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- PREFACE

‘The semiconducting compound.gaiiiumlarsenidefis7of'

great importance to the -electronics industry. When used to

fabricate light ‘emitting diodes (LED‘S)”it'iS‘necessary.to

insure a smootﬁ;fdamage~free.surface5on-thefG?As Wafers..
The_wafers_are”generaily etched:wittharious solutions7or
reacted in the :gas HC1 at high' ‘tfe'mpe"ratur‘e‘s. ‘The 'kinetics _
of the HC1-GaAs reaction'aréynotfv%rY’Well uhdérStood.'#

~Spec1f1ca11y, the reaction is carried out at atmoSpheric

.pressure ina mlxture of malnly H2 w1th perhaps 10° HCl

and at - temperatures from 650° ‘to 750 C .The«rates ofathe

.commerc1a1 vapor etch1ng processes have been emp1r1ca11yl/

determlned however, noth1ng 1s known about the surface
reactlon of HCl w1th GaAs in: the presence of H2 o
It is therefore ‘the" purpose of the present study tovh:

ga1n some" 1n51ght 1nto the GaAs HCl H2 surface reactlon and

L y

tho determlne what effect the surface structure has on the

reactlon
The ma1n tool used to accompllsh thlS goal was

dlfferentlal grav1metry applled to the GaAs HCl H2 system.'

Add1t10na1 alds 1n the study were derlved from ex1st1ng theory

\

»1n adsorptlon k1net1cs and surface evaporatlon models. It

is hoped that the data and ana1y51s presented in. thlS work

,w111 be of some Value to the semlconductor proce551ng
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VAPOR PHASE ETCHING KINETICS OF GaAs
“Ronald Henry’Bissinger. B N
Inorganlc Materials Research D1v151on Lawrence Berkeley Laboratory and

‘Department of Chemical Englneerlng, University of California ' ¥
Berkeley, Callfbrnla <

ABSTRACT
v Thermal»evapdration'of'(001) GaAs Qas investigated

alongw1th the simultaneous etchlng by HC1. in the presence
of Hz.f Two kinetic reglmes were proposed based on the non-
linear ArrhenluS'plotqof the'free evaporation rate. . In the
first regime, at temperatures above 1000°K, the rate‘eXhibited
an epparent actiVation-energy of 72 keal/mole With respect
_to:the HC;; ih the'second regime, at temperaturesvbelow
910°K, en:apbarent acrivation eﬁergy of 14‘kca1/mole'was
ebserved. | | h |

| The gas—sdlid etching reaction between HC1 vapor and
solid GaAs was_found to have a reaction order of about ﬁnity
and yielded an apparent activation energyebf Z€T0

with respect to;the HC1. For the overall reactioﬁ' -

H. +%AS | yA

GaAs
2w 4

N =

coy + HC —=GaCl, , *+
(s) * T %y
the etching reaction rate can be approximated by

N 1.11
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where ry.; has units of mg—cm-?-sec_ and py.; has units

HC » _
of uymHg and is valid for 930° < T < 980°K and
0 < pHC1>< 135 umHg. A mechanism was proposed in which

the rate limiting step is the adsorption of molecular HCI

‘on ledge sites of the GaAs surface.

‘The addition of H, to the vapor phase hindered. the
HC1 etching reaction with GaAs by shifting the dissociated

HC1 adsorption equilibrium and reducing the adsorbed Cl

‘concentration, The proposed rate limiting étep'was then

the reaction between adsorbed Cl and Ga.

~The (001) and (111) planes were found on the etched -

vsurfacevof (001) GaAs, indicating that these were the

slowest etching plénes. Thermal etching_was-dbserved on
the (001) and (111) planes. The_surfacé was slightly
énriched by galliﬁm'after thermal evaporation, suggesting
that a liquid gallium iayer may form on the surface in the
absence df HC1 vapor. The subgrain boundaries wéré'
preferentially attached by the HC1 and were extremely |
dépleted of gallium; the area of these’boundafies may :

amount to 10-20% of the total surface'area.



I. INTRODUCTION

Knowledge.of the surface reaction'in'the GaAs—HCliHZF
is- essentlal to the opt1m1zed process1ng of ga111um arsenlde
wafers in 1ndustry. The - problem then becomes one of ob-
ta1n1ng the surface kinetics of a vapor sol1d react1on
The best way of analy21ng surface react1ons 1s by,comb1n1ng
molecular beam technlques w1th Low Energy Electron lefractlon
(LEED), enabllng one to examine even the path ‘of an
individual molecule. . An alternatlve approach is to meaSure
the total or owerall reaction rate of a macroscoplc sample,-
which 1nc1udes contributions from both the surface react1on

rate'andjthe diffusional resistances offered»to'the‘reactants

' approaching the surface ~ The researcher has‘the-choicelof

elther determ1n1ng the diffusional resistances. and, subtract-

llng these from the overall rate or e11m1nat1ng dlffu51on"

completely from the problem.

Quant1fy1ng the d1ffus1onal re51stance offeredvto the
reactants can be done as 1n'thevcase of a flow system whlch
overWhelms natural convectioﬁ caused by'differences in |
den51ty, v1scos1ty, comp051t10n and temperature A Well
characterlzed state of forced convect1on 15 1mposed on the

system, 'as in the hydrodynam1c boundary - 1ayer adJacent to

‘a rotatlng dlsk : Slnce the propert1es of the boundary

layer are known, the d1ffu51onal res1stance offered by it

1,2

to the.reactants can'then be est;mated. rOlander and



Sparrow and'Greggs'present the relevant tranSport equations
for the rotating disk case. o

| Elimination‘of diffusion.completely can be.acc0mplished
'by the reduction of the total pressure; since gas dif-
fu51v1t1es and therefore diffusional re31stances vary
1nverse1y w1th the total pressure of the system By’v
maintaining the%total pressure below 1 torr it 1sbp055ib1e'
to'minimize or remove difquional resistances. fThis‘has

been done for the graphite-oxygen system bY'Rosner4

.

Blyholder. |
| Th¢~first'method of determining:the'diffusional

resistance has been used by Goettler6 in the chloride
transport vapor deposition of GaAs. He modeled the surface
reaction as being.driven by a chemiCai potential force
which Was-thenrcombined in series.with diffusion of the
reactantS-through a stagnant film., A laminar jet of. reaCtant
gas was d1rected normal to the surface of the substrate in
order to minimize the diffusion effects and to permit’ the
calculation of the dlffu51onal contrlbutlons  His results
suggested a tran51t10n in the surface k1net1cs in the -
‘temperature range of 700-750°C. |

The second teChnique, elimination of_thebdiffusional
resistances compietely, is utilized in the present study;
It is relatively'simple,to‘use.the'weight_change of:a

sample to follow the reaction rate. Microbalances have
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.only As4 while the (I

vpressure of 3x107 %

been used by several researchers to obtain rate data in a

manner similar to the one employed in this work.

Shaw’ has used a Cahn electrobalance to study the

‘epitaxial growth of GaAs on GaAs substrates of (001)

orientation. ' Activation energies of 48.7t3.5 kcal/mole

- were found for the kinetically cOhtrolled'region; i.e.,

temperatures below 750°C. A "quasiequilibrium'" model,
originally‘déveloped by Sedgwick8 for siliédn'epitaxy,

Wasvapplied and found to agree well with the observations

-at low GaC1 and As4 partial pressures and'high-tempefatures.

‘Lqugﬂhés investigated the vaporization mechanism of
GaAsisingie_crystals by ﬁsing a sample suspended from a
microbalance at 10/ ‘torr and from 650°'tq 900°C. She
found that GaAs decompoééd.into gaseous Asz'and,As4,”and
a liquid.film of gallium. Coﬁpling of é-mass spectfometer‘
to the“system showed that the (111) or the Ga face producéd
-i)‘or As face yielded both As, and
As, vapors invthe ratio of 3:1. |
'Rosner and‘AvllendOrf4 have investigated thefreacfion
between_ﬁyfolytié_and isOtropic'graphite>and oxygen uéing
a fotal system préssure‘of 1’tdrr_and an oxygen partial

2 torr. A constant activation energy  ~

was departed from on several occasions, presumably due

‘to a change in the surface kinetics.



Blyholder and Eyrings have done similar work for the
graphite¥oxyg¢n:system'atvtémpefatures from-600°.to 1300°C_
and from 1th iOOlﬁmHg préssure. They fdund_the surface
reaktiqn'to'be'dependent'bn.impurities in the grapﬁite.and
- surface porosity.

It is clear thaf whi1e the technique of differential
gravimetry has been applied previously énd is fairly‘well
: documented;”it's applicétion to GaAs efching by HCl in the
presence of H2 représents a new extensipn; ’The workdene_
in the'cited referencesrwill'servé to establish an éxpefi~
‘mental technique framework in which to perform the present
 study. )
| Differential gravimetry is used in the-présent.studyr
to determinewthe‘eVapdfafién mechanism of GaAs and how
~ that mechanism is affe;ted by HCl and H,. In additiqng
a rate-equation fdr-GaAs-HCl reaction is.presénted, and
;he ma;réscopic and microécopic surfacévof»the GaAs is
examinéd in reiatidn foféVaporative and‘feacfive conditiéns.
- The examination of thevGaAs reactioh With HC1 and_HZJis |
unique, and the resultsvdestribediheréin afe.Valuable to the
optimization ofvthe‘etching and depositioh'reaéfiohs‘of

GaAs and.other III-V. compounds as well. ’
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T1. THEORY

-A. ‘Introduction

' :Theiproblém with developing a suitable model for the
GaAShHleﬂz reaction is that there is reélly no comprehen-
sive understanding of how a‘binafy Vapor.phase'wiil-react

with the nystai'surface."Thefpossible surface mechanisms

‘are numerous and the specification of a probable mechanism

is subject to confirmation by more direct methods.

vSimilarly, the surface model which has been previously

developed is limited to monatomic solids ffeely eVapdrating
ihtO'a vacuum. The pfesent system involves the dissociating
solid GaAs reacting with a vapor phase, in addition to

thermally evaporating. Developmeht'of é”detailed model

- for the présent case is well beyond the scope of the present

wOrk;‘instead,fan effort will be made to extendfthe'existing

théofy fof monatomic free.evgpoéation~to a diéSociating‘

surface uhdergoiﬁg chemical reaction. The result will be'

a seminuéntitative:understanding of fhé GéAs-HCl-’H2 reaction.
The problem can be bfpken down intb three main areas:

the»surfacé‘of GaAs; surface reaction kinetics, ana fheg |

theory of évappration.n The surface of GaAs essentially.

‘constrains the mechanism and hence the observed reaction

rate. The various models of evaporation provide a basis for
interpreting surface adégrption phenomena for this system,

which in turn will be linked to the overall rate. The



emphasis will be on extending, when juStified, the existing

theory t0'the'GaAs~HC1-H2 sYstemQ'

B,"Crystal and Surface Strueture of GaAs

If"ie’well known”that‘the“reaction rate befween‘a
crystalxand a vapor may depend on the orlentatlon of the
crystal The reasons for the phenomenon are'surface
stolchlometry,-Surface packing,ﬁSurface free energy, and
ISurface planarity. It is useful'to begin by describing
the.Crysfal etructure of GaAs. | |

" The compound gallium arsenide has the zinc blende
structure with a la;ticeiparameter of 5;653A. .Theluhif
cell audftetrahedral bending are shown in Fig. l;_“The-e
gallium atoms are located on an fCC'sublattice_centered
at the origiu (0,0,0), while the As atoms are located en
an FCC sublattice centered at (+,1,1). The bonding structure
of the (001) surface is shown in Fig. 2. |

The GaAs samples used in- th1s exper1ment were cut so
dthat_the surface normal was d1splaced 2° from the [001]
in the (110) plane.  This is$ shown in F1g 3.

Exeuination of Figs. 1 and 2 show that alternate (001)
planes are of either Ga or As, these planes are equally
spaced aevene-quarter of-the laftice‘parameter..'SinCe-eéch
atom has four bouds-it is seen that those atoms on the
(001) surface plane w111 have two unsatisfied bonds. Theee

bonds determlne the surface free energy,‘whlch will. greatly



"éffectfthe growth‘andiétChing rates of the (001) surface.

Sangs__terl0

vpfovides'a ‘convénient'sﬁmmafy offgrowth rafe éﬁd
crystal brientatidn'relatiOnships_for Gaké. ‘Under growth
conditions the (001) surface has very gdod nucieatibn‘
chafacteristics; pédrFSurfaée stoichiometry,.fair"Surface
‘packing and very poor surface pianarify.Q‘SangSter alsé

i predi¢t$.fhat the fastest growth direction for a (100)
surface will be the (311?-sin¢e it is a compromise between
the good and'thé-poof characteriétics of the (100) and the
(lllfvdirectiOhs. Likewise, ‘it shbuid'be_expécted that for
the (001) surface gfowth,'and etching, will pr8¢éed fastest
in é‘directibn othér than ther<0015; in'paftiﬁular;.fOIIOWing
Sangster's'reasoning,'for a (001) orientétion-the fastest
growth direction should be the (113) . The vicinal (113)
surface will be composed of tOOl) and (ili)vsteps. .

One can generalize these results in terms of the sﬁrface
'free,energies. Forvsoiids fhe sﬁrface freebenefgy Yy is |
eQuql to the surface tension if no species are'adSOrbedQ

y is defined as thé reversible work dw neéded tq'crééte_a 
unit surfécé area:dA by separation at constant temperatufe,

cbnstant'volume, and constant chemical potential;_

y =% o w

I



If ¢ is the unit normal to & crystal plane, and if the volume-
is constant, then fhe equilibrium shape will be that shape

which minimizes the quantity YA;'i.e.,‘
fv()dA  is minimized S (2)

A plot of Yy .as a function of orientation known as Wulff
of polar y plot, can be used to cbnstruct_an'equilibridm

11,12 15 the preSent study of -

shape,pf the crYstal.
GaAs the reactidn is carried out far,from‘equilibrium, and
'it is possible that the equilibrium'shape‘can never be
achievéd; It'has,been shown théi the surface free ehefgy‘
is signifitant only when the Sizé of_the_crystal'is:Smali,»
approximatély one mi¢ron:or 1ess.'lIf_thé’crysta1-is any
larger then'temperature gradients, anisdtrbpﬁc kinétics,

and other dri?ing’forces large'enough'touéause'measﬁréablé
reactidn'fates will completely overwhelm surface free énergy'
constraints.t1*13 This evidence is not sufficient to rUie
out the formation of an equilibrium crystél shapé. For
etchingfand_évaporation,'the fastest etéﬂing.planesvshould
disappear first,’ieaving the sIoWeSf‘etching planes behind.

- As'already poiﬁted out, the sufface ffeé enérgy'is only_éne'
factor which determings*the reaction ratés of_arparticular
plane. For GaAs the (001)-p1ané'has a higher ffee‘energy
than the (111), therefore:one would expect the sprfaée to

be composed of_mostly (111) faces‘with somé (001) surfaées;
if the surface free energy is a.constraint'in this pafticular_

case.



It i$ also possiblé that while a minimized S y(0)dA
will‘ndt determine the overa11 crysta1 shape} if“will_affect
‘fhe suiface_to some degree.. This is manifeéfed by thermal
faceting,‘a Spontaneous creation of fine ridges in'a 
surfaéé.  The‘facets;afe aétuéliy méde.Qf low iﬁdex and
complex planeéu .Ajdetailed explanation‘of“the,fgcet'width
dependency'bn tiﬁé;‘aiong with'a Sﬁmmary of related ﬁork,‘

is giVen by Moore.14

" C. Surface Reaction Kinetics:

1. Equilibria“

It is useful here to begin with a description of
the stoichiometry'of ‘theGaAs-HCi—H2 reaction. 'Banls has
confirmed ‘the equilibrium reaction: | o

GaAs'(S) + HCl.(g) N GaCl(g) T As4(g) t 5 H_Z(s,)‘ (,3)

as the one 0ccurring during the depoéition of-GaAs by the.

chloride.transport_process; ‘The-equilibrium constant is

givén by o
Pgac1 pAS4'p‘H2. IR 3 S

€eq - .. Pyci . : o :

Kirwanll;summarizes the‘re1evant equilibtia'for'the'

':Ga—H-Cl?AsfP sYstem;_specifitally he gives Keq as



—10%

6.99x10°

-+ 0.22 2nT + 2:35X10

log oKeq = [-8.04 + == =1 (5)

Equation;S is_valid for.SOOQKv< T < 2000°K.

2. Reaciion'Activation Energy,and Order

If.it?is:aésumed that hydrogen can participate in the
reaction.between GaAsnand'HCI, then the overali‘rate nay he
expressed as 5 /RT
T = Ae A(. Phcl pﬁzf - - ®
'_over a 1inited range of temperature and pressure-- In this
s1tuat10n the actlvatlon ‘energy E, is a 11near comb1nat10n
of the individual actlvatlon energies of the elementary
:steps.

At the temperatures used (T > 600°C):the GaAs'Was'
continuonsly dissociating into'Ga and As‘species; the rate
of which isvcalled T THERM® the thermalleraporation'rate.

It is assumed that the'reaction reaction rate due to the
HC1, rHCl’ is superlmposed upon the thermal evaporatlon
rate, in other words, rTHERvas unaffected by the addltlon'
of HC1. Th15 is a very ‘bold assumptlon,‘and more likely
thanvnot 1nva11d' for precise analysis. In most cases the
adsorption of‘a-gaS»on the surface of an evaporating solid
'W111 affect the evaporatlon rate, usually increasing it.

However, 1t is 1mp0551b1e ‘at present to determlne ‘how the

~



of H
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HCl perturbs the' thermal evaporatlon rate, and the assumptlon

. that rTHERM * f(pHCl) is used HCl was bled 1nto the system

~and’ the difference . between the total rate, rTOT’ and the

thermal evaporatlon rate, TTHERM? . is ‘the rate due to HC1

only, rHCl A plot of log rHCl versus log Pycy w111.g1ve

o a stralght 11ne, the slope of which 1s the - order of" reactlon

w1th.respectvto HC1, n.

‘When both HC1 and Hé are in the vapor. phase"it is

‘not posSible to. separate rHCl from the 1nf1uence due to hydro-

gen; it is prevented by the 1mprec151on of the data

Instead it is proposed that the rates be. comblned, SO

that r In thls way rHCl »easnred

unc1» Mz = (fror - TrERM) - |
w1th no H2 present can be compared w1th the rHCl,measured

w1th H2 in the vapor phase : Agaln,'lt is assumed'that the

3therma1 evaporation rate is not affected by e1ther HCl

2 The comblned rate rHCl’ szs rcvcan be assumed to be

of the form' o . o o L =

THC1,H, KPycrPw, ~ Tc (7).

vfw1th k,n, m # f(pH y pHCl) Taklng the natural log of both
2

51des and the part1a1 derlvatlve w1th respect to ln pHC1

:'a[lh(rﬁz +-rHCi)]

'3[1n pHCI]'A :
ERREE Py..
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Similarly,

a[1n(fH2 + rHCl)]

- 3[In pﬁ‘] %' mo ' (9)
: z Pucy

It is seen that 1f rHCl HZ is plotted versus sz and pHCl
the orders of reactlon m and n are obtalned respectlvely
from the slopes. 1In this manner the'effect of hydrogen

on the reaction is clearly seen.

3. Surface Reactions and Adsorption

Most,Surface reactioﬁs involve ah*adsorbed"Species
on'the'surface;'whether it be an adsorbed vapor phase-atom
'or an adsorbed atom the same as the SOlld In evaporation
there is no d1fference betweeén the two types (if the Vapor
con51sts‘of the same substance as the solid). A brief
description of the various surface mechanism possibilities
and.reléted'adsorption phenomena 1is in.order at-this'point.

The process of ideal surface adsorptlon is modeled
by Langmuir’'s adsorptlon 1sotherm 1n Wthh nondlssoc1ated '
gas molecules (or atoms) £i11 single sites on the surface.

The rate of adsorption-ré_is given by

= kpoe) A

‘with ké,the»adsorption.eonstant,; From this can be derived
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the Langmuir  equation
1+Kp - v
In‘certain_caees_a molecule may dissociate upOn_adsorbing
on.the.surface,‘which is depicted as follows:
. HQ
_ N [ = o
-HC1 + -S-S- = -S-S- ' (12)

where HC1 is a vapor phase molecule and’-S— are available
surfaCe adsorption sitee - The surface 51tes are not the same
since both Ga and As atoms have dlfferent ionic bond
characters n For example, each 51te may have two unshared

bonds that could be used for adsorptlon. ‘The rate of

adsorptlon for dlssoc1at1ng HCl is.

(13)

T, =K, p(l_'en'-em)
‘.Conversely,vthe rate of desorption is
=k __ 6.8, R oas)

Yda' ™ %-a "HC1

"~ When two differentaSpeCies COmpete:for the,aUrface
rsites the resulte are different. If A’is-ene conponent
and B the other, ‘and adsorption requlres only one surface
51te, then the respectlve fractlons of the surface covered

are given by
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K

o APA. B

6, = . S ' (15)

A 1 + KApA + KBpB . o .
and

8 = : ,KBpB : (16)'

B 1 + KApA + KBpB ‘a.

Note that as the pressure of dne'gas is increased the fraction
of the other‘gaS's coverage decreases. This is related to the
rate of reactign, sincé the driving force for the surfaceﬁ |
'reactioﬁ.éan.Bé the quantity of adsorbed'ﬁatefiallavaiiable
for reaction. | |

.The dégree of adsorption in a rea;tion depends on the
_ mechanism. There are twobmain types of surface reactions
which bccﬁr:v the bimolecular surface type,-and the
Langmﬁif-Rideal typé;. ‘

The_bimolecular surface mechanism requires the adsorp-:
tion of the reactants on the surfacé, after which thé chemicai
reactidn takes plaée.a It can be described as thévfoilowing:

Gayy + Cloy—=GaCly - an

(a) (a)
In this particular instance the rate of”reaCtion may be -
written as

r o= k8g6g, o (18)
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The Langmuir-Ridéél-mechanism-réquires.fhét only dﬁe
reactéht_be adsorbed on thé;éurfaﬁe.' If Ga is adsorbéd on
the surféce'andel_is in thelvépor:phase; then fhevreaction
willjbé éS.f0116WS:. ‘ | o ﬁ |

Ga gy * HCL (py—>=H(yy *+ GaCl(y, (19)

“The ratévfof this stgp maybbe expressed_as r =-kaCIGGé°'

It is possibie; in a bimolecular sufface reaction,
for the rate to attain a maximum as the‘fééctant'pdftidl
pressuxevis varied. This occurs by maxiﬁizing the number
of-édjacent reactant-sites;chis béhavior'is iilustrafed’
in'Fig}”4.’ Note that a Langmuir-Rideal mechanism does
'ndt exhibit a maximuﬁ faté.

It is possible at this point to suggest the most
probablevreaction mechanisms between GaAs and'HCl. But
‘the fact that GaAs is a‘cfystal impiies that the arrangement
of.atoms on the surface, and hence surféce'reacfivity, |
might be_ﬁOdeled. In parfiéular, the process of evaporation
has been modeled for crysta1 sﬁrféces,_and it 1s now attempted
to extend this evaporation theory to iﬂtlude the chemical

reaction on the surface as well. It is best, then, to
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postpone the presentation'df pdssible.mechanisms until the

-surface model is. developed. -

4. Thé_Surfacé Reéction and Eyapofation Model

}égﬁte.fhe chemical‘reactidn of GaAs with HCi is in'
_$eriég}ﬁith-fhe,freé evaporétion_of GaAs, some basic theory
for the evaporation procéss will be described'initiaily;
thén'theicomplication,of a . surface reaction will bé in?olved.

If a monatomic single crystal of Ga is allowed to
'evaporéte into afvacuum-(ffee_evaporation) éccbrding to the
regctidh'Ga(s).+ Ga(v), then the flux N;’of.thé Qapor

species. from a stable face is:16

N, = kvc I S en

where kv’is'fhe'rafe constant - for the rate'limiting‘step,
and C  'is the surface concentration of Ga atoms in the rate
Iimiting step. If the solid is in equilibrium.with its
vapor the rate of evaporatiOn.will equal thebrate“of
condenéatibn; this condition may be expresséd by eiementéry
kinetic theory,17 but is meaningless hefe since'the Vapor—'
’solid‘equilibria can never be attained. Somorjai and Lester17-
point.outvthe deficiencies in assuming equilibfium équations
appiy t0'nonequilibrium sitﬁatibhs, such as the frée_
evaporation of‘GaAs. The'mechénism'for équilibrium_évaporation
of CaAs iS'not'ne;essarily the same as for the nonequilibrium

evaporation.
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Somorjai and Lester17 investigated fhe dissoeiation of
cds Singie_crystais usingfstoiehiometfy.meaSﬁrements, |
phetoactivatioﬁ, and by evaluating impurity effects. Fof.
both.GaAs.and CdS the activatidn enthaipy AH' of the
transitioﬂfcbmplex was less than the heaffof vaperizatiOn

AHV. These results imply_that the rate limiting step is

not the déSorptien of surface atoms but either the surface

reaction itself, surface diffusion, or the dissociation of
the compounds on the surface.
On the molecular level the process of evaporatlon

can be modeled by the Terrace- Ledge K1nk (TLK) model. If

‘a low 1ndex plane ‘is considered as 1n-F1g. 5,'and the

surface 1is atomically,fiat or singular, then surfaceseclose
to the lowiindekvplane afe broken down into terraces and
steps, which-is also;called vicinalisafface. If the angle
6 of deviation of the surface normal frem a -low index
direEtion is small, such that tan 6 << 1, the steps'have

a height s and a density”df 86/s. For the ease ef (OOlj
GaAs with the surface'normal angled 2° along the.(110)e
plane, the_lengfheof the terraces (ffom'steprto atep) is

40.47A, and s is equal to one—qﬁarteffthe_lattice parameter,'

- 1.41A,

Figure 5 also shows surface atoms. in several characteris—

tic‘positions ~ An atom in p051t10n B, an adatom would

- seem to be the most llkely to desorb (evaporate) or react,

~since it is the least strongly bound to the crystal. An atom
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_1in position D appears to'Be the 1east’iike1y to desofb or
'react since it is the most strongly bound p051t10n The
tendency to desorb 1n terms of p051t10n can be written |
B>A>C>D' »

Accordlng to the TLK model it isbessumed that there‘
is an equlllbrlum between atoms at thevledgetand kink
positiens, positiens A‘and C respectively in Fig. 5, which

reflects a'rapidISUrface*diffusion. Evaporatlon of GaAs

mlght then occur by the following steps 17
.. ledge atoms R adsorbed atoms (position B) (21)
adsorbed atoms ;:é vapor phase atoms = (22)
_ | k4 - _
4 k. . v _ v
ledge atoms — vapor phase atoms IR (23)

Ledge atoms diffuse across the surface in a perpendicular -
direction away from the ledges, and are then considered

adsorbed atoms. Tabie,l gives the free energies for steps

- 21-23 for'crystals-of various orientations.

~ to 1,2,3, and 5. SomorJal and Lester

It is p0531b1e to determlne k for values of i equal

17.state that

ki'= v'exp(-AF /kT) for i=1,2,3 5, v is the Vibretienal
frequency of the surface ‘atoms (about 1013 Sec—l), and'_A'Fi

is the free energy change of the reaction.. prever,-there
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is some questlon of the Va11d1ty of applylng these expre551ons
'to a dlssoc1at1ng solid such as GaAs. Certalnly these
values will not reflect ki'for a substance‘other than-GaAs;
such as HCl or H,, which adsorbs on the SurfaCe.h Rough |
“order of maghitu&e values_of ki'for'i=1;r3;5‘are‘preSented
in Table 2 for GaAs,'assuming AFi vaiuesffrom”Table 1.
For 1 =c4;6; the_eXpreSSionS'are-dependent on the.vapor
phase concentrations,-and‘it is pessible.to assumé that
for Ga”an& As,'step.4 and step'ebis zero for dissociation
into 'a vacuum. | o | _.‘

Step 5 has a"-h:igh‘aCtivatﬁfionvenergy'(vljci,:vl{3 >fk5) and
so step 5 can also be assumed negligible;7'The‘oVerall'rate
of vaporization is then centrolled by the production'rate of
adatoms; this_prcduction is, in turn, cehtrolled‘by the'surfacer
diffusidh-from’ledge.sites;' Therefere the entire prbcess

7
1s dlffu51on controlled

leth and Pound18

_analyze the surface concentratlons
of adatoms on the surface (terraces and 1edges) of a
mohatomlc solld underg01ng evaporatlon Expre551ons for
the-concentration gradients,and the meahvspacing between
1edges are presented In‘the’casé equaAs evaporation and
reactlon, the expre551ons contaln the surface concentratlon
of adatoms as functlons of distance from the ledges and
equ111br1um partlal pressures, both quant1t1es are .

‘indeterminate for the present Case,'and,hence the analysis

cannot be used here.
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“A study of Surface d1ffu51on is presented by G]osteln 19

~in wh1ch the author presents a- generallzed expre551on for the

surface diffusion coeff1c1ent D for a TLK surface. Agaln

the exgre351on is rendered 1ndeterm1nate when the
dlssoc”:faon of GaAs the adsorptlon of HC1 and H2 and :
unequlralent sites are con51dered |
Arthur20 has used the TLK»model to:caICulate Zn
desorption fluxes from GaAs surfaces, which agreed_well
with the experimental data. He found that Zn bonded'with
As on the surface,to form nucleation'sites'for.further
Zn adatoms; Zn would diffuse across the surface until it
contacted the zinc7"islands", at which time it wouid join"
with the island boundary. The zinc was assumedvto'adsorb'
on the ledge and\kink"sites,,and was verified by the
exnerimental results. Arthur also pointed out the'contamination
difficulties of carbon and oxygen on the GaAs surfaces.
The TLK model assumes the surface'is free; i.e.,
there is no film of 1iquid gailium on the surface. 'Loug
found evidence that the surface was indeed'coVered by suCh
a film, but_her experiments were done at temperatures of
ahout 8507C as compared with the 735°C.of the'present'
studies;”»If_a liqufd Garlayervdid_form the TLK modef
b.wouid be‘invalid ' The:datadindicates-that.Ga did accumulate__
on the surface durlng thermal evaporatlon but that the HC1

removed it as qulckly as 1t formed _Therefore the TLK model
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can be applied.to the HCl. etching situation, but not to pure
thermal evaporation. |

5. P0551ble React1on Mechanlsms'

As mentloned before, there are.two types of reactlon
‘mechanisms:that are”posslble‘r the bimoleCular'surface
and the Langmuir- R1deal mechan1smsr' The essent1al d1fference
is that the former requlres the adsorptlon of HCl on the»
surface prlor to reactlon whereas the latter states that
the HCl reacts dlrectly from the vapor phase.

For the case of evaporat1on Lou9 has propoSedva:
mechanlsm“for the evapdratlon of'(lllj GaAs single Crystals
based on the 1nformat1on prov1ded by mass spectrometr1c
observatlons The mechanlsm can apply to (001)° GaAs as
well 1f there is- prov1s1on made for the crystal surface |
belng homogeneous as compared to the (111)A and (111)B
'faces of (lll) GaAs crystals.' Lou proposed a su1table B
ba51c mechanism and is reporduced in Table 4a. 'The:rate
'11m1t1ng step is postulated to be. the format1on of the
surface_dlvacancy [VGaVAs]’ which is the-sum of the flrst
three steps given'in-Table'4a. There is;no,reason whyvthis
formation'sequenCe would not 1limit the eVaporation rate ofv
(001) GaAs' also, . | |

By exam1n1ng other reactlons 51m11ar to the one between
:HCl and GaAs 1t is p0551ble to speculate on: the mechanlsm
of the GaAs’ etchlng One such study 1nvolved the reactlon

between molecular chlorlne and german1um and 51l1con surfaces,

5
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done by-Madixrand Schwa_rz.21 In_thié-study a hodulated‘ 
molecular beam was coupléd with'masé spgctrometric;phase;
sensitive detection to find that at above 850°K the

gefmaﬁium reaction was first ordéf, as was the_siliéOn reaction
above 1050°K::;The rate iimiting'step was hypofheéizéd .

to be the aéSS%ptibn of molecular chlorine_bn:the Surfacev

of thé.compbﬁhdi First ordef behayiot was‘also found_for

the molchlar bromine reaction with germani’um,z2

‘and the

surface diffusiqn\of an intermediéte was,the‘rate‘dqtér—

mining step. | - | |
Madix ef 31.23 found a low réaétion probability.of |

about 0.01 fofv0xygeh reaCting:With germanium, which was

“due to-fhe’sterié hinderance.of the dissoéiatidn of the 02;

The adsorption of reactants and prﬁdﬁct‘désofption limited

the feactibn in'different’regimés.: Reaction probabilities

of 0.2—0;5 between’room“temperature ozone and'(lll) germanium

. were foundfat ozone pressures of about'5>'<_10--'6

torr, and at
surface'témperatures of‘800°K.

| It is possible to have the HCl react at either the
‘terrace -or ledge positidns; Table 3-§résents the poSsible'
surface mechanisms-divided into'three categoriesi Lédée;
Terface, and Ridealtmecﬁaniéms. The cohfirmatioﬁ of any
‘one SeQUencé.by the experiméntal.déta shduld be VieWed és

a confifmation-of the'most‘prevaient_reactién; i.e.,ifhe 
specifiéd_mechanism is the fasﬁést, and henée.influences the

‘overall kinetics the most.
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III. EXPERIMENTAL
A. Apparatus l
" In order to investigate the sUrface'reaction of HCL

and H, on GaAs a reactor had to be'designed which'wbuldv
prov1de a constant temperature 'a vacuum below i5 umHg,.and
a fine meterlng capability for the reactant gaseS’ In
- addltlon, the welght of the sample would have to be- cont1nua11y
menitored, Such a system is shown in Fig. 6. _‘. |

The heart of the apparatus is a Perkln Elmer AR-1
'Autobaiance with a 5 gram capacity;- The microbalanCe -
weighing‘unit is housed in a glass"enclosure uhiCh has a pro-
vision for pa551ng a purge gas through the system One port
of the enclosure contains the. tarlng or counterwelghlng pan
while the other port-connects directly” to the reactor
enclosure. | The suspen51on ‘fibers are made of quartz, e1ther
sO 508 or 0.127 mm in dlameter The mlcrobalance outputlls
fed to a 10 mV recorder with variable chart-speed-and offset
yeltage; | ‘

The sample and part of the suspension-fiber‘is'houSed
in the’reactor tuhe; SOme I. D , 86.5 cm long, and made of
}qUartz The tube is sealed at both ends by 0- rlng type
endcaps made of 316 stainless steel. The-endcaps and the
'_section of the reaetor tube betWeen‘the endcaps and the )
furnace housing are water cooled toAprotect the Viton )

O—rings{ The'top endcapthaS'a'%-inch feedthrough'for a
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" thermocouple well, another I/4einoh-feedthrough:for the HC1
stainlessvsteelbinlet:tube,'an'il mm feedthrough'for'the
pressure sensors, and a 3/8 inch 0.D. centered tube through
_thlch the sample suspen51on flber passes through to the
reaction zone. The bottom endcap is similar except there
are three i/4—inoh feedthroughs for the three.therm0coup1es,
and a 3/8 inch outlet for evacuat1on

The vacuum exhaust 11ne is made of 3/8 1nch 0.D.
Stalnless steel with 1/4-inch isolation valves; Between
the system_and the 2-inch diffusion pump are two pyrex
cold traps'filled;with liquid nitrogen. The trapSTServe
the dual'role'of preventing HCi from reaching the'pumps
and preventing.pump'oit from reaching the reactor tube,

The pressure is monitored by a McCleod gage and av
thermocoupie gage connected to ‘the 11 mm tube passing through
the top endcap A second thermocouple gage was placed between
the cold ‘traps and the dlffu51on pump A vent placed in the
11nebeforethed1ffu51on pump. enabled the system and traps
to be purged with argon before and after the runs. |

The HC1 is 99. 999 pure, _electronic grade The H2 is.
'passed through a. deoxo un1t and then 11qu1d nltrogen cold
‘trapped. The argon purge gas is passed through a tltanlum-
bed_getterlnggfurnace and cold trapped with tr1chloroethy1ene
and dry ioe. The gases are metered through Nuprohdouble-
pattern_needie yalves and:shut off is obtained hy bellows‘

on-off valves. The gases could be metered with the_Gilmont
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micro-flowmeters but this proved to be unrellable and the
flowmeters are used for v1sua1 checks only All gas lines,
valves, and flttings are 316 stainless'steel Nupro, Cajon
Ultra—Torr, and Swagelok brands.
A'resiStenoe'type-furnace'eurrounds‘the'main'quarti
tube.'“The furnaeevis7a clamshell design and can attain |
1100°C at the center. A typical temperatUre’profile:is
shown in Fig. 8, althoUgh a great'many”profiles ere'
aVailabie'because the furnace hae three independent_zohes.
_Each'zone has its own proportional temperature oohtrollerh
which over a period of 51x hours, ma1nta1ns the de31red
temperature to * 1° C. Each zone is controlled through a
Ichromel-a1Ume1 (tYpe K)'thermocouple which is read hy a'v
Leeds and Northrup potentiometer. A separate thermoeouple
is looeted'apprOXimately 1/4-inch below the-samble_énd:ie o
connected to a recorder as a continuous monltor A.fifth
hermocouple is placed between the furnace - and the wall of'
‘the quartz reactor tube. to insure that the temperature do
not exceed 1100°C, -roughly the anneallng point of quartz.
The thermocouple is fed into an alﬁminevsheath and the
four thermocouplee-on the_inside'of the reeetor'tubehare

placed in quartz tubesito,insure.airtightness and inertness.
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The system also has the capﬁbilityvof déﬁositing
:epitakial layers and inVestigafing surface‘kineticé by the
-éféfating disk teChnique._'Sincé séfeﬁy is-aﬁ importént
4£6hsiderat10n When wdrking with ITI-V compounds, everything‘
>except1fhe'é1¢ctronics and gas purificationvsyétéms was-
_enclosed in a special fume hood.

‘The loading of the sample is an extremely delicate
.proéédure. ‘The microbalance'enclOsure héstto be moved
horizontally to éllow the sﬁSpended sample to bezlowered

into the reactor tube. The coupling sectionbbetweeﬁ_the
t&ﬁ endcap and the microbalance enclosufe élgo is an N
evacuated dewar designed to condense any potentialiy harmfplv
vapors béfore'they can reéch';he microbalance weighing
mechanism. This is judged uﬁﬂetesséry because of the low
pressures involved and the inherent corrosiOn'resistdnce of
the microbalance mechanism itself. ‘However, when Hzfis

used the H, is added to the_system through the microbélance

2
enclosure and hence served as a purge gas stream.

| It should be noted that there is an impoftént désign
criteria which relates the.diameter.of thé reactor.tube to

the pressﬁre required to do reliable free'evaporétiqn Studies.
.Since'itvis desired to aVoid-the:back refiectionbofiproduct
molecules from the tube walls (which would mean there is

~a net flux of material to the sample surface), the mean

free path at the operating conditions should exceed a
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characterlstlc dlmen51on of the system; namely, one- half
the diameter of the tube. Appendlx A 111ustrates the mean
free path calculation for HC1 (useful for etching studies)
which shoWs that the mean free path atviO'umHg pressure
and about 1,000° K is about the same as the tube radlus

and As |

‘Since GaCl As,, will be sllghtly dlfferent in

22 4
mass than HC1l, the mean free pathsvwill_differ for eaeh'
sbecies; but eseentially;there will be little reflection
from thevtube walls regardless of the product."Ih_other
words,»diffusiOnal‘resistanoes'ate zero. Aithough the
operating pressures run almost to 200 umHg'during the etth
reactiohé it is safe to assume that the diffusional |

resistances are also negligible here. .

B.  Sample -Preparation

The GaAs samples are obtained* cut in theh(OOl) plane
 with the surface normal angled 2° along the (110)'p1ane
.(see Fig. 3). The specimens:have ohe side highly polished
and the other 31de have a 1apped flnlSh -

In order to m1n1m12e the surface damage’ that p0115h1ng
infllcts on the samples,»a chemical etch is used A
solution of 3:1:1 HZSO4 HZOZ HZO’ cooled to room" temperature

and contlnuously stirred prov1des an- excellent_etchant

for GaAs wafers. The samples are etched in the solution |

*' ' i .. . . .
- Monsanto, St. Louis, Missouri
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forﬁls‘minutes,*rinsed with deionized wafér; and air dried.
Bdthjsides_appeaf SemigIOSSy-at this point, although one
si&éfis SOmeWHat shihief; The mechanical damage doné by:
v-cutting andzlapping has been removed. Béfbre inSertion
into the apparatuS'the samples are wéshéd'in tfichldroethylene,
rinsed with acetone, washed again with isopropanol and
bléwn dry. 1In this'manner all organic ;ontaminanfs can
be removed. |

Before“and éftef:reacfibn the Samplesfare photocobied
agaihst'a stahdard'cross-Secfion_to determine the_surfaée
areas. 'The areaS ar¢ measured by polar planimeter, and
adjusted for distortion error in,the'coﬁying ﬁfocess.

The samples are also weighed on a Mettler'balanée-
before and after the run to provide a standard weight

for the microbalance‘calibratiOn procedure.

C. Operating Procedure

The samples ére placed in tﬁe sample holder, a_wishbone—
shaped qUértz fiber that prqvideé a spring tension on the
Sample‘fd'preveﬁt_slippage. The syétem isba$semb1ed,
evacuatéd, and,éhecked fof leaks. ‘When the System is:tight
it is then‘béckfiileé with argoh and purged}withsthevgés,
vsiify minuté§ fof the'first run énd hinety minutes fof the
‘second. ‘Two Tuns were'perfofméd; the first with HC1 only,

: the second with botheHC1 and.HZ, The HC1 and Hz lines are
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flushed with their respective.gaSeS.during'this.purge period.
The entire system‘is.then sealed and evacuated for twentyr
to twenty four hours. During"thellaétﬁeight hours of thisv
evacuationdperiOd‘the_reactor tube and the éamplevare baked
out.at about 340°C. The'temperature is then increaéed to
the desired.final temperature with the temperature belng
increased from the bottom zone ‘to the top zone in order
.to m1n1mlze temperature control fluctuatlons

_The first piece of data obtained is the free.euacuation
rate,VrTHERM, with7no gas preeent in the,reactor{ A |
reactant gaék either HC1 or H,, is metered in and the
pressure isvallowedvto'reach a steady state, usualiyhin-
about twenty minutes. The temperature'and'pressurefare
noted, and then thehgaS'flow rate is Varied; hence the
-pressure'is changed. If both_gases'are used'Simultaneously,
the HC1 ie‘first metered in, allowed to_etabilize;'and then
the'Hzpis addedp with the resultinghdifference in;pressure
considered to be the partial pressure.of'H2 - This procedure
is repeated at a given temperature until the de51red data
is obtalned The temperature is.then changed and the
rprocedure repeated agaln._" _
‘After the run is completed the gas flows are shut off

and the system is allowed to'pump'down-as it cools. Once

the sample reaches room temperature the pumps are sealed

off and the: rest of the system pressurlzed and purged with argon

for twelve hours The sample is then removed and analyzed.
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- IV. RESULTS

ifg:The data obtained yielded information for the free
éfapofation rate:of_GaAs, the surface réattibn with.only"
HC1, the surface feaction with HCl_in thé'presencé of H,,
and to_some degree the surface morphology of the samples;

The results will then be broken down into these sections.

“A. Free Evaporatioh of GaAs

Free evépdratioh rates were obtained when the pressure
_invfherreactor tube ﬁas.s ﬁmHg or less. It-is'aSSUmed thaf
under these_conditions there was no réactive'gas in the
system. Appeﬁdix B‘is a‘Comp1ete listing of operating
.conditions fof each data poinﬁ and will be uSefu1jfor_
relating'the data point.numbers used in the rest of this
study to fhe eXperimental éonditions;  0£ the 63 data poihts
listed, the'ones.for free évaporation anaiysis-aré shown in
- Fig. 9 as.an Arrhenius plot of rate ?ersus 1/T. It is |
apparent that two rate COntroliing'steps»competé inbthe
temperature range studied}' The high témperature'asymptote'
yields ah activation energy for the trahsitioh étafe‘of
72 kcal/mole, while‘the low températufe aSymptOte yields
b_about:14'kca1/mole. THeSe figures.afé hét ﬁrecise, siﬁce
'inspection of Fig. 9 ‘shows that thevtemperatﬁre:range is
not sufficiently broadbfo,giﬁe-two distinct, straight lines

at eifher end of the temperature range. It is likely that
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the high temperaturé va1ue’fof N will increase, and that
the 10w:temperatufe Qalue wili‘decrease'if.the expéfiment
was’ run- at higher and lower temperatﬁres.';Tﬁe'dashed line
to‘the'left'of the data:pointsvin Fig. 9 is an extra-
polation frovaOu's datég for'fﬁe vaporizatibn'of_(lli)
GaAs'singie_crystéls into a vacﬁum,. it,ié_Seen'that Lou's
observéd,AH¢ valﬁe of 90 kcél/moie‘is Similar"tO'the-Value
6btained in‘;his study,,vHer experiments were dOné ét‘tbo‘.
high a temperaturé to dbserve anYichange'iﬁ thé kinetics.
The dafa.pdints ﬁith'asterisks in'Fig,'9>Weré obtained in
the presence of Héronly; shown here as a comparison to.the
: pure,evapbration éaSe, 'More will'beisaid_about_these-points

in the discussion section.

" 'B..  Pure HC1 Reaction with GaAs

As prgviously-diSCuSSed'in_the‘théory seCtidn, the
'differeﬁcé’Betweén the total"reéctiOn‘rate and the tﬁefmal‘
‘rate ié éssumed.to be the rate due to the HC1 reaction,
.rHCI’ when only HC1 is present. Figure 10 is a plot‘of

1n Tycyp Versus iﬁ pHCl for foﬁr different‘temperaﬁures._
Least squares was used to determineﬁthe slopes, which are
-the ofdéf of reaction n wifh réspect to:HCi. The»?alue |
of n Variéé ffom 0.96 to 1;45,-and thevrate éonstant k |

varies from 1.9x10°% to 1.4x107°, There does not appear to
be any clear temperature dependence the'rate‘constant,k, but

n decreases with increasing temperature.
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'Figure 11 "is ‘the same'plot'ae Fig. 10 eXceptithat
Fig 11 is for one temperature"r736°C and.illdstrates an
apparent t1me dependency of the order of reaction. Since
the numberlng of the data p01nts increases w1th tlme

;j indicates a definite trend for the order ‘to decrease

from 1t s hlgh Value of ‘Line 2 3 to a lower value of L1ne
5-6, wh1ch approaches closely the orders obtained in

Fig. 10. The'solid line in Fig. 11 is a least Squares

fit for all the points shown, and yields”anjdrder Of’2.4$
with a rate constant k of 5.4x10°°. Note that in both
Figs. 10 and 11‘therefis no tendency for Tycp to approach

a limit aS'pHCl‘inCreases, and is expected.

v

C. HCllReaction with GaAs with H, Present

Since itvis_impossible'to'differentiate'diredtly'the
‘individual rates due to HC1 and H,, the two rates are
combined as the difference between the total rate and the

’thermal rate. Figure 12 is a plot.of the natural log of the

comblned rate rHCl HZ = (rTOT f THERM) versus the natural
log of p for three ranges of relatlvely constant p

H2 HC1~
Note thatvone curve increases with increasing Py > but it

o : S _ v 2

‘will be shown that this curve is erroneous. The other two
curves have a zerolslope (or nearly-so) for low pH';-hence
the order of reaction with respect to H2 can be considered

‘zero (m=0). But for large Py the slope becomes negative,
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and m‘becomes hegatiVe, indicating thaf’theVH2 is somehow -
hindering the reaction. A comparison'of'the twb»liﬁes
in‘Fig,vlzishows.that the combined rate is higher for large
'pHél.(SQ%lumHg) than for lower pHCi(17tlpmHg),-and fet fér
low pHZ both_Ofders of reaction are‘zéro. The $§me. :
phenomenon is obServed in Fig. 13, which is the same as
Fig. 12=except‘f0r a different temperature'ahd different1
pHCi:ranges; ﬁ | |

| The combined fate can be plotted Versﬁs:pHCl tg'determine
‘the dependency of the rate on the partial pressure of HCL.
In Figs. 14 and 15 the natural_loé‘of thé combined faté
(rTOT 7 rTﬁERM) ié plotted:agéinst the'natur51 1§g'§prC1
for different temperatures and Hé partiéi pressures. The
curves are showh to pass'thf6ugh maxima, although ifiCan be
argued that they should be drawn as straight.lines. But

it is highly unlikely that random error.can occur foﬂr'times
in the,séme'pattern, as would bevreQuiréd in thiSvinStance.
_Becausé of such an_improbability, the cuses are dr;wn as

in Figs. 14 and 15. ‘It is obvious that'at 686°C the_curVes
ére higher than for 630°C, since'the féé;tion of:the3GéAs
with_the HC1 ﬁoqld-be expected to inéreaée with'inéféasing-
tempéréture; Theicﬁrvaturé-is lessiprqmineﬁt in'tﬁéi

corresponding linear pths shown in Figs. 16 and 17(
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- When the'rape.éonstants,:k} are corrected for a
L::ﬁnity‘ordér'and pldtted Vérsus l/T,_fhe slopés are zero.
‘?fihis zero activation energy is found both for the puré
HC1 reaction'and the reaction with both HCI_th H:b
presentfin the vapof'phase,.and will be expiained'in

the discussion section.

v_D. Suffaée_MOrphdlogy of GaAs

Visual inspéction showed that the surface df_sémple'
#1-wasfslight1y‘rbugher'than-before the;reacfion,'and"
thét bbth sides appeared to be:idénticél. "The surface
of sampleﬂ#z wasvextrémely rough with both sides being the -
same. 1Appendix-B, TablevA gives é compafiéon betweén 
xsample #1 (run #i) and sample #Zv(run #2), |

The surfééés'werevfurther éxamined‘usihg.a scanhing
.electrOn miCroéCope (SEM). ‘An unreacted‘sémple.whichuhad'
 beén'chemica11y etched the same as the two reacted specimens'
‘was used as.a réference, ‘At 10,000 magﬁificafién thé”shiny
sidé of the"feférenée was‘absoiutelyvsmooth, while tﬁé

-slightly rOughér side appearéd to be just}barely roughened.r
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It is believed that this ihitial discrepancy.disappeared
dur1ng the first few mlnutes of thermal etch
| Figure 19 is an SEM photograph of sample #1 from

the flrst'run etched in HCl only. At the_Z,QOO magnlflcation
the'eurface is relatively_smooth'although considerably -
roughef.than”the referehce. Thermal.etch:pits are present,
: witheWhite material.surrounding some of theh,} Sample»#l
was thermally‘equilibrated, after etChing, at.663°Chbefore
:quenching o | _ .,. ' |

F1gure 20is an SEM photograph of sample #2 from the.
second run ‘in HCl and Hz, shown at a magn1f1cat1on of 500
d1ameters. Thermally equ111brated at 736°C before quenchlng,
thefeample is extremely rough with faceted hillocks.
Therﬁal‘faeeting ridges are noticable on the sides of the -
hillocks. : The facet sides are (111) planes wh11e the = |
floors are (001) planes

Flgure 21 is an enlargement of an area above the center
bof Flg. 20. At 2,000 magnification the d1fference in
‘structure of the surface on eitherpside,Of the ridge‘is
evident, The lower side is -an example of a ricinal eurface
where the'orerall (lll) plane is'composed of many~5teps and
'ledges of othervorientatione. Thermal'faceting:is”also

" apparent. .
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) Figure 22 is a 2,000 magnificatibn photbgraph of a
;ﬁéak beiow and 1eft of'thé center of'Fig 22, which'eahibits‘
thermal faceting and a 1arge (111) flat in the- 1ower rlght
hand corner. |
Another'area of sampie #2’is’sh6anin'Fig; 23 at
300 aiameters. 'Note’the-largeA(001) flafs, the flli)
.sloping sides, and:fhe thefmally etched‘fidges. hThéh
H”Valley" iS‘pfobablfva preféfentially etched subgraih
bounda;y,':Pits on the (001) aurfaces-afé'thérmal in-"a
origin. | | L |
' F1gure 24 is a 2, 000 magnlflcatlon of ‘the center of
Fig. 23. Agaln the v101na1 surface structure 1is obv1ous
~ Note that the '"plateau" surface appears to be similar

to_the surface shown in Fig. 19 of the first sample.

E. Surfacé Composition Analysis

The samples were also analyzed u51ng an electron'
mlcroprobe Wthh provides the comp051t10n of any po;nt.
on the sampla,surface. The unreacted sample, the réference,
is fohnd-to have a uniform‘compqsition across the SUrfaée
of Ga As=1.00:1. 00 | |

Sample #2, on the other hand, does not have a unlform
composition across its surface. ‘Refering to_F1g.123, a
photograph of the_releyant surface, the (001) flats are

found to have a cbmpositiqn of Ga:As=1.06:1,00, which is
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slightly enriched in gallium compared'to the reference.
The valley'in Fig. 23,'an etched'subgrain_bOundary;*has
a composition of Ga:As=0;05:1.00, indiCating a severe
depletion of gallium. Since the (001) flats of sample #2
‘are similar in composition to the reference, it-was judged
unnecessary to examine sample #1 under the m1croprobe
because the comp051t10n probably 11es somewhere between
the,flats of sample #2 and the reference. o

It should be noted that the stoichiometric notatlon
of Ga As is merely a ratlo of the mole fractlons of each
‘elément on ‘the surface and does not reflect the true

chemical stoichiometry of the'surfacerlayer.

F. Equipment Observations

Dnring.the’runs a_grayishvmaterialhdeposited on-the
cooler SectionSYQf the reactor tube. On certain areas of
the top endcap the deposit was absent wherefthe HC1 had,
not yet entered the tube, possibly.indicating that HC1 had
to be present for its dep051tlon Thisvaeems unlikeiy;-
though 'since the dep051t10n also occurred before the HC1
was bled in and durlng the free evaporatlon of GaAs.v It
would appear that the large inlet tube "shadowed"-the_inaide
surface at one.noint from theifree gallium and arsenic
present at.such low pressure,‘and hence the deposit is

’probabiy gallium and arsenic.
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After'thehruns'theleampiehholder was ekamined_andrthere_

was no dep051t on the holder itself. Towérde.the top of the.
ube there ‘was some dep051t on the suspen51on f1ber, which
fmlght affect the accuracy of the results. When the Welght
of the sample was-compared tovthe welght es'ﬁeasured hy the
microbalance'before and‘after reactioh, the erfor'ﬁas ebout
0.3% df the”sampievweight. ThlS error is probably partlally
due to the fiber dep051t10n, but is well w1th1n the
.experlmental_error of the ent;re study and hence can be:h

ignored.

G. Errors of the Results:

Estimatien of errors in this type of study is diffitult,
for thére are many individual measurements that c0ntfibute"
to the'detefmination'bf'anyv‘one’»quant‘ity'f The weakest"
link in thie computation chain is the}pressure'measufements,
ﬁhich were done by'taking.differencee'ihﬁreadings andfare,
not absolute values. -The next least re11ab1e measurement
is the temperature determlnatlons, since thermocouples are
not accurate_senserS'of rarified.gas,temperatures.

The activation energies, ordershef reaction,'and'rate
'constants are probably not accurate to better than 10°

One p0551b1e source of error would be the back reflectlon
from the tube walls of GaCl, which mlght'constltute a

significant product partial pressure at the sample surface.
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If a. Knudsen reglme is- assumed,'and that. the dep051tlon

of material on-: ‘the walls of the tube constltutes a: GaCl
concentratlon of zero, then a 51mp1e calculatlon can y1e1d
the partlal pressure of GaCl at the samplevsurface;.a.
typical cdmputetion is given7in Appendix C. Thevpartial
pressure of GaCl at the surface of the sample is about

10'26 - 10 29»atm., depending on whether a Knudsen dlffusion
coefficient or a binary diffusion eoefficient is used.,f»

' -15

These'values are at most 10 of:thevequilibrium-valueSi

9

for'GaAs, therefore the back-impingement is negiigibie.
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v, ,DISCUSSION

ThlS sectlon w111 be. concerned w1th 1nterpret1ng the

data presented in the results sectlon, and follows the .

same’ format.

A. Free Evaporation of GaAsl

It appears“unlikelyrthat_there is only one-single
mechanism or'aingle rate determining step for.all the
conditions,studied,'but an attempt will hevmade to propOSe
a probable sequence'offsteps which'will exnlain the |
observatlons | |

| In Fig. 9 it is noted that. there can be two values".
(data p01nts) for a 51ng1e value of 1/T Between datav.
p01nts the sample had been at a partlcular temperature T
for several hours, in addition to undergoing reactlon with
HC1. vIn particular, points 1 and 22 reflect a surface which
had been chemicaily pOlished 1oaded 1nto “the reactor and
heated quite p0551b1y the surface structure st111 had some
k1nd of damage'from-the etch step and/or the surface structure .
had not yet equ111brated to the hlgh temperature The
residual damage would mean the surface was roughened |
a110w1ng for more evaporatlon surfaces and hence h1gher

evaporatron rates ‘as is- seen for p01nts 1 and 22 in F1g 9.
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- For the TLK model the pressure 1ndependent ledge_'
' spac1ng decreases w1th 1ncrea51ng temperature 18 If the
evaporatlon rate is- proport10na1 to the 1edge den51ty,
'then rTHERM should 1ncrease with 1ncrea51ng T, as is
observed in Fig. 9 for h;gh T. 'But it w111 requlre a
certain relaxation time for the 1edge spacing to equlllbrate
with a new temperature. If the sample is raised_in- o
temperature then.there should'be"a,temporary "shortage"
of'iedge‘Sites at the new, higher'temperature, and the
evaporatlon rate will fall short of the equ111brated rate.
This lag is observed in Fig. 9 for point 59. and not,for
points 1, 22,'or 42, If the sample i5110wered iu temperature
there should be an "excess" of'iedge'sites and the ohserred
.evaporatiOn‘rate willhbefgreater than‘the surface equilibrated
rate; ThlS behavior is exh1b1ted by p01nt 8 and not. be'
point‘lsf It seems that any attempt to explaln the dev1at10nst
in Fig. 9“by equ111brated surface structure alone is
1nadequate, espec1a11y if a 11qu1d ga111um f11m forms on the
surface | '
P01nts 22 and 42 in Fig. 9 were obtalned under a partial
preSsure of HZ of 12 umHg and fa11 exactly on the rate curve,
. as do p01nts 41 and 53. Slnce pH = 51 umHg for p01nt 53,

2

»1t appears that the H2 had 11tt1e effect on the thermal

evaporation rate, supporting that assumptlon Wthh was made

in the theory section.,‘Poiut5~22,h27.aud 28 are not considered
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:valld s1nce a 1ater plot (Fig. 12) shows that p01nts 23,
24, 25, and 26 are inconsistent; some sort of impurity is
suspected

“The ‘deviations of points. 22- 28 from the reasonable
Values given by the line drawn 1n.F1gf 9 can be expla1ned
by a contamination’offthe'surface of the sample. P01nts
l-and’ZZ.were‘taken.from.a'freshlyeloaded GaAs’sample.t’
whose surface was unreacted by HC1 at the time. As time
proceeds'the‘deviations become 1ess until for points-7'
and 29 in Fig. 9 they.arebseen'to be negligible. This
suggests‘that there was some contaminant on the surface,
.either”solid or'vapor, which was removed by heat and)orv
HC1. Note that the only two po1nts to follow the |
equlllbrated surface theory described prev1ously are p01nts
8 and 59, po1nts wh1ch were taken after the contam1nant was
rehoved It is common for gases and llqulds to. catalyze
surface evaporatlon Specifically, Lou--found that a
11qu1d gallium film placed on a (111) GaAs crystal 1ncreased
the free evaporat1on rate by‘a factor of about two.
Therefore a surface contaminant'might be expected to
‘increaselthe euaporationvrate by cataleis, as is shown in
Fig. 9. - | | B

Since the Arrhenius plot in Fig. 9 curves; the.apparent
activation energy for the evaporation process is not

‘constant. In the same figure an extrapolation of Lou's’
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study on (111) GaAs e?apdration is\showh, the'slepe_of
which gives anvactivation energy.Of 90‘kca1/mole. It
appears that the high'T asymptote of the preSent'study'

in Fig. 9 would apprdach Lou's slope if the'temperathre
range studied had'been.extended. The.aetivetion.enetgyb'
value of 72 kcal/mole'obtained hete is'thus eXpeCted'tb'

be low, and should approach Lou' s value of 90 kcal/mole{
The evaporation rate of (001) GaAs 1s expected to be ‘higher

10 work

than for (111). GaAs, because a study of Sangster S
shows that the (OOl)’surface is more‘uniformly.acceSSable
from a.bonding standpoint than the (111)'surface.

The change in:activatioﬁ energies shown in Fig,-9'
from 72 te 14'kca1/mole‘as T decreases iS‘probablyvnot
a change in the mechanism, but rather a change in the rate
determlnlng step Lou proposed the rate limiting step is |
the formation of the divacancy [VGa As] at temperatures s
above 800°C. Considering the downward trend of the activation
energy as thevtemperaturebdecreases, it is prObable_that
a parailel step becomes dominant et.the lower tempera-

ture. |

| e_Goettler6 used a known beundary.layer to derive;the'
surface kinetics for (100) GaAs epitaxy. Thepgrowtherate_
waSiexpreSSed as arfunetien of the.ehemiCalsaffiﬁity‘ofhthe

subStrate surface. Figure 18 is a plotaof Goettler's rate



_-4'4‘

constant k versus 1/T. His data exhibits the same apparent
chahge dfarate determining step as the data from3this- |
study,’and'thevchange-occurs‘at'approximaﬁely the'samé
temperéturé range. The asymptotés of Fig;>18'yieidvactiVa-
tion energies‘fof'the deposition ofv(IOO) GaAs'dfv89.3
kcal/mole-fdr the higth:fahge'and 11.0;kcal/mole'for the
‘low T fegion; TheSé valﬁés cdmpare fayérably to the 72 and
14 kcal/mole”obtainuin"thé present sfﬁdy; espeéialiy since
the energies 6btainéd here Will'approach GOettiér's values
~ as pointed out in the results section. . | |

Thé sﬁoiChibmetry fbr’GoettlerYs reactionris.thevééme
_aS'that‘for the GaAs evaporation;7 To.say that thebacfual'
mechanisms are the séhe.for bothfdepdsitioﬁ and evaporation
is not really justified,'hbﬁever;.'Itbis posSibie that the

similarity in the activation energies is coincidence.

B. Pure HC1 Reactioﬁ,with GaAs

Figure 10 gives the ofder.of reaction with respéct to

HC1, n, a value Qf from'0.96 to 1.45. The 735.5°C line,
whith Yields thé 1,45>ya1ue, appears to be:somewhat time.
,dependént‘beéauée'thé slope approaches.that of the other
temperatures:as time pfoceedé;' The n vélue df’1.45 ig thén
- too high‘and.should Be‘disfegarded._ A’reasonable value of
n is about unify for pure,HClﬁv o

‘The time dependenty'of'the 735,5°Cvlihe_in Fig. 10.

is more bbvidusly duplicéted in Fng 11 forv736°C. The time
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'dependency, descrlbed prev1ously in the results sectlon, N
is best exp1a1ned by the contamlnant hypothe51s -The"
1mpur1ty catalyzed the surface react;on and\led to a false
high‘order:of reaction. | | | |

Since‘n=1,'one'moleculeiof HC1 is requlred'per atomic
(molecular) reaction. The most.probable'siteffor:HCI
vattack is at the ledges on the:éurface’of'the GaAs. fflhe
sequence for atomic adsorpt1on on the surface as pressure'
increases is ledge, then terrace, "and finally the ent1re
surface becomes saturated. The surface free energy 1s also
decreased. by adsorblng spec1es,2 hence the evaporat1on rate
(product1on of adatoms or vapor) is increased. .It is then
proposed that ‘the HC1 adsorbs on the ledge s1tes, forms a
complex w1th Ga, and e1ther vapor1zes d1rect1y or becomes
'”adsorbed on the terrace, surface diffuses, and then
vaporizes. - The mechanlsm is 111ustrated in Table 4b

The apparent actlvatlon energy of zero can. be expla1ned
by the adsorpt1on of the 1mp1ng1ng molecules 1nto a deep
potent1a1 well as they approach the surface. If thermal
accommodatlon is good then the1r adsorpt1on 1nto the
deep we11 will give ‘a zero activation energy, thlS 1s

not uncommon fOI‘ Vacuum reactlons at elevated temperatures
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C. HC1 Reaction with GaAs with H, Present &

.Figﬁre;lz show$ that:the CurVe drawn”thr§ugh'pdints
23-26 is.quite'different tﬁan'the other’curvés{in the same
figure, ahd.in Pig. 13. The data obtainea from sample #2'
begah with §§int 22, and if the surface were contaminated
there shbuld béva deCfeaéing deviati@n with time. This‘is
pbsefvéd,rwith'ﬁOints‘ZS and 24 further from the_éxpected
rate than péinté 25 and 26._ Again; the.éurface-iﬁpurity
| theory'isvsupporféd. _ o
| Comparisdn of Figs. 12 and 13 with Fig. 10 indicates

that the combined rate.rC is lower than the pure HCLl rate

rHCl.for the same Pyey -  Fbr'high partial pressures of HCl;
abbut'SOIﬁmHg,vfhé rafés'are depressed‘by'ébout 10%,.whiie'
at ﬁCprrégsures of abbﬁt 17 umHg the réfes ére decreaéed
byyabdut ZO%IBY'the Addition:ofthdrogeﬂ.:,It is_dbvious that
the h&drdgen iS'Sdmehow'interfétring‘ﬁitﬁ the HC1-GaAs :
reactibn. EXaminatioh'of'Figs..14 and 15'Show thé.rate
is'maxiﬁized as é fuhction of.ﬁHC1 in the‘présence of

hydrogen; the same shape curve is given in Fig. 4 for the 

D. PropoSed Mechanism for the HC1-GaAs Reaction

‘BaSed on the'éxperiﬁentallevidénce it is ppééible at
this pbint tbbpro§05e ayreaétiOnvﬁechanism-fqr'thé_HClFHz—GaAs
system. 'The_rate limiting step, must be first order with
respect to HCI1, gnd haveranbactiVAtibn.eﬁergy somé—- |
where.near zeré; .The sloweét'step must:be‘further

- slowed by the addition of hydrogen.
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The”prdposéd'mechaniSh.is pfeseﬂted in.Tabie 4b.
The HCi vapdr adsorbs intact on the ledge‘pdsitibnﬁ fhis-
adsorption step is rate detefmining.; The adsorbed HC1
is in eQuilibrium with its:diééociated Cthonents:at thé
ledge position. . Gallium on tﬁé,lédgé and C1 combine to
form GaCl at the ledge pdSition; The dire@t vaporizafion
from ledgévsites is genefally not favored (see‘theogy‘
section); the Iedgé GaCl will moveﬂto.thé terrace add‘v_
. then deSorb. ‘ Y

Note that the addition of H, (which dissociates on the
surface) will shift the equilibrium contentration.of'CI
atoms on on the surface. The adsorption of HC1 andvthe
désorption_offH are then at-eduiiibrium as deécribed in
 Table 4c;'the.rate determining:step now becomes the copbiné—
tion of'the.adsorbed Cl and Ga atoms. o ‘
| "Fbr’the reactioﬁ with HCI only the rate 1is probortional
to the pértial pressure of HCl, since it is adsorption
limited. Sbécifically, the observed rate may bé‘expfeSSed
as séme féactioﬁ.probability or fraction Pr of the
impingémenf rate: |

| Pty  ; 28

T =
ads  (ammkT) /2

Typically, the impingément rate isvl(')18 moleCules/cmzééc,'

and the observed rate is 101°.  The résﬁlting reactidn}
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probabiiity of O;OOl.is hot»unreaéonable; since only the

ledge Sifes are reaefive which-constitute.some small (< 0.1)

fraction of the totalwsurface area;_ Madlx ‘and Schwartz21 |

_ obtained:reaction probabilities which decrease rapldly

with decreasing teﬁperature,for Clz.reacfion.withASi and Ge.
‘,Wﬁen H2 is added thegadsorptien equilibria are*shifted

and the combination of Ga(L) and Cl(L) cohtrols the overall

rate. For this mechanlsm given in Table 4c, the rate

is given by

1/2 1/2
- k X pHCl/(K H2 ). o
r = ‘ | @3

2

This expression,can be maximized with'respect to. pHCi’
as sketched~in Fig. 4. The maximum rate is obtalned for

the follow1ng value of Pyct’

(Xp b PH,

1/2, 1/2
(pHCI)MAX H,

+ 1)(K1/2 A, e

The derivation:efrthese'equatione ie,giyeh'in'AppendiX D.
It normally would be-ﬁossible to evalﬁate the unknown
' adsorpfion'equilibrium'COnStants K and Kd’ and the total
coverea ffactioniaT of the surface from the type of data |
obtained in thiS‘sfudy, _Unfortunately, thls 1nterpolat10nv
is prevented:by the imprecision and uncertainty in the
curves ehown‘in Figs. 15-18; However, the rate equation

doesapredict'the maximum rates exhibited by the data.
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E. Role of As in the GaAs-HCL-H, System

In the discussion thus far the fate ofvthe arsenic
atoms has been 1gnored for the various reactions. It is
likely that the the As atoms do not influence the mechahisms
prev1ously described, because of the alternatlng terraces
of Ga and As atoms. The mechanlsms outllned occur on the Ga
terraces. | .

Durihg etching;HCl and_H2 are‘certain tohadsorb on the -
As terraces and ledges as well, hut,thevAs combines ‘into
 the dimer and tetramer without reacting with either gas
.species due to the_thermedynamic unfaverability.‘ The
polymerization of the As atoms is included in Tables 4a and

4b; as'Qriginally suggested by Lou.?

F. Reaction Rate Equation

For pure HCl reactlng w1th GaAs the rate may be

’approx1mated by .
o6 L1
THCl = (9.4 10 ')(PHC1)3 o } (27)

where-rHCi is in units of'[mg—cm;z-sec ] and pHClhls in
[umHg]. This equation is derived from F1g 10, for
temperatures 662.64°, 704.79°, and 687.43°C.
The reaction'rate for HC1 with GaAs in the presenee
of H, cannot be written‘in the above form since the rate
is maximized. - o o
| Equatlon 27 is va11d for total pressure equalllng
.pHC1 and not exceedlng 135 umHg, and for temperatures
660°C < T < 705°C, although the temperature limits can be

;extended somewhat
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G. Surface Morphology of GaAs -

Inlgeneral, the'etched-surface structurevothaAs was
-é;ccnsequence of the more reactive planes reacting fastest;
feaVing the slower etching planes remaining. 'From the SEM
nhotomicrographs the_sloweStdetching'planes anpeared to
be the (001),and (111) planes. The»equilibrium crystal
'-structure'was-noteexhibited by the samples since the»}
reaction was far from equilibrium. ;
Thehelectron'microprobe'analysis.df sampie #2 suggests
that GaAs reaction With:HC1 and further evaporationfresuit
in an enrichment“of ga111uﬁ'oh the'surfaCe,drelative to
the reference sample. It would appear thatuthe arsenic
evaporatesffaster than thebgaliium'until some steady-state
surface comP051t10n of Ga As = 1.06:1.00 is obtained -
_The ratio- also suggests that a th1n layer of 11qu1d galllum
‘may form on the surface. The.thlckness of the layer 'is most.
‘11ke1y less than a micron, censidering the:beam uoitage
'»was 15 kv. But even a- few monolayers is sufficient to
invalidate the appllcatlon of the TLK model  However,
comparison of Flgs 9 and 10. shows that rHCl is alwast
greater that_rTHﬁRM’ and examrnatlon of F1gs 12-15 show
this to be true for r_  as well. It can be stated that
the liquid Ga layer. does not . fdrm while HCl-is present
in the quantltles used here, and that the TLK model does‘

apply when GaAs is etched w1th HCl (and H + HCl) It
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seems that'theflayervforms'only during the thermal evaporation
-of GaAs, and the correspond1ng mechan1sm proposed by Lou9
is shown in Table 4a. ‘ |

The[valleys of samplev#z were extremely depleted'Of_
Ga, as seen in Fig. 22. ”The reactants‘and.products‘then
_ have to dlffuse through a layer of arsenic. It is d1ff1cult
to estimate what percentage of the surface area con51sts
of these valleys but is probably about 10- 20 ,»and
imparts a comparable error in the obseryed k1neti¢s;asince
an'AsVlayer is not‘assumed | | ;

The SEM photograph of F1g 19'shows white material
surroundlng the etch p1ts.‘ The dlslocatlon den51ty would
'be too h1gh'to account for such p1tt1ng It is suggested
thaththe‘White_materialvis the contamlnant wh1ch has. |
evidenced'itselfdthrOughout the discussion M\It is thought
that the 1mpur1ty was p1cked up by the chemlcal etchlng
procedure probably a metallic compound ‘which reacted with
~the HC1 to‘form a stable chloride, the whlte materialvon
the surface. Whérevervthe.metallic compound_was'onjthe_
hsurface.an_etch‘pit'formed,‘which aCcounts for the'high
etch pit densityu' It might behthought that-the’contaminant
uas oxygen but that fails to explain the erroneous 1n1t1al
data p01nts, and the po1nt by p01nt spottlng of the surfaced
in Flg _19. In add1t1on,-1t is not_known where the oxygen_

could come from in the system : The observat1ons 1nd1cate

. some metall1c compound as the 1mpur1ty
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VI. CONCLUSION

i;.d The thermal evaporatlon and reactlon of (001) GaAs
'w1th HC1 and H2 is investigated using dlfferentlal
.gravimetry. 'TWo'kinetic regimes is found for the free
evaporatlon of (001) GaAs, w1th actlvatlon energles
of 72 kcal/mole and 14 kcal/mole for the h1gh and 1ow
temperature reglonS'respectlvely. Comparable actlvatlon
energies obtainedshy others for the deposition'of (100)
GaAs and the free_eVaporation of (111) GéAs_confirmlthe
Validity of the present data. o | _

Thelreaetion between (001) GaAs and HCl is found to
have an order of reactlon w1th respect to HC1 of about

unlty, and can be approx1mated by

Cryep = (0-4x107 (et
valid for.660.{ T {»705°C‘and 0 < Pycy < 135 ang. This
relation is actuaily for the surfacevreaction in pure
-HC1. _The mechanism~is:believed'to,bekrhe'adsorptiOn of
HC1 on ledge sites whioh_fdrms a complex withnCa-and
_deeorbs. | '
- The presence of HZ in thejvepor phase nith HC1
complicates the'kinetics Of fhe reaction with;GaAs;' The
rate 1s found to depend on both hydrogen and hydrogen |

chlorlde part1a1 pressure. The hydrogen has a zero order
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of reaction at low pressures, and retards

the ‘HC1 reéction

at higher pressures, depending on tempefatufé.  The H,

uniformly decreases the HCl rate by 10-20% at low pressures

and the rate is independent of Hé over a’widé'range‘of'pH .

Zero activation energies are obtained fbr
and for the same reaction with Hz_present
phase.

- The surface structure is found to be

slowest etching planéé of (001) and (111)

Thermal etching is evident on the vicinal

surface is enriched in Ga slightly by the.

~ evaporation énd'HC1 etching, althdugh‘tﬁe

HC1 reactionvalone

in the vapor

composed of the
surfaces. |
surfaces. The
simultaneous

subgrain -

_bboundéries are prefereﬁtially_etched by:the HC1. The

fesult_is an As 1ayer,over'the boundaries

, whiéh'may 

amount to 10-20% of the total surface area.

It'can be concludedythatvthe GaAs{HCl-H2 system‘is‘

extremely'difficult to model in a quantitative way._vaen'

if a model exists for the evaporation of a dissociating

solid, the complications of As and Ga rich layérs-on.the

surface;:HC1 adsorption, and H2 interféfence will further

restrictvthé aﬂélysis. .Essentially,'the'difficﬁltiéé'of

- modelling the present system are:
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1. The GaAs diSSOCiates'at high”tenperafures,'
Cale The‘thermal‘eVaporafion of‘GeAs has two kinetie
| fegions;‘ | _
' 3, At high temperétureS'the fofmation of“é liquid .
Ga layer 1is p0551b1e _ | | | ‘
'4;_ The adsorptlon equ111br1a of HC1 and H on GeAs
- is unknown -
5. The formatlon of an As layer on subgrain bonndarles
compllcates the surfaCe reaction.
The reactlng surface of GaAs 1is extremely complex, and
w111 pose a d1ff1cu1t modelllng problem for some time to
come. |
It is recommendedrthaf'further erk Be done on the

system'utilizing LEED’and'melecnlar_beam apparafus.'



-55-

© ACKNOWLEDGEMENTS

I would like to offer my sincerest Appreéiation to the
' following;'for without their dediCation_nnd effort my work
- would not have been possible: Carl Baugh and Slim Bohac'
of_tﬁe machine shop;»Dane'Anderberg and Paul Hendridksongof
vthevglass'shop; Brian Pope and George Georgakopoulos of IMRD;
Nancy Monroe, for the drafting;'and Alice'ﬁamirez; Shirleyib
Ashley and Jean Wolslegel»for the preparation of the finaf
manuscript.' | | |

Leroy Mtintosh, Jr. and anius Winn deSerye'speeiai
commendétion'fordtheir enc0uragementbduring the”manY;iong

nights made necessary by»thiSIWOrk.' I am also most_grateful

' - for,the'friendshipjoffered by my resedrch compatriots

‘Ray Pong, Terry Ring;fGary Arbach and Pravin Mundkur; our
mutual discussions helped set the proper.attitude for'my
~endeavors. Patiencerand understanding were consténtly‘offered
by Tonla, truest of all fr1ends | -

In the academlc 1vory towers my thanks go to Professor
Merrll for hlS many useful comments, to Professor Morrls for
clarlfylng my goals in this dlssertat1on, and of course’I
must thank Professor Donaghey for hlS constant 1nf1uence
throughout my program | | | |

ThlS work was supported by the U. S Atomlc Energy

Comm1531on



-56-

APPENDIX A.
MEAN FREE PATH OF HC1

The mean free path may be expresséd as: 26
A = ———lfé—
: Y2nd n.
‘where A = mean free path
d = diameter of spherical molecules
n_ = concentration, molecules/unit volume

n_ can be written as:

(6.023x10%3

- )P
e “RT
For HC1, dy.; = 3.305x10"% cm (from Reference 27), and at
370°C, |
L. (st
¢ (1.003x10%)

where p is in atmospheres. For 100 umHg'préssure, AﬁCi is

370°C. For 8 umHg pfessure, Mic1 is 2.68 cm for 730°C.

Lol



APPENDIX B

DATA _POINTS
_(um Hg) 1o
. r._
- Point | Run'| Average Gases Prorar | Preyr | Pg. TOT : S
No. | No, | Temp, ( }C) Present EE THy  (mg-om?-sec) Comments
1 | 1| 736.76 | NonE 28 0 0 5,77 HEATED FROM ROOM
o * S - TEMPERATURE
2 | 1 " H1 | 103 92 | o 7.69
3 | 1 " g1 | s9 | 48 | o 15,07
T * | EQ 35 | 24 | o 477
5 | 1 - Jmar | 90 | 79 |o - 8.62
6 1 " HC1 175 164 | o 18,2 |
72| 1| o« |wwE | 112 | o 0 4,62  TIME AT 736.76°C
| . | | | - | - 4 HOURS™
8 1| 704.79 | NoNE 6 | o |o 1,87 | COOLED FROM 736.76°C
9 | 1 . |Ea 106 | 96 | o 12,5 -
10 | 1 - BH1 | 53 | 43 | o 6.59
1| 1| o« lEa | 22 |12 |o 2,96
12 | 1 w | Hel 95 85 | 0 11.0

._LS'_



' APPENDIX B
' DATA__POINTS

(um Hg)
| . ——a - 'rToTX1°4
Point | Run'| Average Gases | p P i p s N
No. | No. | Temp,(°C) | Present ~TOTAL | "HC1 Hz‘- (mg-om?-sec) | Comments
13,. 1 704,79 | BHC1 155 145 1 0 8423 _ ,
1 1 » | NONE 10 | o 0 1,49 TIME AT 704,79°C
15 - | 1 | 662.84 | NONE 2 o | o- 0,708 COOLED FROM 704,79°C
16 | 1 | . He1 40 38 | o 5.93
17 1 " g1 20 18 | o 2.85
18 | 1 " HCL 72 720 | o 12,3
19 | 1 " HCL 103 | 101 | o 17,5
20 | 1 " Bl | 135 | 133 [0 - 25.3
21 1 " NONE 2 0 0 04710 TIME AT 662,84°C
= 3 HOURS
22 2 | 629.99 |H, 20 0 12 1,22 '| HEATED FROM ROOM
- N 1 R TEMPERATURE
23 2 . HC1+H, | 75 | 55 |12 3.53
24 2 " HC1+H, | 243 53 | 182 9.48

_8.S_'.



APPENDIX B
DATA POINTS

.(M@vHs)

‘ ' _ r_ Xi0
RIS | Rn | ehepntB) | poscsns | oML | P01 | P, | (g on?-seo) | commente
25 2 629.99 HC1+H, | 200 51 | as 7.37
26 | 2 " HC1+H, | 100 59 | 43 b5k
27 -2 " 'Vaz 51 0. 43 YL
28 | 2 LA B 20 | o 12 0.622
29 2 " HC1+8, | 38 16 |12 1.87
30 | 2 " ECL+H, | 40 16 |16 2.8
31 2 " HC1+H, | 38 17 |13 2.21
32 2 " HC1+H, | 70 17 | 45 _' 2,24
33 | 2| HC1+H, | 90 17 |65 1,92
34 2 - HC1+H, | 119 18 |93 1.85
35 2 " HC1+8, | 38 {18 |12 - 2,28
6 | 2 " HCL+E, | 60 b0 |12 4,65

f65'



_APPENDIX B
DATA__POINTS

N e Hel rToTx1o" |
TRov. | No- | Tomp (56) | prasent | TOTAL | PEOL | Py | (ng-on?-sec) | conents
37 2 630;50 HC1+H, 145 | 40 97" | 4,07
38 2 . HC1+H, | 128 | 40 | 80 4,38
39 2 " | HC1+H, | 100 39 | 52 4,87
4o 2 " H01+Hz 59 | 39 12 4,89 ,
M| 2 " |BE 20 | o 2z | oy ‘3‘2’5«.33[,3?% )
42 2 | 685.56 | H, 20 0 12 1,03 | HEATED FROM 630°C
43 2 " HC1+H, | 105 | 85 | 12 1,04
v | 2 " HC1+H, | 130 | 85 | 37 | = 10.3
45 2 " HC1+H, | 156 80 | 68 10,3
46 2 " HC1+H, | 107 75 | 24 12,0
47 2 | 686.86 | HCl+H, | 120 | 71 41 12,4
48 2 | " HC1+H, 82 33 41 5.45

..09-



APPENDIX B

DATA POINTS
. : - (pm HS) xiou
: . . . r :
Point | Run'| Average Gases | pn | P | Py ToT .
No._. No, | Temp, (°C) Present- .TOTAL__ Hcl_- Hp (,ms-cmz-Sec') Comments
49 | 2 1 686.86 HCl‘+H'2'A 100 | ‘3v3 ) 5,29
50 2 " |BEc+E, | 117 |33 |76 5.02
st | 2 | o HC1+H, | 129 | 33 |88 4,85
52 2 " HC1+H, | 92 33 | st 5.32 \
53 | 2 | 687.43 |EH, 59 0. |51 0.865
sk | 2 "  |NoNE | 8 o |o 1,13
55 | 2 " HC1 - 55 47 o '8.03
s6 | 2 | = ECL | 38 30 o 4,96
57 |2 | HC1 125 | 117 |o 19.5 |
58 | 2 " [vove |8 fo |o 1.13 TIME AT 687°C
- N I AR R EER = 9% HOURS
59 2 | 735.50 | NONE 10 o o © 3.65 HEATED FROM 687 C
60 | 2 " HC1 62 |52 |o 19472

C-T9-



APPENDIX B
 DATA_POINTS

(um Hg). oy
o | — e r de1ou
"Point | Run'| Average | Gases Prorar, | PrOY | !

No. No, | Temp,(“C) | Present _ Hz_ :(mg-cmz-sec) Comments

61 | 2 | 735.50 ‘H01‘ 1111 |1 |o 21,0
62 | 2 »_ |mQ 187 | 177 o | 3803

63 | 2| * . |xome 10 o fo | k17 | TIME AT 735.50°C

_Zg..



TABLE I

APPENDIX B

- SAMPLE SPECIFICATIONS

: S o : Surface Area | Average
Sample| Initial | Final Both S%des ,Surface
(Run) Weight Weight 3 R
No, (gm) (am) Aglglgggl . Flnal (cm ) Final Appearance
1 0.5417 0,3826 '-5.8345 5.6636 5.7491 Surface slightly rougher
' - B E ' : - ' . than before reaction; see
: . Figure 20.
2 0.5326 10,3915 5.4569  5.4569 5.,4569 Surface extremely roughy
7 . T . see Figures 21-25«

‘ f€9‘
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~ APPENDIX C

Back. Reflection Calculation

Assume that the concentration of GaCl is zero at the
point in the tube-where'the'grey meterial begins-to'condense
on the tube walls, and call the dlstance between this p01nt
and the sample L(=33 cm. asvmeasured). The flux of.materlal'
down the tube is g1ven by

Y SR T
'at'steédy stete'conditionS- For a first approximation
" assume the dlffu51on coeff1c1ent D is ‘equal to a Knudsen
diffusion coeff1c1ent Knud’ which can be expressed~as

~ the f0110w1ng for a tube of radlus T: 28

b wc2r @ RT)l/Zt
Knud = 3 ™™

‘ | - . K s 12
For a tube of radius 2.5 cmf DKnud = 2.36x10° T~ ", and
 the cross sectional area is 19.62_cm2. For pHClvOf 15 umHg

and T=1000°K, the observed rate is 1.75x10" %

-12

mg/cmzsec_of

‘GaAs reacted. C_ is then 7.2x10 moles/cms, and the

resulting partial pressure of GaCl-at the sample surfaee

is 8.GXIO-30.atmospheres.

If a binary diffusion coefficient is assumed,-USing
Lennard Jones for its computatlon, the partlal pressure

-26

'»_of GaCl is about 1.4x10 atmospheres
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APPENDIX D
'HC;/HéjRété Equation

 With-H2,in the vapor'phése the meéhaniém Shown in

Tableh4¢ can be written as.
' ok, - o
Ga(L)‘+_Cl(Ll.fff§ Ga91(L)> . (B)

ks

ooy T2 May - ©
The rate of reactipn_may'be'expressed as
TEkbg eyt o o D)

_ C1
‘sites covered.

N

" >Steps (A) and (C)'are equilibrium_reactions;.sd

- The sum of 6 and eH-is eT,‘the_fracfion'of the ledge

o 2
ki Puc1{(1-67)" = k3 8y 8¢y B

and

Ky py (bp)m k(B
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Rearranging,

0, 807 S .
H'Cl = _ . .
—2 = X3 Pye1 (6
.(l'eT) . o o .
and L , Co _ .
6 | | - N
H . gl/2 1/2 o
Top) ~ S PH, (1)
where © -

Eliminating eH'and solving:for‘(l—éT) from (G) and (H),

172 172 . - |
D oPwp

(1-6.) = 6
T Ki Phca

C1
"Insertidn of (I) in'(D) givés

12 1/2
Kb. sz ' T
| SN

From (H), N | : 1/2 1/2

: G_H ,-:- 177 172 L .: (K)
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Subsituting (K) into (I) ahd fearrangihg,'V

| 1/2 _1/2
B | Ka pHCI/Kb vaz. | S
© = ' B (L)
e vy, XaPear '

1
- Py
Hz

Substitution of:(L) into (J) yields

X3 Puca

. '_ , (M)

Takingvthe derivétive-Withvrespect-to pHCl,'setting it
equal to‘zero, and sblving for pHCl gives

1/2 _1/2 L 1/2 1/2

,(Kb/ png + 1)(Kb/ PHg )

| ';(PHC1)MAX R K ™

a

where.(pHCl)MAx_is the,HClvbartial'pressure cprresﬁonﬂing
to the maximum.rate, as shown in Fig. 4. Note that as
Py > 0, (pHCi)MAX > 0, which is not consistent with the

- data; however, (M) does reflect the observed maximum rates.
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TABLE 1

/2

AF FOR ATOMIC MOVEMENT!®
- | aFg | aFg AF3 AFg AFp. To Form | Kink | Vapor

Position Change Kink Ledge | Adsorbed | Ledge Surface Kink in | .To:- | From in- .

‘AF Activation To To- - To. = | To Diffusion| - Ledge ' [Vapor | Surface -
' ‘Ledge | Adsorbed | Vapor Vapor - : S . I
fce (111) ¢ 200 | 3¢+3¢" S¢+3¢" <¢ 0/2 | 6¢+3¢' | - 9¢+3¢"
- fec (001j’ . ¢ 20+¢" 4¢+¢'> 6¢+2¢" < ¢ - '/2 6¢+3" ;8¢+5¢J
~ Simple cubic (100) h 20" o+a9' | 20+60" <4 e/2 3¢+5¢' 5S¢
Simple cubic (110) By o 20456 | 36+5¢" <4 36+60" | 40+74"

-0L- -
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i  k1 (seé'#)

1 | 10
3 .10
' ' =23
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 TABLE 3

PROBABLE SURFACE -MECHANTSMS

/

LEDGE REACTIONS

1

.a.

h.

HCL === HCL S H ) f_CI(L)

GaCl ;. —s= GaCl

Hlwy ===y * Py

Ga(L)f+ C1(L) =E== GaC1(Lj'

- HCLepy * Gapy === GaCl gy + Hp,

. *GaCl(L)_———»—GaCltT);———>—§3C1(V)_

(L) V)
My ==y ==Hm =MW

My == ) ==,

TERRACE REACTIONS

2.

a.

HC1

.. GaCl

HCL () T HOL () == Mgy * Clpy

Hc1_(,v);_—a-+‘.H(T') + ql(T)_
Ga(T) f Cl(T) ::;::QaCIFT)
(ry * CGa(p) ===0aClq) * H/py

—= GaCl

(T) vy
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~ TABLE 3»(continUed) o

RIDEAL REACTION

5.a. .:HC1('V) + Ga(T)"':;GaC1(T) +H(V)

(T el

'b.. GgCl (V)'n N

’ Nomenclatufe:» W) denofes_vapor, (T) denotes terraéé;_ "“‘

_‘(L).denotes ledge
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TABLE L

A 1) Va or -1on M
(from Lou9)
1. | G?cla <= Vg * Ga(surféce)

2. Ga_‘(S’urface)" Ga(llQuid)'

3. AsAs‘ 'V-As'+ As(s_ui'face)

,hu. . vCa + VA8—+ [vGavA';.
. _
5. v E’GavAg](bulk) vGaVAs](surface) ,

6. - nVGaVA ° bas <= Asl&(surface)

7. u(surrace) Asu(V)

] ——
8. n V'GaV,As_. ZAS -~ As2(sxurf‘ace)

T

9° Asz(surface) | ASZ(V)"

- 10.. G (11q @) Ga(v)
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‘Table 4

b. (001) GaAs Reaction with HC1 -

1. HCl, , » HCl ., = H, , + CL,

| ) w " fw T tay
2. Gagpy * Clgy * GaCl ) * GaCl gy
3. GgClcT)b+ GaC1(V). |
oMy My

5. Hyvy * 2(r) * My
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© ' TDABLE &

 ‘c. (001) GaAs Reaction with HC1/H,

vy
-]

vHCl(v)x_ﬁHCl(L).';"f—'H(L) 4'01(,1‘)

20 Clqg) + Gay)™>Gallp) = Gally,

3. cacl (1) —>G8CL ()
Yoo Hyyy=—2H()
5o Hy(yy= 2By

6e Hy=TH(p
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. FIGURE CAPTIONS

GaAs Unit Cell.

Ideal Surface of (001) GaAs.

Saﬁple'Orienfatioh,

Maximized Rate Behavior.

TLK Model.

Apparatus Schematic.

Flow Systém. | |

Typical TemperaturévProfile.

1/T.

-1n rHCl'vs; 1n pHClv(various'T).
c1n v e = o : ,
.ln Thel vs.vin Pyc1 (T 736 C) ,
-In .. - C = °rC) ‘
1n g Vvs. in sz‘(T 639,0)

.- . . o - T -. o

_ lﬁ ?C,VS' ln'PHZ (T 686 C)

. B - X . ) _ ) o

-;n T VS. 1n pHC1 (T 630 C)
.1n‘r_C ys._ln PHc1 (T 686_C),

: - oy

re VS. Pyci (T=686vC).:

kg vs.jl/T

‘Sample #1 (2,000X)
Sample #2 (500X)

_Sample #2 (2,000X)

Sample #2 (2,000X).
Sample #2 (300X) =
Sample #2 (2,000X)
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(QOI.) Plane"j |

GaAs Sample | -
Orientation — AII78 00 00e
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X

XBL 745-6226 .

Fig. 3.



Rate of Reaction

-81-

_Maximum A-B-
~ Adjoining Sites

: 'Partidl'P.ressure" of Reactant

XBL 745-6221

Fig. 4.
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Fig. 6.
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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.




TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



