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- VAPORIZATION MECHANISM OF GALLIUM
" ARSENIDE SINGLE CRYSTALS |

Catherine'Yuen;Chien Lou
Inorganlc Materlals ‘Research D1v1slon, Lawrence Radlatlon Laboratory
Department of Chemistry, Un1vers1ty of Callfornla
Berkeley, California
ABSTRACT |
LThe:kinetics‘cfuvapcriaatioh cf'gallium arsenlae single crystals

intovraccum have been lnrestigaﬁed using‘microbalance and mass specﬁro-
‘mefricvtechniqueé in fhe temperature range 700°C-900°C. l£ was fouﬁd‘that
galliuﬁ areenide vapcriZed inccngruently to give liquid'galliuﬁ and arsenic
vaﬁcr mclecules. The’tctal evaporation rates'andlthe‘activation.eﬁergies
were fcucd‘to be the:same.for bofh (lll) and (ITI) faces. The initial |
vacuum.rapcrizatioh'rate:cf gallicm arseﬁide single crystals lsvcher
thah fhe maximuﬁ_rafe'calculatedlfrom equilibrihm rapor pressures by about
a:factor,of two but the activation ehergyvis-the same (90 kcal/mole) as
tﬁe.heat.of.sablimaticn'(per mole of GaAs). When excess.gallium liguid
was placed on’ top of the vaporlzlng surface, the rate was found to be
'1ncreased by a factor of two compared to the calculated max1mam rate, whlle ‘
the activation energy'remained unchanéed. Both Te-ddped and Zn—dcped-GaAs o
.samples gire lowerfevabcraticn rates, rThe:activation energ§ for Te—dcped
samples is 90 kcal/mcle, the”éame as that fouﬁd fcr pure.samples;v chever
the activaticn energy of Vapcrlzation is lower for the Zn-doped samples
(76 kcal/@cle); When excess éallium liquid vas placed on top of the sur-
~ face of these samplee, the vaporization rate was,fcund again to have |
increased to the maximum rate, with the activaticn energies remaining

the same as those without the excess liquid gallium on top. The vapor



'ahd desorpfibn Behavior,8 etching,9 and cr&stal gfowth rdteélq uﬁder
a varlety of experlmental condltlons. The.(lll) fécé will be referred
to as the galllum face and the (lll) face as the arsenic face.
The.vapérlzatlon studies were carried out using both mlcrobalanéevénd
méSs speéffometer. ‘Microbalahceréﬁudies yield the absélute vacuum
vaporlzatlon rate by monltorlng the welphtloss of the 51ngle crystal
sample w1th known surface area as a function of tlme Mass spectrometric
stgdles allow us to determine the vapor comp031t10n_over thé vapofizing ‘
specimen.” When thése ihvestigations dre carried out as a functiqn of
température, the mass spectrometric measurements yield the activation
ehergiés for'vaporizatioﬁ:of each vapor species whereas fhe microbaiépce
~studies gives an average'activatiéniénergy.of all species.
- Gallium afsénide vaporize inqongruenfly (i.e. its vﬁpor composition b
is différent from the crystal composition) according to the déminant’neﬁ
reaction: |

" GaAs(s) - Ga(2) +Xx/2 ASE(g) + (1-X) 4 Asu(g)v

in'the témpéréture:faﬁgé'of 700°C-§OO°C.' In oraer to establish the subli-
mation.mechanism, in aadition to meaéuring_the vacuum vaporizatibn_rates
and thé vapor compoéitions of béﬁh the géllium and arsenic faces as a
fﬁnction bf'time and as a functlon ofrtemperatures, the vacuum vaporiza-

tion rates of these faces covered with excess liguid gallium.Were also

. monitored. Mass spectrometric measurements of the vapor compositions were

performed. - Samples doped with tellurium and zinc were used to correlate
"evaporatioh rates with the défect concentrations and electrical properties
of the crystals. Again, vaporizétion rates with excess liquid gallium on

top of these doped samples were determined: TFrom these studies, a mechan-

?¥'
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ism fof thé vaporizatibn.ofvgallium arsenidg single»érystals is proposed.
It is likéi& that this mechanism is aggiicablé to most'éther IIIAfVA‘
cOmpoﬁnd sémiconductorS'as ﬁell.»

Before presenting a discussion of the experimental procedures and

results, a review of the bésic principles of vaporization will be presented.



b

- II. PRINCIPIES OF VAéoRIZATION*-

Vaporization of solids is a procésé.which invdlves a complex series
of reaction:Steps.'.Amoﬁg all of these steps,lﬁhé one which proceeds at
the‘slowest»raté is §alied tﬁe-rate—limiting‘step and its potenﬁial
energy Bar?ier is the activaﬁion energy. In vaporization, the rate;limiting
step ﬁay'invoive bulk-diffusion,'charge trahsfér, bond-breaking, rearrange-~’
ment, association, or dissociation of the.vaporizing,surface atoms. It
may also involve the atomic fransport of these atoms on the'érystal
surface. The ﬁurpose of a kinetic study on vaporization is to find out
which ofhtheée'steps can be rate-contrblliﬁg in the complex mechanism of
evéporaﬁion. It should be noted that as the conditions of vaporization
éhénge (e,g. change of sﬁfface composition, temperatufe{ etc) the rate-
limiting step may also change, thus perhaps-giving rise to a différent
vaporiéation rate. | |

Hértz, Langﬁuir, and Knudsen were among the first who have investi-
| gated the relationship between the kinetic theory of gases and the rate
of "evaporation., From the kinefic theer of gases, aséuﬁing a Maxwellian
distributioﬁ of mélecular velocities,bit.was shown that the flux J of

moles of vapor molecules that strike a unit surface area per unit time is

= p/[ZmET |

where P isvthe‘pressure,vR is the gas cohstant, M is the molecular weight,

given by

and T is the absolute tempefature. The maximum possible rate of evaporation

- from the surface, Jﬁax’ at avgiven temperature, 1s the rate which would be

* ' ' . -
Extensive reviews on this topic are presented in other'references.ll v

We therefore do not attempt to give a comprehensive discussion on the subject.
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attained if the solid were in dynamic equilibrium with the vapor, i.e.,
bﬁhe_rate of vaporization is eQual to the rate of condensation. Thus we

found that the maximum vaporization rate of 2 monstomic solid is given by

_Jﬁax - JC - Peq/ V ilﬁﬂ

where Peq is the equilibrium vapor pressuré. During vacuum vaporization

the expression

thezrate islbften;found-to be orders of magnitude lower than this calcu-
lated maximum rate. A factor o is thuS'introduced. ’

2 . ,
vai(moles/cm. sec) = o Peq/ VQ'nMQT |

' where a,:the evaporation coefficient is defined as

X

’

oT) = y(n) /3, ()

O can have values“iess 6r equal to unity.. When O = i, i.e., when
VvacuﬁmvﬁapériZation rafélis equal to the éalculated maximum'rate, one
must haVe 5 surfécé invﬁhigh all of the atoms that.wouid occupy the
geometricél Surface area afé avallable for desorption. Furthermore, these
atoms musﬁ be bound by an enefgy whiéh is egual to the enérgy of vapori-
zation)IAEV. In other‘words, the surface atoms mustnhave the same iﬁfernal
states as the vapor atoms and all surfaée sites ére equivaient and need
activation:energies for vaporization Which is equal to.the heat or enthalpy
for vaquizétion. | | |

HoWevér, invvaporization'studies of most diatomic solids, one finds
that o is.usually much_lésé than uniﬁy. At the same time, & may also be
temperature,dependent;b This is due to the fact that ﬁost surfaces are
'heterogeneous.' They éontain sites that have atoms posséssing bind;
ing.ebergies greatef.thanvthe heat.of vaporizétion. The concentration.

of suitable low binding eneréy‘sites from whichivaporization proceeds may_
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glso be muéh lower ﬁhan the.total surfacé area. In.additioﬁ,'dué to the
structuraltdifferences between the-vaporizing_ﬁnit in ﬂhe crystal lattice
and in the:vapor‘phasé, the internal partition function of the éurface
atoms may differ greatly_ffom the vapbr atoms'when'the solid undergoes
reéfraﬁgemeﬁt, association, or dissociatioﬁ.upén;vaporization. Aside
from these reasons, the.concentrations and intéractioﬁs of.crystal.defects,
the éérfier concentrations and mobilities a}e‘also among the multiple
factors»thaf can cause the lowering of @ from unity. -

Cohéidef a vaporization reaction X(solid) —aX(vapor). The flux of.

monatomic vapor species Fv'may be -expressed as

Fy (mo}es/sec)v>=k kv (X)S a

where kv.is the rate cqpstant of the rate;controliing ZQni-moleéulgr reac-
tion;_(X)S is thé surfacé concentration éf X atoms in the rate-limiting
step ahd_% is the surfagé area of the.véporizing crystal_facg. If the
area rgméiﬁé édnstant during vaporizafion; i.e., the vaporization proceeds
‘at.avéteédy_state rate, we theﬁ havé

JV (moles/cm™ -sec) = ky (X)S IT.1

From Arrhenius equation for the rate constant, assuming that the_aptivétioh
energy is independent of temperature, we have
ky = A exp (-Ea/RT)
where‘Ealis the experimental activation energyrreqﬁired for the raﬁe-
controlling step and A is the'pre-exponenﬁial factor.
From transition-state theory, we canlérrivevat the expression for

" the rate constant'kv as



. et '
KT ‘.AS/R_e-AI{_/RT. IT.2

whére k-ié fﬁe Boltzman'sléonétant, T is the temperature, h is the'Planck'é
constant, AS* and AH#iare fhé‘entropy and heat of activation of the
activated complex, respeétiveiy.. The AH*,is related to the experimental
energy of éctivation E, in the Afrhenius expression by at - A+ A(PVi).
In liquid and éoldd systems, thé'A(PVf) term is negligible at ordinary

_ pressures. Thus we have

d'fﬁ'}g]v E #

- a _ AH + RT
a- . RIS RT
s
E_ = AH +RT

‘For ideal gases, we have

d  4n kV _ Ea_ o AH# - ( n¢-l) RT
dT RT- RT®
. ., % o
e B,o= A - (An -1)RT II.3

The term An* is the ﬁuﬁber of moles‘of complex, which'is'equal tovone
minus thé:ﬁumber of moles of reactangé. Therefore; if one could deter-
mine the'ekperimental kv and Ea and utilizing Eqs, II.2 and IT.3, one
can theﬁ calculate fof the éntrOpy of activation, which in turn will
‘PrOQide us ﬁith one of the best‘indigations to the nature of the transi-
tion state. | k. |
In our»Studies‘of the vaporization of GaAs we méasufe experihentally
lower rateé than the maxiﬁum rates calculated fgbm equilibrium vapor pressures.

. However, at the same time, we obtain an activation energy which is equal”

e e , a
to the heat of vaporization (pH = AHy), i.e., we find that O is temperature
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independent. Substituting the expressibn for kV in Eq. TI.2 into Eq. IT.1
we obtaiﬁ.;

e .
KT AS/R (X oA /RT

Jy (mdles/cm? sec) = T

This.suggésts'that.the preeipbnential term, éASi/R(X)S, is fate-conﬁrolling
in thé prdcess of evaporation. It is usuaily very difficﬁlt to distinguish
the entropj factor from the surfaée'concentration factor in this term.

We may caléulate the Qalue of‘AS*_usiﬁg a suitable model and compare. it
withvthe équilibrium entropy of vaporization ASV, to determihe whether .the
entropy factor is rate-limiting. ~We could also accomplish this by
measufing the vapor compositions overvthe‘vaporizing solid under both.
vacuum and equilibrium conditions. A different»vapdr combbsition in

vacﬁum éyaporation than that found in equilibrium;implies that thé
activated'complex has a different atomic arrangemént than the products

of vapbfization in equilibrium. Such a difference will likely lead t§ As*
Qaiues thét greatly differ’fromwASV. If the concentrafion'factor (X)S
,is'raté—limiting, we would then bé likely to obtain the same vapor

composition in vacuum vaporization as that determined in equilibrium.



IIT. EXPERIMENTAL APPARATUS AND PROCEDURES

Galliuﬁ érsénide‘has_éinc-blende structuré and & melting point of
1258°C::'Hiéh‘purify:galliﬁﬁzarsenide'éingle éryétals? pﬁréhased from
Cbminco AmericanAInc;, Spokéne; Washingtqn, were used in the experiments.
These cfyétals wérevn-type; haduroom temperature fesistivities of 0.1-

0}2 ohm-ém and.mobilities éf all)ou’c"ixlo3 cme/volt;sec. sihgle crystals
were aisé'obtained from Bell and Howell Corp. in Pésendena,.Ca. along with
sampleéﬁdéped with zine and tellurium in various conceﬁﬁrationsﬁv‘TheA
pufe sihgle crystalé Wefe again n-type but with room température resiSti;
vities of 0.027 ohm-cm and mobilities of 5,000 cm?/volt-sec. Zinc-~-doped
.crystéls (p-type) had room teﬁpéféture resistivities of 0.0045 ohm-cm N
and mobilities 6f‘71'ém2/vblts-seé. ’Tellurium doped samples (n-type)

had roém.temperatﬁre resistiviti;s équal to»8.l+><lO-LL ohm—ém and mobilities
equal to 2410 cmE/Volt—sec. .These values are summarizea in Table I.
Electrénic grade_gallium'meéal'was obtainéd from Eagle—Pidher Co. with s
minimum purity of Sevenb9's.‘

These crystals were X-ray oriented, cut into 3x3%x6 mm pieces, polished,
and etched with 5% Brg-methanolvsolution for three minutes. Triangular
etch pits for the gallium face and mirror finishrfor the arsenic fage
were obtained (Fig..g). These differencesbin tﬁe.etching behaviors could
then be used as ideﬁtification for fhe two cfystal faces.gl The "samples
were then rihsed in methanol:solution and wrapped in W foil to expose only
the gallium or the arsenic face.* The crystals were ndw ready fdr.vaporiéation.

‘¥There were a few times when the crystal was not wrapped tight enough
and vaporization from the sides of the sample also occurred. However, this

- did not take place to any great extent and could only glve rise to an esti-
mated error of not more “than 5%,
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t

The microbalance used for weight loss measurements was made after

1k, 15

a design by'Honig and Czandéra. The balance wae used‘as a nuil | o
device. 'The'restoring.feree_for a change in sample ﬁeight was produced

by thé cddpiing of a magnet éndva'soieﬁoid. The megnet was suspended

from the Balance inside the vacuum while the solenoid was outside ﬁhe
"vacuum.‘:Beth magnet and sémple were supported by‘quartz fibers with

hooked ends, (Fig. 3). With a weight of 500 mg, the sensitivity of the
balance ie about 1y gram. Due to effor in hystefesis of the solenoid and
thus in'locating the true null poiht, the‘accuracy of any reading'is of
course:iess, uSualiy not better than lOu.gm.' Thermbcouple menitoring_?
sample ﬁemﬁefatures was.placed oﬁtside the duartz tube and was calibra£ed
in reference to another thermeeouple placed inside the qdartz tube in the
positidn where the samplevshould be. The calibration set up and results
are shown in Fig. k. |
A typical vacuum VaporiZation experiment using the mierobalance system

proceeded as follows. 'AS'wesvdescribed befbre, the sample was etcﬁed,
rinsed,fand wrapped in W foil.te exbose oﬁly the vaporizing surfaee. It
was then:mounted on the saﬁple supporting fiber with the evaporation surface
facing downward. Experiments were carried out to determine the effect of
the direction of véporizatibn (i.e., vaporizing surface féeing either
'upward or‘downward) and no observable differences were found in the
evapofatdon fate. The system was then evacuated. Pressure during the
v rgns was usualiy‘in the range‘of lO-7 torr so that the recondensafion
rates were orders of magnitude lower than the vaperization rates;. The
furnace; with a well known temperature prefile (fig. 5) was heated to the
desired temperature, monitored by a thefmocouple, and the temperature was

-.then stabilized to within I1+. Once steady state temperature was reached,

]
i
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the éample:was lowered ihto the furnéce énd_hooked.over the balanéé pivot-
wire..'Wéight loss meésurémehts were then tékeh‘at fhis tempefature és a
func%ioh'of timé; After the_evaporation‘rate wéé.detérmined, the sample

was removed from fhe hbt‘zone and the furnace'wés‘heated to_anothér
femperatﬁreﬁ Again thé sémple was lowered andbweight loss measuréments

were taken. After the entire téﬁperatufe range was finished, the furnace
WaS_cédlédzand the system was then filied up to atﬁospheric pressure with
d?y nitfogen. The Samplé wés rémoved:frbm the vacuum system, etched, rinsed
in methéﬁol sblu£i§n;iwiappéd to'éxpoée the opposite face, and fhen re-

placed onto the supporting fibre. The experiments were then repeated over

~the temperature range. Again the sample was removed from the vacuum system,

etched;nrinséd and wrappéd'tbvexpose the vaporizing face thét was the same
as the fiiét evaporation runs and the éxperiments were repeated. Measure-
ménts'wefe also made both while increasing and while decreasing the
tempefafﬁres; When the slightﬁmsking effect of the holder due to the
receding of the crystal ihfo the foil'isvtaken into account,16 these
measurements always appréach the same Steédy state at a given tempefature .
In additién_experiments were run using a separate sample for each‘tempe-’
rature and vaporize over a iong périod of time. Optical micrographs were
taken of all sample surfacés before and after each vaporizationirun.

For vaporization experiments with excess liquid metal (~0.04 gm) on

top of the evaporating surfacé, the exposed face of the sample was placed

in the vaporization chamber facing upward. Excess liquid metal was then

put on to cover the entire surface area and the vacuum vaporization experi-

ment was carried out. Exhaustive vaporization was also performed where

the entiré sample was evaporated.
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' StUdiéé of the vapor chpositién over thé Véporizing GaAs surfaées
. were caftied bﬁt in a separate Vacuum system using a quadrupole maéé'
vspectrémétef (Eleétronic Associaﬁes, Inc. (EAI) Model.No. QOO). This
system isvshown in Fig. 6: :Thé samplé was eﬁched, rinsed, Wrapped; in S o
W foil tb'expose only the vaborizing surféce, as was done in microbalance
exberiﬁéﬁtg. 'Thié was then placed in a'high‘density graphite sample
holdervwith.the vaporizing suffaée;facing ﬁpward. Invthe‘éaée of the mass:
spectrometer systen, thé thefmoéouple‘junctién was placed 1in contact with
the Wréppiﬂg foil of thé sample. The system was then evacuéted first with
sorption pumps, then with a Vac Ion pump down to a pressufe of’i MxlO_T
torr.  The’system was then baked out for eight hours with the furnace set
at BOOdC._‘After béke éut, the ambient pressure was in the rénge of abbﬁt
10f9 torf; ‘The‘mean free paths_of the vaporizing molecuies wefe such
that_no.éoliisions éccurred between the molecules-before they hit the
detector or the chamber walls. .The furnace was then turnea on to heat

the sémple to the desiredvvaporization temperature. ‘Simulténeously, the =
Chamber[was chiiled with liquid nitrogen to deéreaée the diffuée scéttef—
ing of arsenic molecules from the walls.* After'the temperature Wés'
stabilized (about 30 min.)\the intensities_qf the ion fluxes were measured
for each of the ions of inferest (As+, As;, As;, AsZ) with the siit moving

in line and out of alighment with the ilon source and the ionizer’

*Both the dimer and the -tetramer arsenic molecules are known to have
low condensation coefficientsl? and can undergo multiple scattering. In 2
addition, the association of dimers to form tetramers on the chamber walls
has been the probable reason for the discrepancy of the reported vapor
composition over GaAs in different effusion cell studies. Our system was
designed in such a way $o that only molecules which come directly from the
~vaporizing surface can contribute to the detector signal after a correction
to the background intensity is made. The background intensity which is due
by cooling the chamber walls to liquid nitrogen temperature.
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so as to account for the background cohfributions;%*uThesé measurements
werelrépéatéd at different tempefatures. .During'ajtypiéal experiment,
measureméﬁts were made boﬁh_ﬁhile inéreasing énd.whiie’decreasing the
temperaturéé betweén intensity measurements, as was done in the micro-
.balance éxpériments. Results for these investigétions are discussed in

the next section.

' The mass spectrometer was operated using the following ionization
parameters: electron energy = 50 €V, emission = 0.2 ma, electron trap
voltage = 30 €V, ion energy = 6 eV, and focus voltage = -23 eV.
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IV. EXPERIMENTAL RESULTS
: We have’divided this section into three parts: ~(A) Optical micro-
scopy studies on surface morphology, (B) Microbalance studies on absolute
vaporlzatlon rates, and (C) Mass spectrometrlc studies on vapor composi-

tions.

A. Studies on Surfacé Morphology

Optlcal mlcroéraphs were taken of the crystal faces after vaporlza—.
tion'at dlfferent temperatures. We found two types of dlqtlnctly dlffer-
ent surfaces for the two'opp031ng faces. These are shown in Flg 7 17

For:galligm face, for temperatures below 800° C, various tr;angular“
thermal bitsrwere observed; with.galliﬁm droplets oovering part of the
vaporiZing surface, These triahgular pite”interseot each other'énd in
geﬁeral‘form terraced macroscopic ledges, giviog'rise to an appearance
of a very rough surface. For temperatures above 850°C, vaporization
rates Were extremely rapld. Consequently, bigger gallium droplete were
formed, (Flgs. 7-9). | .

For arsenic face, we haVe‘found an entirely different situation. Big
liguid gallium droplets were observed even at the lowest temperature
(750°C) of our studies(Fig.10). As we increase the temperature no notice-
able differences were foﬁnd. When these liguid gallium_droplets were being
physiéally removed from the surface, flat regions were found underneath,
(Fig. il) . | |

_ExceSs_gallium was placed on top of crystal surface before vapori-
‘zation and the vacuum rates were monitored. The crystal face was

covered with liquid gallium as shown in Fig. 12.
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An uﬁetched crystal was used in order to observe the rélatioﬁship'
betWeen‘the formation Of thermal etch pits and Véporization rates. For
gallium“faqe, we can see a.progressiverdevelopméht‘6f the characteristic
triangul?r'pits. Mechanical damages on surface and edges of the sample
~ seem to serve as nucieationvsites for vaporization, (Fig. 13-15). Wheﬁ
the galliﬁm dréplets in Fig. 15 were removed, again; we observe a flat
surfécé fegion undérneath (Fig.:l6). For arsenic face, the surface
regions nof covered by galliﬁm were flat and showed no pitting similiar to

that of the gallium face. (Fig. 17).

‘B. Microbalance Studies

The &éight loss of the sample waé_measured as a function of Eime
at a giveh température.‘ From fﬁese défa and the geometric surface area,
the evébqfatidnirate‘<mg/cm2;séc) was calculated. During the vaporization,
the surface was of céurse not flat, as has beenfdiécussed previously,
S0 thaf:ﬁhé geémetric sﬁrfaée areé'is the-lowef'limit of the total vaporiz-
iné aréé; However, Melville18 has sﬂbwﬁ that the evéporation rate may
not Be:appreciably larger from a rough surface than from a crystal with
.a smoofh_geometrical éurface area. Thus fhe error involved in the estimatién
- of surface area would ceftainlyvbe within the experimental accuracy
(55). |

As a check oh.the calibration of our system, sodium chloride single
crystals with high dislocation denéities‘(~6XlO§/cm2) were vaporized and
the rates were found tb be thé'same as that reported by_Lestef and Somorjai.

| >Sinée galli&m“iiquid droplets were réadily discernible on both crysﬁal

facésféfter vaporization, it was conduded that gallium arsenide vaporizes:

incongruently into gallium liguid and arsenic molecules. Because liguid
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gallium was beingvcontinuously accumulated on top of the vépbriziﬁg surface
and as we cah show later, the increése ih coverage of 1iquid gallium oh
the surfaée accelefates the'vapdrization rates, the éuestion was then
féised whether webcould‘get absteady state'evéporatioh rate at a.given
tempefaturévunder theéé conditions. An exhaustjve vapofizafion ﬁas_
performed in which‘a shall crystal was compleﬁély evaporated at'a_given
tempefaturé and the vacuum vaporization rates were continuously monitored.
' THe results are shown in Fig. 18.

"‘Withouf ény_physical disturbahcé.to the'sﬁrface, e.g;>éhaking the»
érystal face to épread‘the_liqﬁid gallium so as to change the area qbveréd
by the metal, the,vaporization'fates remain constant for more than five
hours at T = 8&96C. A simple calculation assuming semi-spherical shépe,
i.e. with maximum surface tension, and applying'thé physical properties
of theée liquid gallium droplets shows;that indeed this is a possibility,
i.e. the liquid.gallium céVerage of the evaporation surface reméins relatively
éonstant"during the inifial péfiod (approx. 5 hrs ) of vaporization. In
other‘words, thé surface areavcoveféd by gallium liquid remains‘virtually
constant. ' When the accumulated liguid gallium was then spfead over thev
entife.surface by violently shaking the sample a few times, the e?aporation
rates suddenly increase to that value which 1s equal to the evaporation
rate where excess gallium was added. As the crystal continues to vaporize
over an extended period of time, finally we come to the state where a
decfease in rate was observed, prébabiy corresponding to a depletion‘in the
vaporizirig matefial from the érystal holder. Thus, from this expériment;
we can conciude“that'an initial‘“virtualj steady state'" vaporization rate
of gallium arsenide can be obtained even though gailium arsenide single

crystals vaporize incongruently.
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To the iimit:of sensitivity of our épparatus (ilu gm), a reproduc-
ible; initial steady state vaporization rate was found at any temperature
in the'raﬁge of our study.”'However,_there'is_a short induction period of

transiénﬁ_eVapQration befbre-the stéady state veporization is obtained.

. . ! . . .
The length'of this transient period depends strongly on the history of

the sample,_e.g. preparation, etching;,heat treatment. Uﬁetched crystals
usﬁally»havevionger traneient.beriods.'.Furfhermore, the initial transient
period du}ing which the rates are chahging is longer for arsenic face than
forxgaliiﬁm face. (Fig. 19).
>The.steady state vacuum vaporizafioﬁ retee were measuredvfor both
crysﬁal faces,ef galiium arsenide as a function ef'temperature. This is *
shown in'Fig. 20.* Within.our expefimental aceufaey the'rates are the
same fbr Both gallium and areenic'faces. Previbus tfeatments (e;g. annealihg :
of a face while the oppdSite face was being vaporizéd) of the sample eppeared
to havelno effect on the vaperization ratee. The activation energy was
measured:at 90%3 kcal/mole of activated complek.. Crystals (undoped) with
slightly different electrbn carrier concentrations were found to have the
same vaporization rates and the same activation energies (Fig. 21). When
excese liqqid gallium was put onvfop of the vaporizing face so as to cover
the*entire sﬁrface, eveporation rates were found to be increased by a
factor of two (Fig. 20). Both Crysfel faees gave the same evaporation retes
and the activation energy was found to be 86t5 kcal/mole of activaﬁed
complex. Differen£ crystals Were'vaéorizéd at differeht temperatures over
periods of 12 to 36 hours,:debending on the parficular temperature of the

experiment, The results are shown in Fig.3L.

* . ' -

- At least three sets of data were obtained for each experimental condi-
tion and they were found to be in good agreement with each other. In the figures,
we shall only attempt to show one set of data and the slope represents the aver-
age -activation energy of all the data obtained under the specified conditionse
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In’drder to investigate the effect of impﬁrities in the GaAs crystal

. in'high.coﬁéentrations 6nbthe kinetics éf vaéorization, the vacuum vaporiz-
ation' rates of crystals heévily doﬁed“with tellurium and zinc were measured
conCentraﬁion ~ 108/cmj:' Thé.rafes.of the Teedoped samples were found to be
about halflof the pure samples. Within our expefimental accuracy, the
activation energy remains the samé, i.e., 90%3 kcal/mole of activated complex
as that for pure GaAs. When We,vapbriée the same crystal face again for the
second time, we found a slight increase in.the rates. Condﬁctivity'measure—
menfs Wéré méde beforé and after féporization and no conductivity change.

was detéCted. Diffusion»rate of Te in gallium arsenide was also estimeted
and it-Was found to be low énough*vso that the out-diffusion of tellu;

rium fr§ﬁ GeAs during vaporization is dmprobable. The small increase in the

bevapOration rates can be dﬁe to the incomplete reméval of liquid gallium_

Diffusion,can custbmarily.be described by the equation

D = DO exp (-E/kt)

In reference 19, Goldstein has reported values for diffusion of sulfur in .~

Gahs as D, = Ix10° cme/sec
B =.h.ok ev
and for diffusion of selenium in GalAs as
DO = BXlO5 cme/sec
E = L.16 eV
Thus ﬁhe values for diffusion of tellurium in GaAs can be estimated as
' o DO = 2><lO3 éme/éec
- v E = L3 ev
and We-foﬁnd D8OO°C = 2X1ofl7 cmg/sec:

and the time required to traverse the length of the sample (6 mm) from

random walk agruments is h 15
| t = 7.5%107 min.
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deposited on the surfece from previéus vaporizatioh runs. Excess gailium
was éut on top on these Te-doped éfystéls‘and the vaporization rates were
found to béwthe same as that of the pure crystals with gallium quuid on
1top. The éétivationkenergy was found to be 87i5 kcal/molé of actiﬁated
complex.:(Fig. 22). | |

‘ Crystals dopéd with zinc were also uSed.in this kinetic study. They
are p-t&pe sampleé and.the vécuum rates were féund'to be the lowest of all.
In addiﬁion, the activation energy also decreases to T6#3 kcal/mole of acti-
vated éomplek (Fig. 23a,b). :As'ﬁe continued to.vapofize the sample by
alternéting the.crystal faces, We found a progressive increase 1in the
.vaporizatién rates. ConducfiVity and diffusion data indicate zinc is
remaining in‘fﬁe crystél réther than'vaporizing.* From Fig. 2%a it suggeéts
that thése rates are gradually moving upward toward.the vaporization

rates of éinc—doped ’cfystals'with excess gallium on top of the vaporizing
surface. Maybe indéed we did leavé‘a thiﬁ fiim of liguid gallium on the
surface even though we.etched the crystél after each evaporation. When
excess_gailium was pﬁt on tép of tlis p;type crystals, rates»comparable to
the one on top of pure samples were meaéured. But a very interesting fact
was found. The activationlenergy of the vaporization rate of gallium on

tbp of zihc-doped samples femaiﬁs tq‘be the same as that without the gallium,
i.e. 76i5'kcai/mole of activated complex. ,This then gives us a clue as to
the nature of the‘éataiytic'fﬁnctibn of liquid gallium in the complex

‘mechanism of vaporization. .

n — _ .
- From reference 19 we obtained values for diffusion of Zn in GaAs

Dy = 15 cmg/sec
_ E = 2.49 ev
and we found x S b -
DBOOOCV = 3.98x10 cm” /sec
t = 3.8x107 min.
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Dueto the inbeﬁesting'fkdings that ligid gallium catalyses the vaporization
of GaAs,an attempt was made to see if all liquid metals behave the same way.

' Uhfortdhéfely, fin is fhe only éther material we cbﬁldvfind that is a liquid.
and has a Low vapor preséure (< 10‘8'torr) at the‘témperatures of our studies
(700°C-9OOPC).‘ The résuits are éhqwn in Fig. 2k. We found the absolute
vaporization rate té be lower than that with excess Ga-on top ana an activa-
Ation‘energy equal to 7613 kcél/molé‘of activated complex. Since the Sn-
GaAs system has not been studied extensively (e.g. solubility of GaAs in
Sn, the acﬁivities of arsenié'molecules in,Snvas compared to that in Ga),
the exact interpretation of these vaporization rates is rather difficult.“
Futherﬁore; during the vapqriZation of gallium'afsenide crystals, liquid
gallium is being formed continuously. The gallium thus produced then mixes

. with tin, giving a solutibn'with constantly chaﬁéing compositiéns, This
further addsvtO.the problém in elucidéting_an'exact meaning ffém thé'Sn

data. . .
C. Mass Spectrometric Results

AAtYpical residual gas mass spectrum after:bakeéuf was‘shown‘in
Fig. 25. The ions which were reédii& detebted in fhe mass épectra.during
the vaporization of gallium aréeﬁide are As+, As;; As; and.AéZ. The
dimer and tetramer ion peaks_had the largest intensities: and they were
-of compafable magnitude in thevtemperature range of our study. |
Ourvexperimental geometry‘has the advantage of allowing ué to sampié
directlyvthe vapor'cOmposition which emanates from the vaporizing-gallium
arsenide surface. Thus, any association reaction which may takevplace
on the heater or chamber walls would only chénge the background intensity'

distribution, which can be measured independently and then. subtracted from

the signal. Direct reactions of the arsenic molecules with the hot thorium



-21~

coated tﬁngStenbionize? filament (most likely to be dissociative reactions)

can;also‘ghénge thé'Vapor compbsition. 'EOWever; ﬁé have fdund no obsér-
vable change in the ion intensity ratibs‘upon changing the emission current,
therebf.éhéhging fhe témperéfuré, df the iohizér,filament. Xenon iéotope_
sbeétfaxweré rﬁn inbérder tp calibrafe théltfansmission of our maés épectro—
meter.  it was found thatVWe have a decrease iﬁ sensitivity'of about 1.5 per
iﬁcreésef Ofxonebmaés:uﬁit>(Table I1). Dﬁe tb fhe lack of.éccurate ioni~-
zatioh'chss séctioﬁ data éﬁd tﬁe experimental uﬁcertainties in calibration
of the_éysfem, we shall not atteﬁpt to computé»the absolute vaporizétion

rates>of'the diffefent vapor species but rather use their relative inten-

sity changé as a fuhction of temperature to monitor changes in intensity

ratios and calculate their activétion[energies.

Appéérahcé potentialv curves_fof ali the ions were determinéd, as
shownbin Eig. 26. These are compafabie with the literature vélﬁes
shown in.Table III. . As it can be seen, all the iohs appear at electron
energies below 15 eV. The‘practical lOWer limit fof’eléctron enefgy
in our masszépectrometer is about 20 eV. Thus it would be experimentally
very difficult to wofk at electron energies low enough to eliminate thev
fragméntation‘problem. Therefore, in ofdef to determine the fragmenta-
tion paﬁtérh of the arsenic molecules, we fhen vaporized pure arsenic crystals
s

at 500§K'where'the vapor was shown to consist mainly of tetramer molecules.

Table IV gives the equilibrium vapor pressures of arsenic molecules from

. the vapérization of arsenic crystals. In the vaporization of GaAs single

crystals, both the As and As, molecules can be identifi ed as fragﬁentation

3

products of electron impact ionization of As and:Asu molecules according

2

to the following reactions:

20



~-22~

. + _
As), te - As& + 2e

+ +
ASA - As, + As

, 3 _
+ _ + - » .
‘ Agu - As3 + As o : S
. - + -
+
As2 e - As2.+_2e

+ +
A32 - As + As

.Corrections for fragmentations from Ash to Asg molecules were also made
in the intensities detected for Asz-and Asu.
’ - . + .'_ .
Asl; + e — ASLL + De
As, s as + A
Sy f’,ASQ %o v _
The method for these corrections are discussed in greater detail in
AppendiXFI. Since As# is a monoisotopic molecule, we do not have any
L o +
way of distinguishing the contribution of ASM .to the intensities de-
. . + ’ . '
tected for Asg. However, comparing the lonization potentials and the
dissoclation energies for the reactions
+ ++ - )
As) — As) + e > 8.84 ev
+ + o
As) = As, ¥ Az, - B.00 eV
- » 3 ++ + - 3 ‘-
we can safely assumed that the contribution of Ash to A52 intensities
will bevsmall as éompared to that from fragmentation of higher molecules
and the ionization of neutral dimer molecules (Asg-—yAs2 + e ). This
_ . .

. same argument also applies to Asg‘and As « v - .

. From Table III, we have  ‘

+
Fragmentation of Ash '

As, - As +As 3.9 eV

' +
A_s;' - _As,a +As  5.35 eV
Asi - As3 + As 2.59 eV
+ ¥ Ae '
| . Asj = Asg + As, 4.00 ev o
Ist ionization potential of As), As) o Ast + e 8.8h eV
_ _ " &+' , sO% €

2nd ionization potential of As, . As) - As) +e” > 8.84 eV

i
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No éallium peék.waé detected as cpming fréﬁ'the vaporizing gellium
arsenide‘cr§staiSfih fhé.temperatufe'range of ourvsﬁudy (7OO°C-9006C).
Inspectioh'of ﬁhe high_dehsity graphite sample holder and the stainless
stéél vépérization chémber did not reveal the occurrence of ény péssible——m"m—-J
solidist%te reaction with gallium. Presumably except for a small undetect-
vabié'ffaction'that cdrrééponds to fhé low vapor pressure of gallium on the
. GaAs surfaéé all of the gallium héé remained in the liquid state on top of
the vaporizing surface. ‘Thﬁs we have béen unablé to monitor the vaporization
of galliumvas a functibn‘of tempefaturé"and to calculate its activation
energy'5f Vaporizatioh; ' | |

'Thé infensities éorrecfed.for frégmentatioh Qf As; ana ASZ peaké from.
'vaporizatién of GaAs single crystals for both gallium (111) and arsenic
(iii)’faceé aré plofted as a funcfion of temperaturé. For the vaporization
of the gallium face, after correcfion for fragmentation, only thé tetramers
were found, With aﬁ averagé'activation»energy of 9245 kcal/mole'éf actiﬁated
complex (Figs. 27 and 28) according to the net reaction

| | GaAs(s) —>Ga(£) + l/h As#(é) AH¢ = 9215‘kcal/mole
However, for.arSenic féce, we found both the dimers and the tetramers
with activation energies of 88£5 kcal/mole of activatéd:complex and 98%5

kcal/mqle'of agti&ated-complex (Figs,29, 30, 31) respeétively,‘according
| to thefreaétiénéﬁ o | |

88;5 kcal/mole

i

Gaas(s) - Ga(2) + 1/2 s (g) N
GaAs(s) - Ga(g) + 1/k Ash(g) AH = 985 keal/mole -
The net reaction for vaporization‘from arsenic face of GaAs single cryStals

will be . GaAs(é) - ca(g) + X/2 ASé(%)_.'*' (l-X)lL ASu(g)'
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When excess liguid gallium was placed on top.of ihe vaporizing_surface,
again,we_fdﬁnd different vapor.compositions fof the two opposing faces.
For galiium face; we found only the tetfameré (Asu), just as for the _
vaborizétibn of Ga-féce Without:liquid gallium‘on top’(Fig. 52); ¥or
the arsehic faée, both the dimers‘(Asg)‘énd the tétramers (Asu) wefe found
(Fig. 33); however, ﬁhe ratio Asg/Asu seems to bé slightly higher in this
case tﬁah for the pure crystalé without gallium liquid on top. Thesé
inténsities are‘plotted as a function of temperaturé and the activation
energies calculated. Within experimental accufacy, it was found thét tﬁe
activationvenergies ar e the'same-as in v?pofizétion_without excess liquid
metal»éﬁ top, i.e.,vfor géllium face AH* for Asu'ié 9z 5 kcal/mole-of acti-
vated:complexvand for arsenic face AH* for A$2 is 8815 kecal/mole of acti-
fof séme of the fepresentative.

vated.complex. The ?atlos of PASQ/PASM

mass spectrometric runs are shown in Table V.
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In ééncluding fhis secﬁioh;'we would like to summafize the results
we:haveitﬁus found:; o |
(1) wé have'ogserﬁed.ffiangﬁlar thermal etch pits.with small galliuﬁ"
droélétsrpaftially covering the vaporizing.surface on gallium face and just
liquid gallium drééletg on arsenic facé. Thus iﬁ_appears that gallium
face is'¥pugher than arsenic facé éfter.vaporiéation.
(25 Vépofization seéms to_fakekplace prefefentiéily on regions damaged
méchanically (;ourcé bfbmaCrbséopic'lédges)T'. |
(3) VacuumIVaporizétioh rates of pureband doped GaAs crystal samples
.werevfpuﬁd}ﬁo be muéﬁJIOWerufhan ﬁhe cal¢uiated ma#imum rate. Within our
expériméntal accuracy, theie were-no'observable;differences in the evapora-
tion rates for Ga and‘As faces of’eéchvof the different éamples. éee the
vvfollowiﬁg page for‘table.v
(h)‘ Only'the:tetramers-(Asu) were.founa.ﬁo &apqrize from the
gallium face Whereas both the dimers'(ASQ) and the tetramers (ASM) were
foﬁhd to vapeorize from the'érsenic face. Excesé liguid gallium on top
of the vaporizing surface dpes not change the vapor composition signifi-
cantly.  The éctivation eﬁergies (in kcal/mole of activated complex) |
for eachbspeéies with_and without liquid gallium on top of the sample

were as follows:

Asuv-, As

Ga face 9215 : -

As Tace | _.b 9815 _ 88i5
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' . %
Liquid - . ok AH
gallium Initial o Kecal

Supplier of samples Doping on top? (T=1124°K) mole of activated complex

| 0.46 90 _
Cominco _ _yes 1 87
' excess tin S
on top | 0.k49 76
0.46 90
Be11 and Te. —_ 0.29 90
Howell: a Te ves 1 87
- Zn ~0.15 76
7n yes 1 76
* Considefable disagreement was found in literature cohcerning the
' 22

exact equilibrium vapor compositién of gallium arsenide. Arthur has
studied the equilibrium vapor pressures of GaAs-using a mass spectrometer
and has féported the equilibrium vapor to consist mainly of As2 molecules.
He has also found the heat of dissociation of Ash(g) - 2 Asg(g) to be

62.5 kcal. De Maria et a1.%3

vhas_studied the»equilibrium vapor pressures
with mass spectrometer also. However; he has foundbcomparable ihtensities
for Asg‘and Ash in the vapor phase and a heat of dissociation equal to
73.5 keal. 'Recen’cly.Hudson,e’4 using electron impact ioniéation, has

reported the heat of dissociation of Ash - 2 As,_ to be‘68.5 kcal. After

corrections for the entropy factor in the data ieported by'De Maria, we
found similar values for the heat of dissociation as that reported by
Hudson. Based on these facts, we will then use the equilibrium vapor
pressures.reported by De Maria in our calcﬁlations of a. Table IWgives
the equilibrium vapor pressureé of GalAs and tpevcorresponding maximum
evaporation rates. These are shown in Figs. 35 and 36, respectively.

We should like to point out that the absolute vaporization ratesvand 
the ratio of Asg/Ash we found for vaporization of GaAs with excess Ga(l)
.on top of the surface are similar to the maximum rates calculable from

the equilibrium data reported by De Maria.
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Vf DISCUSSION
»Liqﬁid géilium dropiets“weré discerpible on top of the surféce'after
evapératiéﬁ:bf'every éaliiﬁmﬁérsenide'sufféce thét'was studied. Mass spectro-
metric Stﬁdies df_the“vaédf Composition over the.vaporizing samples
réﬁealed fhé presenée of.As2 and.Ash.molecules but nb.gallium was ever
deﬁecﬁed in the yapor-phaSe in.fhe temperature range of our.vaporiﬁation
studieé; Therefére, wé have concludédlthatvgéllium arsenide single>
crystais‘vaporize incongruently accdrding'td the equation:
Gahs(s) Ga(£) +x/2 as,(g) + (1-X)/} as)(g)

: Froﬁ éxhaustive véporizétioh experiments, we have found that even
thoﬁghzéfaédratioﬁ rateé iﬁéfeaée‘élowly with increasing cerrage of
gallium.iiquid.énlfhe crysfai_face, virtua]'stéady sfate rates can bev
obtainéd for more than five hours at tempefature T = 850°0, a timé span
that isvmuch iongér thén néededvfo complete a réte measurement. Ihié
indicates that the iiduidigailium coverage.cénvbe'assumed to stay constant
for the:usual experiméntal time of 0.5 - 2.5 hours. Thus the initial
vapo?izatidﬁ rates are réprdducible éhd Qe could.obtain an activation
energy of vaporization.' From our microbalance studies, we obtained the
averdgeactivation'energy of vaporization, AH*.z 90i3 kcal/mole. -The aver-
age activation energies_of Q§p§rization wefé iaehtical for both (111) ang -
(III) crystal faces. |

The vapor compositions. of emanating'vfrom the vaboriZihg Ga face and
As face‘afe found té be different. For the vaporization from Ga face, we'
'found‘prgdpminantly Asu.méieculés whéfeés:theivapo;ization of As faceinelds
both Asg and,Asﬁ molecules in comparablé quantities. Liquid gallium does

not seem to affect the vapor‘compositions significantly, i.e.,we still
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observe only the Asu molecules for Ga face and both As and_Asu'molegules

2
fof As.facé;. Thus the vapor compbsitions emanating from thé two crystél
,faces do‘nOt éhange-with ihéreaéing concentratioﬁs bf'liquid‘galiium on
the surféceé even though that excess'liqﬁid gallium increases the evaporé;
tion raté by a factor Qf twq.. |

Inispité of the different vapor compositions found for the two crystal
faces;‘the'factvthatvthe initial fates and the activation energies of vapori-
zatibn are thé same'for‘both Ga and As faces, with and without the excess
liquidvgallium on top of thé;vaporizingvéurface; indicétes that ﬁhe rgte—
1imiﬁing step for gvaporatiqn is the séme for both féces. This rate-
limifing Step then must be féllowed by another more rapid reaction step
that establishes the vapof compositions of the two 6pposing faces. The
laftervsfép ié different for tﬁé fwo faces and thus depends on the differ—
ent Sﬁrféce structures of the (111) and (III) crystal faces. Thus we
can disfinguish at 1eaét'two steps iﬁ the sequencé of reéctionsvleading to
vaporijétion. | .

In order to verify the réteelimitiﬁg sﬁep let us review those experi-
mental;parameters théf inflﬁeﬁce ﬁhis slowéét step in the process of evé-'
poration and thereby change the absolute vaporization rates énd/or the
activation energy.

Fi:st of all, we obsefvethat gallium liquid increases the vaporiza-
tionArates without changing the.activaﬁion energy. ‘This cétalytid effect
- of liéuid metals or evaporation has been observed before (Tl on Asgo and
Ga and In on Gal\I),2 Catalysis by liquid metals is also well documented
in the reverse process, i.e., in condensation of &rystal growth.25 This
catalytic effect may be attributed to one of the following reasonms: (1)
_liquid metal provides electrons at the surface that faciliatate charge

'
| :
He

i
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transfer dﬁring vaporization or ébndensation, (2)1iquid metal dissolves
the véporizingvpr'thé condénsing»species and.thus proyides an alternate
route-fdr e?aporation or cryStal growth, (3) iiéuid'meﬁal chanées'the
defecf'conéentratibns_af the surface that might play‘an important réle in
vaporiZationjor condgnsation. Since liquid metal increases the absolute
‘ evapofatién.rates 6f gallium aréenide and arsenic crystsls, the céncentra-
tions bfvthese sﬁrféce defeét sites must be increésed by liquid metal if
the laftef effect is the cause of this cataiytic behavior. |

Secondly, we observed that both Zn br Te when:pfesent in the GQAS
crystél‘lattice décreased the vaporization rates. Furthermore, the
activétioh energy of Zn-dopéd samples are lowered.in comparison to that
of puré samples. 'AH* (Zn-dqped) ='76i5 kcai/mole‘and AH*(pure) = 903
kcal/mdlé; bue to the relagively low concentrations of these impurities
in the crystal (é:O.l aﬁoﬁv%) it is very unlikely'fhat the lowering of
fhe vaporization rates is caused'by the blocking of the GaAs surfaces by
foreign atoms. Both Zn and:TéACOuld also fofm-éomppunds in GaAs lattice,
e;g. ZnBAs'2 and G?BTGE' 'However these compounds have higher vapor
pressufesg6 and consequently are expected to have higher vaporization
rates than GaAs. In addition, in the temperétufe rangevof‘our study, the

‘ )2 .

bulk diffusion rates of'both Zn and Te (Fig.‘37 7 are much lower than

the evaporation rates so tha; the impurity concentrafions throughodt the
crystal would reﬁain'virtualay cOnstanf, as indicated by the condﬁctivity
measurements before and after each experimeﬁt (Sectidn IV, Experimentsl
Results).. |

Te impurities in GaAs produée donor sta#es‘(ipniZation energy = 0.02
eV)while Zn impurities introduce écceptdr statesﬁ(ioniZation energy = 0.08
_éV)., Doping the:samples with these elements wﬁll change»the free cafrier

concentrationg and the type‘of majdrity free carriers (electrons or holes).
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AIn addition, these impurities also change the vacancy concentrations of

‘GaAs crystals.‘ Both Te and Zn are known to enter into the crystal latticé

: o7 - . : : .
substitutionally, 7 i.e., . _ _ s S e
+ o . T
Vas 'Te(surface) - As
LV + 7n, : - Zn
Ga (surface) Ga

where.the subscriptsvdenote the sites being occupied‘by the atqms and VAS

" and VGa are the uniohized arsenicband gallium vacéncies, respectiyely;':

In effect?.doping the GaAs crystals with impurities will decrease.the
'concentratibns of one of the two types of vacahcies. Since thesevimpurities
are ihtroduéed during érystal‘gféwﬁh at ﬁigh temperatures,bequilibria'
among defectg can easily be established. Wevcan then épply Schottky

'defect equilibrium condition:

— - + -
MO, oV,

where N.Ollig the density of ndrmally'occupiéd gtém_sites. (VGa) and (vAs)»
will always be orders of magniﬁude smaller tﬁan<th¢ concentration ofIN.O.,
thus the normally occupied Site denéity could be-éésﬁmed to remain constéﬁt'
when the Vacancy conéentrations'change. We ﬁhen have

V)" (7, ) =
where KS is fhe Schéttky disorderrcoﬁsfaﬁt.

Charge transfer ﬁés been_féund to be the rate - limiting>s£ep in the-
evaporation of pure CdS single cfystals.7 The activation energy for _ :;
vaporization (50 kcal) was found to be similar to the band gap energy |
(2.41 eV). However, if this were also the rate - limifing step in
evaporétion of GaAs;.We'woula éxpect an activation énergy’similaf or equal -

to the band gap energy (1.L eV or 32 kcal). The observed activation energy
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(90 kcalj'is much greater than the band gap enérgy. It seems unlikely
that the rateglimiting step for véporization would be related to the,élec—
troﬁic properties of puréiGaAs. .Furthermore, the difference in activetion
energies'Of vaporiéation (415 keal or 0.6 eV) between Te-doped and Zn-
doped.GéAs samplés is much too great to bo attributed to the difforence
in the‘pooition of the doﬁor and the acceptor levels within the band
gap or anyiother electrical properties of these impurities in the GaAs
crystai'lattice.At the tempgratures of our studies (700°C—900°C) all of
the impﬁritiesvare expected to be ionized because of the shallov ness
of theée.lévels. In addition, crystals with different charge carrier
concentrations have béen fouod to havé the same vaporization rates.
Therefore? We conclude that Ga(l)}vTe, and Zn in GaAs crystal lattice do.
not iﬁfernce the vaporization rates by changiﬁg its.electronic properties.
_Thovvapor éomposﬁiohs ‘over tﬁe vaporizing gallium and arsenic crystal
facesvremained uhcﬁangedlwhen liguid gallium'waé placéd oﬁ top of the
surface. Also liquid gailiﬁm has not ohanged the abtivation-energies
of vaporization of the different Zn”and Te~-doped crystal sampies. Thus,
it appears that liguid gallium does not change the reaction path, i.e.
does not_providé alternate route for the vapori;ation reaction. There-~
fore We_conciude.that Gé(l); Te and Zn in the GaAs crystal lattice

influence the evaporation rate by changing the defect concentrations at

the surfacg,>While the arsehic atoms associate and are subsequently
removed into the vapor phase the gallium atoms procipihaté out_ih the form
of iiquid at the surface duevto.their low vapor préssure.. We propose

that the rate of vaporization is limited by the rate of formation of

divacaHCies(Vda VAS) at the vaporizing surface. That. is the observed
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-activation energy. of vaporization is that energy necessary to remove

simultanéously on arsenic and a gallium'atom from the crystal lattice.
+ + + As |
Gagg T A8y — [VGa VAs] ' Ga(surface) (surface)

The solubilities of either galliumvor arsenic in GaAs are very -
limited.ggf Therefore, every time an arsenic_atom (gallium atom) leaves
fhe lét£ice; a gallium atom (érseﬁic atom) would leave the lattice as well.
We may ;eparate this reaction into two steps: |

(1) The formation of,singlé vacancieé

v +
Ga - Ga.

G
Ga a(surface)

. + Ag,- )
A8ps f’VAs "% (surface)

(2)_.The association of the single vacancies to form the divacancies

+
VGa VAS v ~)"EVGa vAs]

In our vaporization studies, we have found lower vaporization-rates

for crystals doped with Te or Zn. Te in GaAs. lattice reduces the VAS

concentrétion and Zn in GaAs lattice reduces VGavconcenﬁration. A decrease
in either_Véa (Zn-doped samples) or VAS (Te;dqped samples) will reéult

in a déCrease in [VGa VAS]', giving rise to a.ibwer rate. In the case

of Vaporization of pure samples:where we seem to have optimum cpncentra-
tions of VGa and'VAS for pairing, we find high yaporizatién rates. It

is likely that in an undoped gailium arsenide single crystal, we have
predominantly VGa.55 In éther wqrds, we wou;d bé limifed by the‘cbncen-'
tration of arsenic vacancies in the vaporization of pure gallium-arséhide

crystals. The formation of divaéancies would be independént'of-small vari-

ations in charge carrier concentrations in the pure crystals. Thus, as
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- expected, we found identical rates in vaporization of samples obtained
from two. different COmpanies (with different carrier concentratiohs).
fKosﬁer and Thoma have made extensive:studies'on the phase diagram

29

of.the'gallium-arsenic system. It Was fqund that GalAs does not dissolve
significantly in liquid gallium. “The diffusion of Ga into the crystal
lattice is extremel‘y'slow,g7 éonsequently, durihg the time that ié
requiféd to measure Vapofizatioﬁ rates, little or no gallium is éxbected_
to be incorpbrated into the léttice. In our experimeﬁts, we have observed
thét‘ekcesé 1iquid gallium én top of the vaporizing surféce increases the
rates‘Witﬁ'the acﬁivaﬁion ehergiesranaining the same as.thoée without

the excess gallium on. This effect could be'expiained by the fact that
even'though GaAs does n6t'dissolve in liquid‘gallium tQ any great extent,
the small but finite solﬁbility (ppm) of the molecular GaAé in Ga(4)

increases the surface concentration of divacancies ([V thereby

o GavAs])’
increaSing‘the rates of evaporation. Thus the observed transient vapori- -
zation before the onset of steady state vaporization is probably due to
the éccumulation of liqﬁid gallium which slowly changes the concentration
of associated vacancies on the crystal surface. The virfual steady state
rates then correspoﬁd to an approxiﬁately‘constant coverage of the sur-
face area by gallium'dropiets_

We‘have found differenceé'in the activation energies of vaporization
of Zn;doped'érystals.andrpﬁre or Te-doped crystals. There is a great
deal of evidence that Zn in the GaAs crystal lattice associateé with

. . Y . » : '
dlvacanCJ.es.5 Thus it 1s not surprising that the energy of formation
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of a divacéncy in the presence of Zn in the‘crystal lattice is different
than.thét.for the pure sampleé; ‘Te impurity does not seem té associate
with diVaéancies or change.their fofmation energy. |
Kendall et al.”” have studied the self-diffusion in InSb. He has

'proposed~£hat the in:Sb divécanéy is‘thé defect ?rimafily responsible for
self-diffusion of Both components in InSb. The enthalpy of formation
for the divacancy is estimated to be about 3.2 &V and.that'of the single
vacanciés is 1;76 eVv. The energy for atomization of InSb has béen.ré_
ported as 5.52 eV. Thus‘the>formati§n enefgy for divacancies ié about
58% of the'ehergy ﬁof-atomizétioh.b The enefgy fof atomization of GeAs

is reporfed'to be 156 kc':f;il/mole.g2 Thereforé'the.acti§ation,enérgy (90
kcal/mpie) we found unld be too high.as the energy of formationvfor'
single Vacancies. In additioh, éhere is good agréement_in the ratio we
found'fér divacancy férmatioh and atomization énergy in.both InSb and
Gahs (approx. 58%). | |

The diffusion rates of Sn in GaAs'héveubeeh studiéd and wéré found

to ﬁé similarvto that of Zn (Fig..57).27 .Tﬁe_aétivation energies for
diffusion of Sn or Zn in GeAs are very similar ( By = 2.5 eV). Thus it
is not surprising that we find the same_activation energies of vapori--
Zation.of GaAs in fhe presence of excess liquid tin on the vaporizing
surfécé.as thosé fouﬁd for the vaporization of Zn—dopéd'GaAs‘crystals

(~ 76‘kcal/mole). It appearsithat Sn atoms, ﬁhen enﬁering the GéAs
crystal lattiée at the vaporizihgv Surfécé,'affeéts the vacancy cdncentfaQ'
tions of the host. lattice the samé-wéy aern atoms.

| 'SinCe the (1ii)Iand (iii)‘faces of IIT A-VA compounds are known to

béhave'differently_under a variety of experimental conditions, e.g.
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chemical diséolution,g adsorbtion:énd dééofption'¢f moleculés,8 LEED
studies;BQ_one migﬁt suspect that the surface structural differences will
'also pléy.éh:important réle in.théir mechanisms of vapofization. The fact
tha:we‘ébﬁaihed the Same eVébofation rates_for_both the gallium face and
the érsenic“face impiies ﬁhaf the'Surface configurafions.do'not influence
‘the'rété;iimiting stép. .However; we obtained différent compositions.for
the two opposing faceé,‘ Thié suggests that the surface structures’do
influenqé_ﬁhé fofmation of vépor molecﬁles even thbﬁgh-ﬁhis step is not
‘vréteélimifihg. In the case of.evapératidn from Ga féce‘(Fig. 38) we can
see thaf'all the As atomsvthatywodid fofm-thévtetfahedrél unit are avail-
able for &aporizaﬁibn (i.e., none%of'fhe Aé atoms are blocked by Ga atoms
oﬁ tOp).ﬁthen an As) molecule  fiﬁally fofms, it could desérb immediately.
This ié not the case for Aé face (Fig. 39). Three of the As atoms that
would form_the tetrahedral unit haVe Ga atoms directly on fép.éf'them.
. This wiii make_the fofmétioﬁ and subsequent removal of the ASM molecules
difficult._'Conseqﬁently, somé of the éufface_As atoms.have opportunity
to form As2 units and vapofize; Thus, the effect of steric.hinderance for
the férmaﬁion of AS4 molecules in the As face could then provide a clue in
the observétion of differeht vapof compositions from'different faces.

, It:ﬁill be interesting_fb speculape how do the Ash molecules form at
the surfécé. In thé'Vépor phase;lthé:bond angle and bond distence for the

tetrahedral Asu molecules are 60° and Q.hhﬁ,'respectively.Bl

In gallium

arsenide crystals, the Ash unit has bond arigles and borid distances of 60°
o )

and 3.994, respectively.52 Thus the bond distances of Ash unit in the

crystal lattice have to change drastically in vaporization to form gaseous

rAsh molecules. This process may require a certain'configuration of neigh-
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boring vacaﬁéiés, thereby breaking up the régulaf arréngement_of.bonds
and makingbitvmuch easier for the As atomsvto §ibra£e intovthé tétrahedrai
configuratién which is required for Qaporization;  Eﬁrther'studies would
vhave to be'éérried out before any definité proposéls‘on the structures

of the complex can be made;_



-37-

VI. TPROPOSED VAPORIZATION MECHANISM OF
* GALLTUM ARSENIDE SINGLE CRYSTALS

- Utilizing all of the experimental evidence, a model for the vapori-
zationn@dﬁnism of gallium arsenide‘single crystals can now be proposed.
The formation of lattice vacancies dufing vaporization can be

written as: :
: : G v + K V1.1l
®Ga Ga Ga(surface)

R

ASAS = VAs.+ As(surface) vI.2
where-thé subscripts indicate tﬁe_sites that are being occupied by the
different species.' The wvacancy concgﬁtrations fér a given crystai (aoped
or unagpéd) follow the SChofiky defect equilibria: |

o CARRAREEY
where.KS'is the Schottky disorder ¢onstant.

The next step in the Qéporization mechanism 1s the association of

the two single vacancies V and V Sfto,formvvacancy pairs (divacancies)

Ga A
v+
Voo * Vag™ Mea¥asle
Experimentally we cannot detect these two steps separately. Con-

seduently, we can only deduce a general step:

+ v, v ]

Ga + As >
- Ga'As

Ga As Ga(éurfacé) * As(surface)
We have proposed this particular step to be the rate-limiting step
in the:Vaporization of galligm arsenide single crystals and the activa-
tion enérgy we measured experimentally;Correspoﬁds to'the.fbrmation
energy‘of a divacancy in the.crystal.-_At the,temperatures of our studies
the divaéancies could be significant chcenfratiOns.- Divaéahcies may

in the bulk or on the surface and they can-interact by diffusion
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FV ‘rVGavAs]

Ga As]b 1k < sufface

. The surface atems need a specific'configuretion'(i.e§ formation
: L ' L
of an activated comp;ex,_e.g. n(fV ]surface Assurface) before
: itvcah_deserb. Limited to the different surfece structural arrangements
of gallium and arsenic atoms on the two opposing feces, we can then
obtain_different vapor composition from evaporation.

For gallium face, we have.
Ga, = Ga, .
(surface) < (1iguid)

;n,VGaVAs F-AS S A

®L(surface)

Sh(surface)*"’ h(vapor)
For arsenic face, We_haVe

= G

Ga(surface) < a(liquid)
S e :
e:V v © s , ' c_'ASE(surface)

g ‘ = A

A 2.(surface)¥ SZ(vapor)
nv,V o lUpg

o RN
Ga As _ ‘"’Ash(surface)

—
Ash(surface)v_'A?h(vapor)
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/ APPENDIX I

- ' o , B ' “Corrections for Fragmentations
' ' - of Arsenic Molecules

Fragmentation of Asu molecules from vaporization of pure arsenic

crystals at 500°K and 1.5x10° | torr.
. ¥*
_______ ésgféﬁu___;5§3é@§u______;éﬁéésu____-__
0.50 0.11 0.21

For_Vaporization of gallium (111) face of gallium arsenide single

crystals, we obtained the ratios

T(°C) : Ase/As4 As5/Ash As/As)
728 0.47 0.12 0.20
758 0.59 0.11 0.16
758 0.k 0.08 0.14
780 0.52 0.09 0.10.
780 o.h9 0.09 0.15
838 0.48 0.07 0.1h
852 R 0.07 0.12
. 782 ~0.51 0.09 0.12
30 0.48 10.09 0.1k

- 'The ratios are taken directly from intensity measurements.
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T(°C) As,e/As,LL Asa/Ash As/AsLL
T26 0.5k - -
781 0.50 0.11 0.27
'781 0.h9 0.09 0.29
_781 0.45 - 0.13 0.23%
183 0.48 0.15 0.22
- 8%2 0.k9 0.12 0.23
8l43 0.50 0.13 0.22
808 0.50 0.12 0.18
808 0.46 0.10 0.16
- 808 0.51 0.1 0.20
. 808 0.52 0.12 0.21
75 0.61 0.11 0.25
723 0.47. 0.1b 0.22

we have

| °c) Asg/Asu ASB/ASLL As/Asu
656 0.50 - -
758 0.4g - -
9 -~ 0.55° 0.11 - o 0.22
7T 0.50 - 0.10 0.2k
'_-797 .. 0.bT 0.10 o 6.17
822 0.61 . 0.11 . 0.19
760 : 0.46 t 0.13 - 0.31

825 0.5 . 0.12 0.2k
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continued . -

IC0) | Mepfhsy,  hefhs,  Ashs,

815 .0.50 . 0.10 0.16

817 0.50 0.12 0.19

786 0.49 0.16 0.26

756 0.51 0.6 . 0.2k

-T2l ho 0.17 . 0.23

679 0.k2 - 0.25

Carefﬁl inspection of these rétios.teils us.thét they are, within our
experimenfal«accuracy, identical tovthe 6nes we haye ébtained ffom vaporiza-
_ tion of pﬁié-arsenic crystals. Thus we.canﬁbnclude that the peaks we have
detected'fgr As, As, and As3 on vaporizatiQn of gallium (111) face of gallium.
arsenide_Single crystals are products of fragmentations from Ash molecules.
In othervwo;ds, we have only the tetramers from the vaporization of gallium
face. |

For»?apofization of arsehic (Iii) facé of gallium arsénide single

crystals, we obtained the ratios for the inteénsities measured:

T °?z_ Asg/Asu AsB/As4 As/As,
746 3,56 i i
806 0.93 0.10 0.27
807 0.83 1 0.09 0.26
809 0.7k 0.09 0.27
809 0.71 - 0.10 0.29
809 0.73 - 0.11 0.26
8l2 0.71 0.09 . 0.30
798 0.78 0.11 0.26
Th6 0.81 - 0.25
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T(°C) As,/As), '_AL\%/ASLL As/As,
698 1.12 - -
727 1.28 0.06 0.28
765 1.07 0.06 0.16
821 0.81 0.08 0.25
82l 0.94 0.10 0.23
803 0.79 0.07 0.17
803 0.86 0.09 0.20
803 0.81 0.09 0.2k
763 0.73 0.05 0.20
731 1.10 - 0.13 0.16
. 706 0.98" 0.10 0.16
702 0.80 0.1% 0.22
‘T(°C) ASQ/ASA ASB/ASM As/As2
685 1.k40 . - -
713 1.46 - 0.27
51 '1.38 0.11 0.24.
78k 1.06 0.08 ' 0.20
785 1.06 - 0.10 . 0.20
817 1.03 0.09 . 0.21
8o 0.99 C0.13 0.3
820 1.2 012 o0.27
820 0.99 '0.10 0.27
820 1.1k4 0.12 o 0.31
T3 1.11 0.13 - 0.25
T30 1.35 0.1k 0.20
0.11 o 0.17

726 137
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Aftér we ﬁlaced excess liguid gallium orn top of the vaporizing sur-

face, we found

O Al S T
638 2.46 - -
690 3.01 - -
697 . 3.09 0.14 0.30
- T3k 3.61 0.06 0.26
U 552 0.08 0.22
781 1.9k 0.1k - 0.21
779 .78 0.11 0.23
779 1.5 0.08 . 0.23
825 1.23 : 0.09' 0.26
825 - 1.13 . 0.09 0.30
816 . 1.08 ©0.09 0.27
816 . 1.10 0.10 - o.27
771 'i.bs 0.1k 0.26
o L1k 0.07 0.28
715 3.7 - 0.20

Part of the intensities we have measured for As peak caﬁe from the
. fragmentétion of Asu méleéules. Tﬁe ratib>Aé.(from Asu)/Ash‘should remain
constant thfoughout the enﬁire temperature range. Part of the Asevpeaks
wefe also fragmehﬁsibf'Asu molecules. -$he.ratio A32 (from’Asu)/Asuvshould

also bélconstant

As (ffom_Asﬁ) As, (from Asu) .
’ T X —i = ‘const.
SRSy I
As (from Asu) . - Ashf
' — X ; e = const.'
As) | o As, (from Asu)v v

As(from Asu)‘

_ = const.
Asgv(from Ash)
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- If the remaihing intensity'of an As peak were completely due to frag-

mentation of As,. molecules, then the ratio of As (from As )/As (from vapori-

2

zation) w1ll be constant.

As (from As,.) As (from As,)
2 + L

. = const.
ASQ (Trom vap.) - As, (from As

L)
Since fhe part of Asg.that is fregmented fram AS& does not contribute
“to the fragmentations to As molecules, these two ratics will remain indepen-
dent of each othef. Thus we havef |

If.As/A'_s2 = const., the As beak can be ehtirely attributed to fragmenta—
tiohs.offﬁigher molecular Weight species. To our experimental accuracy,
this seems co be the.case for vapofization of arsenic féce'of gallium‘arsenide
slngle crystals, i.e, we do not have As molecules in our. vabor.

Looklng at the ratlos obtalned from vaporlzatlon of arsenic face of
gallium arsenide single crystals, the values of As /As# are bigger than
0. 5,wh1ch is the ratio we have found for the fragmentatlon of Asu to As
"Thus, we can safely conclude that the intensities we have detected for As2
molecules, in addltlon to the contribution from fragmentation of AsLF

molecules, also include the ionization of neutral As molecules directly

_ 2
from vaporization.
The values for ASB/ASM remain practically constant throughout the entire

temperature range, suggesting that As, is a product of fragmentation.

3
To summarize the results so far: we have found that the vaporization
of gallium (111) face yield only the tetramer'(Ash) molecules whereas for

arsenic (I1I) face, both the dimers (Asg) and the tetramers (Ash) are found.



45—

Based on. the ratios we have found from vaporization of arsenic crystals,
we éan’nOw ¢orrect_for the contribution of fragméntafiohs of As) to the
intensities measured”experimehtally.

Using = : As

o o
= 0.50

As
2 - o0

As (from Asu) » v
' = 0.20

ASF
We have for the correctioﬁ of ASA intensities:

As), (measured) = [1 + 0.50 + 0.10 + 0.20]

i

= As) (measured) x 1.80°

Knowing"the'raﬁios | )
: : As (from ASM) «

Aoy
and o . _ . As

—_
ASL;_
and that the As intensities we found are all from fragmentétioné of As2

and Asu,“we can then:ﬁnd the ratio

' AS_(from vaporized ASQ)

2

As, (vaporized)

which is equal to 0.20.- Now we can corréct:for the intensities of As,
peaks: ) . )
= - | x 0.50]° + 0.
As, - [A$2(meas) Asu(meas) x 0.50] (1 0.20)
: Vi - o . .2 v
EASE(meas) Ash(meas) X.O 5Q] (1 Q)

(



‘LG*'

It is also very interesting to.n@te that, from.Table III, we obtained.

. ‘. + E
ASM- - As3 +As . 5.19 eV

+ + v : S ;
A32 - As + As - 3.89 V. ‘ o . : -

Thus, A52 mskes a bigger contribution to the As peak than Ash, which is what we -

have found in our experiment.
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- APPENDIX IT

A Method to Find the Ratio of the Tonization

. Cross_Sections for As, and Ash

P,
i

'sqbscript D

subscript T

Definition of the symbols used: -

pressure

dimer

tetramer

R = -total vaporizatibn rate
RG = gaSVCOﬁst.‘ |
= temperature
M = a&erage molecﬁlaf Veightvin the vapofkbhase
Ii ;' infensities.detected
ai = cbnve#éion factor from infensity to pressure
o, = ionizétién_cross Segtiqn
'yi = yield of the electron miltiplier
fi = transmission ' probability of the mass spectrometer
K = instrumental cohst. depending on. the distance from
sample to ionizer_and.thé>length of the electron.beam
- crossed by the molecular beam..
Frotal ~ Fp
R ( }}L*:L;) i L :Z%o;al 172
cm -gec (v ™G v)'
: M .
PD = :aD ‘T‘DT e
P | = .q I T
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R \—x - a ID T 4o I T | o ~
| 5 | | . . |
M = - M+
: ¥
PD>+ PT D PD PT MT .
Q. IT o o2 I T
D D . m T

a I T+ a IT T Lo I T op LT

1/2

R(eﬂRGT)l/e 'yb-l/? = [Qb I T+ qT Lr'r] 1/2 [ob.ID T + 20 I, T]

A VAT U o
@ (= )(ITlT) i | R

Thus, know1ng the total vaporlzatlon rates and the vapor comp031t10ns

at dlfferent temperaturesswe can then determlne Qb OT

P. = a, I, T
1 1 1
. Ii<T
= K
f
61 fyi 1
a = gffgfig—
15ty

Since the instrumental constant K does not change for'different vepor speciles

s IR o
G 9 Y T

Using kenén isotope spectrum, we can:determine‘the‘ratio fT/fD- The yield
pf.the electrbn multiplierv yi.caﬁ'beindiVidually calibrated for different
vapor species. Thus knowing'&b/d ,.we can then determine ¢ /c- the ratio
. of the 1onlzatlon cross sections. As a check for the value of Q& calculated
since only the tetramer molecules are detected for galllum face, we could

obtaln



' § : P
R mg _ . “total
2 e T 1/2
cm ~sec ( G ) 4
: _ ‘M
p .

Rnea sured - (Qﬂ’RGT )1 /2

-

. f2mRT\1/2
. - G :
T _ measured. ‘L M; . o
o {er R
O I.T T = R easnred . MI'

- _eﬂr{; 1/2:
04T =  Rmegsured (T)(MI, )

Substituting in the proper nurrbers, this should give us the same value for

_aT as that found before.

Given:
' Q
= D ID T
Op fp T
o w5
Fp % Yp iy Ty
It is usually assumed that 7y « _Ml/e, or 'yT/'yD = 2. From our cali-

bration, -fI/sz 1/5 The ratio of the ionization cross sections UT/O'D

is assumed to be 2.

“Thus v

. fp J;
: = 2(~N2) (1/3
‘OD 'YD | _fD S ( . (/)

o>

1

we assume in our calculation that

:PD'. ‘ ID+

T

4
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TABLE I. Electronic Properties of the Samples Used in Our Studies

Room Temperature

Crystal Dbping: " Type —5 :
| - ' p(ohm;cﬁ) u3-4§2——- ' n'(no./cmB)*
volt-sec '
Cominco . - o n o 0.105 - 4.7><lO5 l.5><lOl
. n 0.027 5.0x10° b.6x10™C
Bell and = - S o ' . 19
Howell = - Zn p - 0.0045 7 1.9x10
Te 'n o 8.uxlo'u' _z.ux103 2L6xlol8
C* N |

6,
The intrinsic carrier conc. is estimated to be about 9%10 /cm5 at
room temperature. : v
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TABLE'II; ‘Xenon Transmissioﬁ'Probability Calibration

Mass No. ' 'mhv_m6"m8-:m9 130 'Bi 132 134 136

'XegssigsptOP? 0.096 0.090 1.92 26.44 4,08 21.18 26.89 10.4h 8.87

Intensity . - : - ‘
Measured . - - 3 8.00 | 6580 8.20 2.95 2.92

Intensity . _ _ '
Calculated from 8.00 - 6.b2  8.15 3.15 3.37
Isotope Ratio o : -

Difference - : :
Between (2) = I 0.38  0.05 0.20 0.45
and (3). - - - .

Percentage o | & - 0.66 & 13%

Differepce_

Percentage : _ : ‘1 v
Difference _ . | \ 5% 0.2% 1.2% 1.9
Per Mass ,

Unit

average value 1.5% decrease per mass unit
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TABLE III." Ionization Potentials, Dissocia

Affinities of Arsenic Molecules!

Egon Enefgies, and Electronic

Ionizafion Potentials

'-As 

As

2

9.88 v

9.86 eV # 0.16 eV

As),  8.84 &V £ 0.16 eV

Dissociation Energies at 0°K

. As

As

g > =
- 1] |2}
4+ O +W 4 10

=
0

2 .
As .

\N

-

As,  2.98
As 5.9%
As - h.22
As  2.70
As 259
As  5.55

As 3.89

Electron Affinities

As

As

As

2

>

0.7k
0.35%0.2

1.1*0.2

eV

eV

eV

+

+

+ 4+ 4 H+ -

4

0.18
0.12
0.20
0.20
0.32
0.32

0.16

eV

eV

eV

eV

eV

eV
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TABLE IV Equlllbrlum Vapor Pressures of As, As As, and As&_Frdm_'

298

3
Vaporlzatlon of Arsenic Crystals
K P(As) atm  P(Asy) atm  P(As;) atm  P(As,) atm
- 298 2><,1o"-l+6 2x10'50 | "9><1o'56 o 1.ol4><1_o'l-7
%00 ‘7><1o'53 %1070 , 3*10'21‘ o 5.21>_<10'1l
500 5><1'o'25 6x10™17 2%10 17 3.81><10'7 ,
- 600 8>__<lo‘20 07t | éx1071 1.31x'10‘l*_.
700 1078 a0 | fx10710 7.87%107
800 »_,5><1'o"15 21070 o107 1.61x107 "
900 | "l+'>'<1o,"ll 5><10"5 ) - 1><10"5 C1.61
1000 21077 9><1o'h o 'BXIO_u_ . 9.69
AH 72.1 52.6 : 62.3 36.15 kcél/mole
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TABIE V. Representative Ratios of ?(Asg)/P(Ash) From the Vaporization of
| Arsenic Face of GaAs Single Crystals ’ ’

o *
T (C)- PAse/?Ash
1019 = - - 2.0k . Sample No. 20, ‘Side No. 2 (First Time)
1082 - 0.15 : ‘ o S
1115 - 0.1k
w071 . - 0.18
1019 - .- 0.20
978 : - 1.92
° . \
T (C) : . PASVQ/PAS)_L
971 ©0.04 : _ : .
- 1000 0.52 - . Sample No. 20, Side No. 2 (Second Time)
1038 0.38 ' ‘ '
1097 0.29
1076 0.20
1036 0.15
1004 0.k40
919 - 0.33
975 0.19
T(°K) PASE/PAsu
958 0.61 -
986 0.6k Sample No. 22, Side No. 2
1024 0.58 ‘ ' '
- 1058 0.37
- 1090 0.36
1115 0.33
1693 0.43
1003 0.56
999 0.57
T( K) ’ PAs /PAs
o a I
911 - L3l o ,
963 . 1.67 Sample No. 20, Side No. 2
- 970 1.72 3 ' Excess Ga on top (continued on

following page)
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TABLE V. ' Continued.

. o .
a _ v

, 1007 2.02 Sample No. 20, Side No. 2
- 1052 0.73 v continued from previous page
1098 0.42 '

1089 . 0.k40

104k 0.36

986 0.12

951 0.16

* o , L
These ratios have been corrected for fragmentation. We have also
assumed_that'IAé;/;AsI = ‘PASE/PASA{ ‘See Appenglx IT.
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" TABLE VI. Equilibrium Vapor Pressures and the Corre Sggnding Maximum
: Vaporization Rates of GaAs Single Crystals :

6 -

Tf°K),'.‘ | 1o%/i (°x) PASéx106 -?AS;XlO6 Ptoﬁal*lo' Jﬁaxxzo |
- ”:' (atm) ~ (atm) - (atm) (mg/cm -sec)
'1106 _fﬁf' 9.0k 0.76 0 0.9k L.70 1.02
1119 o 8.9k 0.0l Lok 1.65 0.55
w2 B 0.9 1.0 L9 1.16
122 8.91 105 1.07 2.2 129
1129 7 8.86 s LT 5.16 1.89
131 - v8{8hv, 1.45 1.65 3.10 1.86
135 8.81 1.86. 2.3k 4.20 2.49
1151 8.69 3.6 5.6 - 9.22 5.36
1152 8.66 3.88 5.55 | 9.l3 5.46
1162 8.61 b5 5.65 10.1 5.92
1165 8.60 b0 6.00 0.7 - 6.26
ne 8.0 b2 6.05  10.8 6.32
17 - 8.52 . 6.84  6.26 3.1 7.85
186 8d3 732 668 k.0 8.33
EESCT 838 7132 680 1 8.3
1195 837 . .73k 686 . 12 8.2
197 8.55 8.5  7.20 1.4 9.2
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FIGURE CAPTIONS
Cubic'Zihc—ﬁieﬁde-strueture of gallium arseeidebsingle crystals.
Galliﬁﬁeand afsenic'faces'of galliﬁm,arsenide after etching in 5%
Bié @ethanol,soiuﬁion for three.minﬁtes..

Microbalaﬂqe system.

- Calibration of furnace temperatures vs. sample temperatures.

Temperature profile of the furnace.
Mass spectrometer system.
Ga face after vaporizatioh at 750°C;

Ga face after'vaporization’af 800°C.

Ga face after vaporizatien at T50°C, then at 800°C and then back

“at T50°C.

As”face affer‘vaporizafion.at 75000._

Same crystal face as in'Fig,’lo but with the 1iquid Ga removed.
Cr&éﬁal face after vaporization'with excess Ga placed on top of the
surface.‘ | |
Unetched Ga face‘afterevaporiZation at 800°C for 1 hour.

Same. crystal féce as in Fig. 13 where we have a.macroscopic ledge
serving as sites for thermal pit formation.

Bdge of the crystal shown in Fig. 13.

Same c?ystal face as in Fig.IIS with iiquid Ga removed.

Unetched As face after vaporization at 800°C for 1 hour.

Exhaustive veporization of a gallium arsenide single crystal at

temperature T = 870°C. o v >

Transient vaporization rates of gallium and arsenic faces at 8hgecC.



20.

21.

22,

23a.

23b.
2h.

25,

26.
. 27.
8.

. 29.

30.

31.

- 32.

61—

Total evaporation rates of pure samples from Cominco Corp.

Tdtai.evaporationvrates of pure samples from Bell and'Howell'Corp.

Tofdl evaboration rates.of Te-doped samples.

Totél'evaporation rates of Zn—doped samples.

Vaporization rates from gallium face of Zn-doped samples. (First

évaporation of the crystal face.)

Total evaporation rates:of pure Sample

s with excess Sn placed on

top of the surface before vaporization;

Background spectrum at pres:sure‘le.OXlO—8 torr.

Appearancé potenital curves of various
tion of gallium arsenide.
Vapor'compositionvof-gallium face over

from Cominco Corp. Sample No. 20.

© Vapor composition of gailium face over

from Cominco Corp. Sample No. 22.

Vapor composition of arsenic face over

vapor species from vaporiza-
gallium arsenide single crystals
gallium arsenide single crystals

gallium arsenide single crystals

from Cominco Corp.- (First»vaporizatioﬁ of the crystal face) Samplé

No. 22.

Vapor composition of arsenic face over

gallium arsenide single

crystals from Cominco Corp.- (Second vaporization of the crystal

face) Sample No. 20.

Vapor composition of .arsenic face over

crystals from Cominco Corp."Sample_No.

Vapor composition of gallium. face over

crystals with excess galliumvplaced’on

evaporation. Sample 26.

gallium arsenide single
22.
gallium arsenide single

~-top of the surface before
[ :
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35.
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37.
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Vapdr‘composition of gallium face over gallium arsenide single

cryétals with exceés‘gallium plaéed on‘tép of the surféce before

. éVapofation} Sample.Nb. 20.

Totai vaporizaticn rafeé—of gallium arsenidevsinglé cfystals using
onevsamﬁle for.eaéh'temperature and 5ver an‘extended period of time.
Equiiibfium vapor pressures of gallium arsenide. |

Calcuiatea maximum evaporation rates ffom equilibrium vapor pressures
of gallium arsenide. . |

Diffusion'coefficients of various impurities in gallium:arSenide at
low concentration limit. | | o

Ga(111) fgce of gélliuﬁ érsenidé showing.the As) unit.

As(1I1T) face of gallium arsenide éhowing both the As, and the Ash

2

units.
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- Quodrbﬁie ‘mass spectrometer

"Idn.‘pumpq—,’?_:' o E:I

S |
8 = <—Movable slit
. D | .
Sample — 8\.3- | ——Mo furnq;e coil
~ Graphite ':j;am , L Furnace
‘holder A6 | ' :
Quartz — o \ Mo radiation shield
insulation o . ‘

— Liquid nitrogen
cooling coil

T

Thermocouple
| XBL 709-6617

Fig. 6.
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Accumulated liquid Ga
is physicolly spread over
entire vaporizing surface

L

300 min.

Time (minutes)
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Fig. 18.
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' 'Virtuql steady state
rate = 6.3x 10 mg/;mz-sec

L
WT. LOSS (mg)
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rate=7.0x 103 mg/cmZsec
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/
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Fig. 19.
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Explanation‘of the symbois used in the follOWing figures:

® o>>e®0

9 .

vvéporizatioh rates of gallium face upon héatihg.

. vaporization rates of gallium face upon cooling.
vaporization rates of arsenic face upon heéating

' vaporization rates of arsenic face upon cooling.

vaporization rates of gallium face witl excess zallium placed

Qh'top of surface-before'evéporation (heating)

vaporization rates of arsenic face with excess gallium placed

'Aonotop of surface before évaporafion (cooling).

/

vaporization rates of arsenic face with excess gallium placed -

on top of Surface before evaporation (heating).

| 4

g

1.

2.

vaporization rates of arsenic face with excess gallium placed

~on top of surface before evaporatioh (cooling).

. Vaporization rates of gallium face with excess tin placed -

on top of surface before evaporation (heating).

Vvéporizatioh rates of géllium face with excess tin placed

on top of the surface before evaporation (cooling).

vaporization rates of arsenic face with excess tin placed

.on top of surface before evaporation

The'first time the crystal face was being vaporized..

'The second time the crystal face was being vaporized;.

The data points are taken from one eXperiment whereas the slope

drawn through these points is the average value of all experiments done

under the identical conditions.
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Explanatioﬂ of symbols used in the follbwing figures.

A\ Intensities of Asu upon heating
A Intensities’ of ASL; upon cooling .

upon heating .

(:)-Intensities of A82

. Intensities of As2 upon cooling

The data points are taken from one_experiment whereas the slope
drawn through these points is the average value of all experiments done.

under the idehtical conditions.
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LEGAL NOTICE

&

This report was prepared as an account of Government sponsored work.
Nezther the United States, nor the C’omm1ssmn nor any person acting on
behalf of the Commission: _

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report. :

As used in the above, "'person acting on behalf of the Comm1ss1on

" includes any employee or contractor of the Commission, or employee of

such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor. .
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