
whereas both diméné(ASé)'and fetramers (As,) wafe found to vaporize from
the araénlu face. - Exceas liquid gallium 6u top of the vaporiZing”surface
doés not chauge'significantly the vapor composition emanating from the
two different crystal faces.

-6) Thé7vaporlzation rates of tellurium-doped GaAs samples are de-
creased (av ~ 0.29) wheu compared to the vaporization rates of unduped
'crystala._ The actifation energyrof vaporization hcwevef, remains un-
changes (QH* = 90 * 3 kcal/mole). Liquid gallium Qn-top of the vaporizing1
'surfacé-increases the evaporation rates to that of the maximum rates. |

7)vThévvapbfiZationvratesiof zinc-doped GaAs samples is deéreased.

(a;,~'0.l5) with respect to the vaporization rates for undoped crystals.
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The'actlvatiOnbenergy of'vaporizationfis also‘lowered (bﬁ*h: 76 + 3 kcal/
mole) : hiquid galliun onltop:of the vaporizingbsurface increases the
»rates to near that of the maximum rates but the actlvatlon energy of
vaporizatlon remains unchanged (76 kcal/mole) in the presence of llquld
'gallium : |
8) Liquld tin, when placed on top of the vapor1Z1ng galllum arsenlde

surfaces does not 1ncrease the evaporatlon rates significantly (d ~ 0.49)
a8 does liquid gallium, but changes the activation energy of vaporlzation ’
similar to that for 21nc-doped samples (AH* = 76 + 3 kcal/mole)

| Liquid galllum droplets are dlscernlble after evaporatlon on top of -
every galllum arsenide surface that was studled Mass spectrometrlc
‘studies of -the vapor composition over ‘the vaporlzing‘samples revealed
the presence'of Asx and As molecules but'gallium atoms were not detected
1n the vapor phase in the temperature range of our vaporizatlon studies.
v TherefOre, one may conclude thatjfar from equllibrium gallium arsenide

single"crystals vaporize incongruently according to the equation:
GaAs(solid) - Ga(liquid) + X/2 As,(vapor) + (l-X/h)AS4(vapor)' (2)

pFrom exhaustire vaporization.experiments, it was found that even though
'evaporation rates‘increase slowly with‘increasing coverage of gallium’liquid
on the crystal face, v1rtual steady state rates can be obtalned for more
than five hours at 850 C, a time span that is much longer than needed to
complete a rate measurement Th1s 1ndicates that the llquid ‘gallium
coverage can be assumed to stay constant for: the usual experlmental time

of 0.5 2.5'hours. ‘Thus the 1n1t1al vaporlzation rates.are reprodu01ble '
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and one could obtain an activation energy of vaporization. From the
' mlcrobalance studies, one obtains the average actlvatlon energy of
vaporiZatiOn; AH¥ = 90 = 3 kcal/mole The absdlute vaporization.rates
and the'everage activation energies‘of’vaporizationZWere idehtical for
both (111) and (111) crystal faces.

The’vspor compositions‘emanating fromithe vaporizing Ga face and -
As face wereAfound to be different. For the vaporizstion from Ga face,

one finds predominantly As, molecules whereas the vaporization of As

face yields both Asé and A54 molecules in comparabie quantities. Liquid -

gallium does not seem to affect the vapor compositions significantly,
i.e{, one still observes only the As4'molecules over the vapqrizing Ga

face and both As, and As, molecules over the vaporizing As face. Thus.

the vapor compos1tlons emanatlng from the two crystal faces do not change

with 1ncrea31ng concentratlons of llquld galllum on the surfaces even
_ though’excess liquid'gallium increases the evaporation rate by a factor:
v'of'two;i o

In spite of the different vapor compositions foﬁnd for the two
crystal faces, the fact that the initial steady state rates and the ac-
tivation energles of vaporlzatlon are the same for both Ga and As faces,
w1th and w1thout excess llquld gallium on top of the vaporlzlng surface,

into vacuum
1nd1cates that the rate-limiting step for evaporatlon71s the same for

v both faces. ThlS rate-limiting step'must then be followed by another
different '
more rapid reaction step that establishes the/vapor compositions of the

two opposing faces. The latter step is different for the two faces and

‘must depend on the different surface structures of the (111) and (111)
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crystel faces.'lThus we‘can distinguish at least two steps in the sequence
of reactions leading to vaporlzatlon
B In order~to 1dent1fy the rate- llmltlng.step let us review those ex-
perimental parameters'that ‘influence the absOIute vaporization rates and/
or the activation energy.
First of all,'liqdid gallium increases the vaporiZation:rates without
changing the'activation_enefgy. This eetalytic.effect of liquid metals
or eVaporation has been observed before (Ti(z) on As?' ana Ga(£) and In(#)
on GaN ) Catalysis'by liquid metals is.also well documented in the re-
verse process, i.e., in’ condensatlon or crystal growth This catalytic
effect may”be attributed to One'of the following reasons:‘ (1) the liquid
metal’provides‘eleotrons at the'snrfecekthat_facilitafe charge transfer
'during*vaponization or condensation, (2) liquid netal dissolves .the vapor-
izing or:thedCOndensing'sPecies and thus provides an alternate routeifor'
evaporation or crystal growtn, (3)vthe liquid metal changes the defect
Vconcentrations at_the,surface that might play an important role in vapor-
ization dr7eondensation; Since the‘liquid netal increases the absolute
evaporation rates of gellium'arsenide and arsenie crystals, fhe concen—.
trationsvof these surface defect sites must be increesed by the liquid
metal if ﬁhevlatter effect'is the cause of this catalytic behavior.
Secondly, both Zn or Te when present in the Gals crystal lattice,
'(infsubstltutlonal 51tes ), decreased the vaporlzatlon rates ~ Further-
more, the actlvatlon energy of Zn doped samples are lowered in comparlson
to‘that_of-pure samples (AH*(Zn doped) = + 5 kecal/mole and ~AH*(pure)

= 90 ii3jkcal/mole).i Due to the'low~concentrations»of these impurities
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in the cryétal (~ 0.1 atom %) it is very unlikely thaﬁ the lbﬁering'of
fhe vaporization raﬁés is caused by the bidckingibf the GaAs Surfages by -
foreign atomé. Both Zn and Te1COuld form com?ounds in the GaAs lattice,
e.g., Zn,As, and Ga,Te,. However, these compoundsvhavé higher vapor
R also vacuum : L

pressures and are/ likely to have higher/vaporization rates than GaAs.
In addition, in the température range of our study, the bulk diffusioﬁ
‘rates of*both'Zn and Te in GaAs are much lower than the evaporation rates
of gallium arsenide so that the impurity conéentratidns throughout the
crystal ﬁoﬁid remaiﬁ virtually constant, as indicated by the éonductivity
measuremeﬁts before and»éfter each exéeriment.

Te-impurities in GaAs produce electron donor Statés (iogization
energy ;_0.02 eV) while Zn impurities introduce eléctron écceptor states
(ioniéatipn energy = 0.08 eV). Dopeing the crystals with these elements
wiil changé.thevfree carrier concentrations énd_thertype_of_majority free
carrierS‘(electrons or holes). In addition, these impurities also change
thevvacéncy concentrations of GaAs crystals. Béth Te and Zn are known

to enter into the crystal'lattice substitutionaliy,28 i.e.,

Vas * Te(surface) > Tepg | - (3)

.VG + Zn

a (surface) ZnGa‘ ‘(A)

1

where the subscripts denote the sites being occupied by the atoms and
Vaps and Vg, are the un-ionized arsenic and gallium vacancies, respectively;
'{In effect, doping the GaAs crystals with impuritiésAwill decrease the

cOncentfations of one of the'two types of vacancies. Since these impurities‘.
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are 1ntroduced during crystal growth et high temperatures, equilibria
among defects can easily be establlshed

Charge transfer has been found.to be the rate- llmltlng step in the
eVaporation of pure CdS single crystals.;p The activation energy‘for
vaporlzatlon (~'50 kcal) was found to be similar to the band gap energy
| (2. hl eV). However, if this were also the rate limiting- step in the
evaporation:of GaAs one would expect an activatlon energy similar or
equal to the band gap energy (1.4 eV or 32 keal). The ooserved activa-
| tion energ& (90 kcal) is much greater than the band gap energy. It seems
unlikely;that the'rate-limitihg Step for vaporiiation would be related
to the:electroﬁio”properties of pure GaAs. Furthermore, the difference
in aCtivaﬁiOn energiles of vaporizaﬁion between_Te—doped and andoped‘
".GaAs samples'is much too greaf_(~ 15 kcal or 0.6 eV) to be attributed to,
the‘difference in the position of'the donor“eﬁd the aceeptor levels with-
rin.ﬁhe band gap orbany other electrical properties of these impurities
in the GaAs crystal lattioe.' At the temperatures of our studies (700-
900°C) most of the impurities are expeoted.to be ionized because of their
low ionization energy in the gallium arsenide crystal'letfice. In addi-
tion, c;ystais wifh different charge‘carrief concentrations have been
found fo‘have the same.vaporization rates. Therefore, we conclude that
, Ga(E), Te and Zn in the GaAs crystal lattice do not 1nfluence the vapor-
ization rates by changlng 1ts electronlc propertles. |

. The vapor compositions over the vaporiﬂing gallium and-arsenic
rystal faces remalned unchanged when llquld galllum was’ placed on- top

of the su:face. Also llquld galllum has not changed the actlvatlon
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energies of vaporization of the different Zn and Te-doped crystal samples.
Thus, it appcars that liquld gallium does not change the reaction path

i. e., does not prov1de alternate route for the vaporlzation reactlon.
Therefore we conclude that Ga(£), Te and Zn in the GaAs crystal lattice

influence the evaporation.rate by changing the defect concentrations at

bthe surface. While the arsenic atoms associate and are subsequently re-
moved into the vapor-phese the gailium atoms.precipitate out in the form'
of 1iqnid at the surface due to their low vapor pressure.

There is only incomplete experimental information evaileble’on the
nature of point defects in gallium arsenide. Self-diffusion studies
revealed very high and different activation energies for the migration
of arsenic (235 kcal/mole) and gallium (129 kcal/mole) atoms in the bulk
GalAs crystal Due to these large energy requirements and the large pre--1
exponential terms it was proposed that diffusion occurs substitutionally
in the arsenlc and in the gallium sublattices. "[This model is further
supported by the observation that impurities which occupy substitutional
51tes 1n the galllum sublattice (Zn, C4 and Sn) have nearly identical
activation energies of diffusion in GaAs. The same holds for the dlf—
fusion of impurities'in the arsenic sublattice (S,Se).] Part of the

activation energy of self-diffusion is the energy of arsenic or gallium

vacancy formation. However, for another IITA-VA compound, indium antimonide;

inSb, the activation energies of self-diffusion are the same for both

indium and antimony.29 In this case a divaéancy mechanism is proposed;;
The migration of VInYSb divacancy is thoughtvto be primarily responsible
for the diffu51on of both indium and antimony. 29 The enthalpy of forma-

tion for the divacancy is estimated to be about T kcal/mole and that of

t
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the single'vacancigs 40.5 kcal/ﬁole.' The héat;of atomization of InSb
hds:beeﬁ.:epdrﬁed as 127 kcal/moie; Thus the formation energy for di-
~vécan¢iés ié;ab§ut 58% of the heaf of atomization. The heat of atomi- .
zatibﬁzbf GaAs is réported to be 156 kcal/mole. Therefore the‘activation
eﬁerg&ﬁéf-Vaﬁbrizatioh (90 kcal/mole) could be a'iikel&‘valué‘also‘for
the heat of divacancy formation. |

. MOét-of the experiﬁental data can be ratiohalized by assuming that
the rate limiting step in the vaporization of gallium arsenide is either

the formation of divacancies of the surface, V.,V , or the formation of

Ga As
the miﬁority vaéancies VAS or vGa' It is likely that in an undoped gal-
’liuﬁ‘afsénidevsingle”crystal'the-gallium vacancies Vea predominate.3o

The'vapériZétion of galliﬁm’arsenide would_then be limited by the rate

of formation df‘aisénic vacancies at the Surface.' In.this case.the heat~ .
of-formafiéﬁ‘ofvasbéhould be approximately 38%'bf the aétivatioh energy
bf:sélf-difquion of arsenic in the gallium arsenide lattice;

| Deéreased vaporization rates were fouhd for crystals doped with Te

or Zn. Te in GaAs reduces the'(VAs) concentration. I the rate of

| vaporization is controiled by the rate of formation of VAS in pure samples
the evaporation rate would indeed be reduced for the Te-doped crystals
_Without any changé of activation energy of vaporization, as observed.
For'Zn;dopéd samples not only the evaporation rateé_décféased but the
actiVatidﬁ enefgy pf vaporization hasvalso'changed. Eor'fhése.p-tjpe

sambles thevgallium'vacancy concentration_(VGa)vmight be reduced below

~ that of‘(VAs)qand its rate of formation becomes rate determining.
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.These results can also be rationalized assuming that the rate of

- formation of divacancies controls the evaporation rate since a reduction

in‘either:the‘(VAs) or’(VGa) concentration.can shift the equilibriﬁm '

betweeh'single'vacancies andvdivacancies and reduces the divacancy con-

Centration. :However,iif this mechanism'is’operative the change’of acti—

"vatlon energy .of vaporlzatlon for Zn-doped GaAs crystals 1nd1cate that

- Zn atoms assocmate w1th dlvacan01es in the GaAs crystal latt1ce.3l‘
Koster and Thoma have made extensive studiee of the phase diagram

32

of ‘the gallium-arsenic system. It was found that GaAs does not dis-

‘solve significantly in liquid gallium. The diffusion of Ga into the

cryStalxlattice isbextremely slow; consequently, during the time that is
requlred to measure vaporlzatlon rates, little or no gallium is expected {

to be 1ncorporated into the lattlce.' In our experlments, we have observed

that excess ligquid gallium_On top of the vaporizing surface increases the

rates with the'activatiOn energies remaining the same as for those samples

'without:the excess gallium This effect could be explained that eveﬁ

though GaAs does not dlssolve in liquid galllum to any great extent, the

‘small but finite solubility (ppm) of the molecular GaAs in Ga(llquld)

‘ _;ncreases'the surface concentration of both vacancies (VAS) and (VGa) or

: divacancies (V V ) thereby increasing the rates of evaporation.

‘ Studleo of the condensatlon of galllum arsenide u31ng aréeolc'

: molecular beams have shown that the sticking probablllty of As, molecules
. has increased markedly in the presence of llqpld gall;um'on the GaAs
33

surface. Thus, the surface concentration of arsenic vacancies is

E 1ikely to"bevincreased in the preéence of liquid gallium. Tt would be
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important'fo,chanée the'surface cOncenﬁretion of”As4for As_ molecules
at the'vaporiZing GaAslsurfece_using molecular beam techniques in order
to:furrherfelucidate the mechanism of-vaporizafion-of'gallium arsenide.
: If‘the,leW'steﬁfih the vaoorizationeérocess.inVOlves the formation of
arsenic’vecancies'excess arsenic-molecules at the surface shouldvdecrease
the sublimation rate. | |

L"Thevdiffusion rates of Sn in Gahs havevbeen studied and were found
to be Similervto that of Zn.28 The activation'energies‘for diffusion of
Sh’br Zn in GaAs are very simllar (Ep ® 57.5 kcal/mole). Thus it is not
':surprisihg that one finds the same activation energies of vaporization
of GaAs ih-the’presehce of-ékcess.liquid tin on the vaborizing surfece'
as those found for the veporlzatlon of Zn-doped GaAs crystals ( 76 kcal/
.mole) It appears that Sn atoms, when enterlng the Gals crystal lattlce«
at the vaporizing surface, affect the'vacanCYVCOncentrafions of the host
.letticevthelsame'way as do Zn atoms. |

| Since ‘the (lll) and (lll) faces of IIIA-VA compounds are known to
behave dlfferently under a varlety of experlmental condltlons, e.8.,
chemical dlssolutlon, adsorption and desorptlon of molecules, LEED studies,
l'one might suspect that the surface structural differences will also play
an important_role in their mechanisms of vaporizationr: The fact that
one obtalns. the samefevaporetion rates for both the_galllum face and
the arsenic'facevimplies ﬁhaf:the sorface cohfigurationsﬁdo not influence
:the rate-limitlng step. However, different vapor comp051t10ns were
found over the two oppos1ng faces. This suggests that the surface struc-

tures ‘do . influence the formatlon of vapor molecules even though thls
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step is not rate limiting For evaporatlon frbm the Ga- face one can see
from the model in Fig. l that all the As atoms that would form the tetra-
hedral'unit are'available for vaporization (i.e., none of the As atoms
are blocked by Ga atoms on top). When an As, molecule finélly forms, it
could then desorb 1mmed1ately This is not the case for the As face. -
Three of the As atoms that would form the tetrahedral unlt have Ga atoms

dlrectly on top of them so-that the formation and subsequent removal of

the’As4imolecule is difficult. Consequently, some of the surface As atoms’

would have the opportunity to form As2 units and vaporize. Thus, the
effectAOf steric hindrance for the formation of As, molecules in the As-
face coﬁld then provide a clue for the cause of the different vapor
compositions from the differén£ crystal faces.

"It might be interesting to speculate how the As4 molecules form at ;
the surfécgf In the vapor phasg;'the bond angle and bond distance for
thé te:_ti'.ahedralvAs4 moleculeg are 60° and 2.4k §, respectively. In the

gallium:arsenide crystals, the As, unit has bond angles and bond_distances

of 60° and 3.99 K; respectiVely. Thus the bond distances of As; units in |

thé crysﬁal-lattice have to chanée markedly at the vaporizing surface tq
form géseous As, moiecules. This process ﬁay reqﬁiré avcefﬁain gonfigura-
) ﬁion of neighboring vacancies, thereby breaking up the regular arrange-
_ment 6f surface bonds and making itVEaéier for the_As atoms to vibrate

into the tetrahedral configuration which is required for vaporization.
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TABLE I. Equilibriurﬁ Vapor Pressures and the Cormsponding Maximum
: Vaporization Rates of GaAs Single Crystals '

.» T%°K) ' | lloh/T (°k) - 3Aség106 . PAsuxlqé__>PtpﬁaixlO6 qﬁaxg;og
' - (atm) ~ (atm) (atm) (mg/em” -sec)

1106 9.0 0.7 0.9% 170 1.02
1119 - 8.9k o0.01 CLob 1.05 | 0.55
1121 8.92  0.93 .00 1.93 1.6
1122 8.91- . 1.05 1.07 2.12 1.29
1129’ ' 8.86 1.4 1.71 3.16 1.89
31 8.8k 1.b5  1.65 3.0 1.86
1135 | 8.81  1.86 2.34 4,20 2.kg
1151 8.69 3.76 5.46  9.22 5.36
1152 . 8.68 3.88 555 9.3 5.46
1162 8.6 b3 5.65 - 10.1 5.92

o163 8.60 4,70 6.00  10.7 6.26
1265 8.60 b2 6.05 10.8  6.32
107h '__ 8.52 6.8k 6.26 15.1 . 7.85
1186 :i 8.43 '_ 7.32 6.68 14.0 8.33
119& . - 8.38 .32 6.80 1.1 8.3%
1195 8.37 7.3k 6.86 1.2 - 8.

197 - 8.5 1 8.15 7.20  15.4 " g.12
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TABLE II. Tonization Potentials, Dissociation Energies, and Electronic

Affinities of Arsenic Molecules

TIonization Potentials

As 9.88 eV

As 9.86 eV + 0.16 eV’

2

As) 8.8l eV + 0.16 eV

- . . . ]
Dissociation Energies at O K.

A52 - As, - 2.98

As -As  3.94

“As, - As k.22

A52 - As 2.7Q
_As; _As  2.59
. + )

Asy -As 535

+

As - As  3.89

Electron Affinities

As 0.7
Age 0.3510.2

As, 1.1%0.2
)' .

eV

eV

eV

+

4

4+

0.18
0.12
0.20
0.20
0.32

0.32

eV

eV

eV

eV

eV

eV

eV -
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. Figure Captions

Cﬁbic zinc-blende structureiof'gallium arsenide single crystals}v
Mass spécthmeter systemn.

Ga-face of GaAs after vaporization at 800°C.

. As-face of GaAs after vaporization at 750°C.

hxhaUStive vaporization of a gallium arsenide sinile crystal at
£emperature T = 870°C.

Total vacuum evaporation rates of pure GaAsvcrystnls.

Total eVaporation rates of Te-doped GaAs crystals.

Total evaporation rates of Zn-doped GaAs crystals.

Total evaporation rates of undoped GeAs crystals with excess liquid

tin placed on top of the surface before vaporization.
Vaporvcomposition over the gallium face of gallium arsenide single

crystals; |
Vapor chposition over the arsenic face of gallium arsenide single

crystals.
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Listiof symbols used in'figures;

'vapoiiﬁation'retes of»gollium‘faceIUpon heating{
..yéporization’ratee'of'gallium'face upon cooliné;
 vaporiiationVrates ofvarsenic7fece upon heéfing
:_VaporiZaLion rates of areeﬁic face‘upoh cooling.
.vapofiZation rafes of gallium fuce wifE.excese ~allium placed

on top of surface before evaporation (heating)

' vaporization rates of arsenic face with excess gallium placed

. on top of surface before evaporatlon (cooling)

'P>

vaporlzatlon rates of areenlc face with excess galllum placed

-‘on top of surface before evaporatlon (heatlng)

P

-vaporlzatlon rates of arsenlc face with excess galllum placed
.on t0p of surface before evaporatlon (coollng)

vvaporizatlon rates of galllum face with excess tin placed

on top of surface before evaporatlon (hedtlng)

vaporlzatlon rates of gallium face w1th excess tin placed

@  ® _!_

on»top of the surface before evaporation (coOling).
éﬁo_vaporizetion rates of arsenic face with excess tin placed

- on top of>surface before evaporation

1. bThe flrst tlme the crysta] face wa 8 belng vaporlzed

2. The qecond time the crystal face was being vapor17ed.

I

The data p01nts are tﬂken from one representatlve experlment whereas
the slope drawn through these points 1s the average value of all experlments

thet-werevcarried out under the identical condltlons%
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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