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ABSTRACT 

The kinetics of vaporization of gallium arsenide single crystals 

into vacuum have been investigated using microbalance and mass spectre-

metric techniques in the temperature range 700°C-900°C. It was found that 

gallium arsenide vaporized incongruently to give liquid gallium and arsenic 

vapor molecules. The total evaporation rates and the activation energies 

were found to be the same for both (111) and (111) faces. The initial 

vacuum vaporization rate of gallium arsenide single crystals is lower 

than the maximum rate calculated from equilibrium vapor pressures by about 

a factor of two but the activation energy is the same (90 kcal/mole) as 

the heat of sublimation (per mole of GaAs). When excess gallium liquid 
. . . 

was placed on top of the vaporizing surface, the rate was found to be 

increased by a factor of two compared to the calculated maximum rate, while · 

the activation energy remained unchanged. Both Te-doped and Zn-doped GaAs 

samples give lower evaporation rates. The activation energy forTe-doped 

samples is 90 kcal/mole, the same as that found for pure samples. However 

the activation energy of vaporization is lower for the Zn-doped samples 

(76 kcal/mole). When excess gallium liquid was placed on top of the sur-

face of these samples, the vaporization rate was found again to have 

increased to the maximum rat.P., with the activation energies remaining 

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



-vi-

~ompositions for the (111) and (iii) faces were found to be different from 

mass-spectrometric studies. Vaporization of the (111) or Ga face, yielded 

only tetramers (As 4). However, during the vaporization of the (iii) or 

As face both the tctramers (As4) and the dimers (A::;2 ) were detected. 

Excess gallium liquid on top of' the crystal surfaces does not seem to 

affect the vapor compositions significantly. BasP.d on t.hE:'~e eXperimental 

re:s:ults, a model for the vo.porizatio11 mechanism ur galllum arsenide single 

crystals is proposed. 

i 
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I. mTRODUCTION 

The compound~ made up of elements in groups IIIA (B, Al, Ga, In, Tl) 

and VA (N, P, As, Sb, Bi) in. the periodic table have a broad spectrum . 

of interesting physical and chemical properties. These compounds are 
I 

semiconductors with varying electronic band gaps and crystallize into 

either cubic (zinc-blende) or hexagonal (wurtzite) structures. They 

vaporize dissociatively near equilibrium or into vacuum a·ccording to 

the net reaction 

AB -+ A(s) + 1/X BX. 

(1) 

In general, for IIIA-VA compounds, the vacuum Langmuir vaporization rates 

were found to be much lower than the equilibrium Knudsen rates. It has 

been shown that the vacuum evaporation rates of gallium nitride increase 

markedly in the presence of excess liquid gallium or indium on the vapori:-

1 2 
zing surface. ' In addition, boron nitride was found to exhibit non-

congrue~t vaporization behavior under equilibrium conditions •3 

In recent years the detailed vaporization kinetics of several solids 

which undergo chemical rearrangements,
4' 5 association,

6 
or dissociation7 

have been investigated. In order to explore further the vaporization 

mechanism of IIIA-VA compounds, wehave studied the vacuum vaporization 

rates of gallium arsenide single ·crystals (cubic zinc-blende structure) in 

the temperature range'of 65Q°C-900°C. Along the [111] direction of a 

zinc-blende crystal, we have alternate layers of the two types of atoms, 

as shown in Fig. 1. Both the (111) and (iii) faces were used in the 

investigations. These two low index faces. are composed of predominantly . 

one type of atoms and heve been shown to have different oxygen adsorption 
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and desorption behavior,
8 

etching, 9 and crystal growth rates
10 

under 

a variety of experimental conditions. The (111) face will be referred 

to as the gallium face and the (iii) fDce as the arsenic face. 

The VB.porization studies were carried out using both microbalance and 

mass spectrometer. Microbalance studies yield the absolute vacuum 

vaporization rate by monitoring the weight loss of the single crystrtl 

sample with known surfacE;! a:re9 a,s a function of t.imP. MARR R[lf:'l't.r0mei:rir: 

studies allow us to determine the vapor composition over the vQporizing 

specimen. When these investigations are carried out as a function of 

temperature, the mass spectrometric measurements yield the activation 

energies for vaporization of each vapor species whereas the microbalance 

studies gives an average activation energy of all species. 

Gall:i,um arsenide vaporize. incongruently (i.e. its vapor r.omposition 

is different from the crystal composition) accordiqg to the dominant net 

reaction: 

GaAs(s) -+ Ga(l) + X/2 As2 (g) + (1-X) 4 As 4(g) 

0 0 in the temperature range of 700 C-900 C. In order to establish the subli-

mationmechanism, in addition to measuring the vacuum vaporization rates 

and the vapor compositions of both the gallium and arsenic faces as a 

function of time and as a function of temperatures .• the vacuum vaporizH-

tion rates of these faces covered with excess liquid gallium were also 

' " 

monitored. Mass spectrometric measurements of the vapor compositions were I' · 

performed. Samples doped with tellurium and zinc were used to correlate 

evaporation rates with the defect concentrations and electrical properties 

of the crystals. Again, vaporization rates with excess liquid gallium np 

top of these doped samples were determined~ From these studies, a mechan-
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ism for the vaporization of gallium arsenide single crystals is proposed. 

It is likely that this mechanism is applicable to most other IIIA-VA. 

compound s.emiconductors as well. 

Before presenting a discussion of the experimental procedures and 

results, a review of the basic· principles of.vaporization will be pres~nted . 

. :~ 

·, 
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* II. PRINCIPLES OF VAPORIZATION 

Vaporization of solids is a process which involves a complex series 

of reaction steps. Among all of these steps, the one which proceeds at 

the slowest rate is called the rate-limiting step and its potential 

energy barrier is the activation energy. In vaporization, the rate-limiting 

ment, association, or dissociation of the vaporizing surface atoms. It 

may also involve the atomic transport of.these atoms on the crystal 

surface. The purpose of a kinetic study on vaporization is to find out 

which of these steps can be rate-controlling in the complex mechanism of· 

evaporation. It should be noted that as the conditions of vaporization 

change (e.g. change of surface composition, temperature, etc.) the rate-

limiting step may also change, thus perhaps giving rise to a different 

vaporization rate. 

Hertz, Langmuir, and Knudocn ·were urnong the fi!•ct who have inveBti-

gated the relationship between the kinetic theory of gases and the rate 

of evaporation. From the kinet.ic theory of gAsP.::>, assuming a Maxwellian 

distribution of molecular velocities, it was shown that the flux J of 

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

given h.y 
J = Pj..J 27rMRT 

·.t c 

where P is the pressure, R is .the gas constant, M is the molecular weight, 

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

from the 'sur1~ace, Jmax' at a given temperature, is the rate which would be 

* . , ll-l5 Extensive reviews on this topic are presented ~n other re1erences. -
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., 

the rate of vaporization is equal to the rate of condensation. Thus we 

found that the maximum vapor~zation rate of a monatomic solid is given by 

the expression 
J = max = p I v 2TIMRT eq 

where P. is the equilibrium vapor pressure. During vacuum vaporization eq 

the rate is often found to be orders of magnitude lower than this calcu-

lated maximum rate. A factor a is thus introduced. 

2 
JV (moles/em sec) = a P I ..) 271MR'r eq 

where a, the evaporation coefficient is defined as 

a(T) = Jv(T) 1 J . (T) 
max 

a can have values less or equa 1 to unity. When a = 1, i.e., when 

vacuum vaporization rate is equal to the calculated maximum rate, one 

must have a surface in which all of the atoms that would occupy the 

geometrical surface area are available for desorption. Furthermore, these 

atoms must be bound by an energy which is equal to the energy of vapori-

zation, ~· In other words, the surface atoms must have the same internal 

states as the vapor atoms and all. surface sites are equivalent and need 

activation energies for vaporization which is equal to the heat or enthalpy 

for vaporization. 

However, in vaporization studies of most diatomic solids, one finds 

that a is usually much less than unity. At the same time, a may also be 

temperature dependent. This is due to the fact that most surfaces are 

heterogeneous. They contain sites that have atoms possessing bind-

ing energies greater than the hea:t of vaporization. The concentration 

of suitable low binding energy sites from.which vaporization proceeds may 
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also be much lower than the total surface area. In addition, due to the 

structural. differences between the vaporizing unit in the crystal lattice 

and in the vapor phase, the internal partition function of the surface 

atoms may differ greatly from Lhe vapor a toms when the solid undergoes 

rearr~ngement, association, or dissociation upon vaporization. Aside 

from these reasons 1 the concentration::; R.nc'l int.erA~;:t:ions of cryst~1l defects, 

the carrier concentrations and mobilities a!'e all>o among the multiple 

factors Lhat can caul>e tile lowering of u: from unity. 

Consider a vaporization reaction X(solid) ~x(vapor). The flux of 

monatomic vapor species FV may be expressed as 

FV (moles/sec) = ~ (x) 8 a 

where~ is.the rate constant of the rate-controlling uni-molecular reac

tion, (X) 8 is the surface concentration of X at.oms in the rate-limiting 

step and a is the surface area of the vaporizing crystal face. If the 

area remains constant during vaporization; i.e., the vaporization proceeds 

at a steady state rate, we then have 

? 
Jv' (moles/em -sec) = k__ (X) --v s II.l 

F1·um Ardlt!ulu::; eyuaUun for the rate constant, assuming that the activation 

energy is independent of temperature, we have 

= A exp ( -E /RT) 
a 

.} 

where E is the experimental activation energy required for the ratea 

controlling step and A is the.pre-exponent~al factor. 

From transition-state theory, we can arrive at the expression for 

the rate constant ky as 
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. ± 
. till' /R e . ·e 

-&r*/RT 
II.2 

where k is the Boltzman 1 s constant, .T is the temperature, h is the Planck 1 s . 
. :j: :j: 

constant, 6s and ~ are the entropy and heat of activation of the 

activated complex, respectively. The LSft* is related to the experiment-al 

energy of activation Ea in the Arrhenius expression by till* = ~:-'F + 6.(PV*). 

In liquid and sol~d systems, the 6.(PV*) term is negligible at ordinary 

pressures •. Thus we have 

d ln ~ 

dT 

:For ideal gases, we have 

d £n ky 
dT 

= 

.. 

E 
a = 

+ 
E = till.,. + RT. 

a 

E 
a 
·~ = 
RT 

lili:f - ( n* -l) RT 

RT
2 

E. = m* - (6.n* -l)RT .. a II.3 

:j: 
The term lP is the number of moles of complex, which is equal to one 

minus the number of moles of- reactants. Therefore; if one could deter-

mine the experimental ~- and E and utilizing Eqs. II.2 and II.3, one --v a 

can then calculate for the entropy of activation, which in turn will 

provide us with one of the best indications to the nature of the transi-

tion state. 

In our studies of the vaporization of GaAs we measure experimentally 

lower rates than the maximum rates calculated from equilibrium vapor pressures. 
I 

. However, at the same time, we obtain an activati~n energy which is equal· 
i 

to the heat of vaporization f .u:j: = AKT), ' i f. d th t rv • "- t \£::} 1 .._..., , l..e., We J..n .. Q. '-"' JR •·t?mpera 1.1re 



-8-

independent. Substituting the expression for ky in Eq. II.2 into Eq. II.l 

we obtain 
2 Jv (moles/em sec) = 

kT 
h 

DS*jR 
This suggests that the preexponential term, e (x) 8, is rate-controlling 

in the process of evaporation. It is usually very difficult to distinguish 

the ·entropy factor frClm th~ ~nrfi:tr.P. r.onc::entration factor in this term. 

* We may calculate the value of ~ using a suitable ·model and compare it 

with the equilibrium entropy of vaporization ~' to determine whether the 

entropy factor is rate-limiting. We could also accomplish this by 

measuring the vapor compositions over the vaporizing solid under both 

vacuum and equilibrium conditions. A different vapor composition in 

vacuum evaporation than that found in equilibriu.m.implies that the 

activated complex has a different atomic arrangement than tl!e .l:H'Ullw.: Ls 

of vaporization in equilibrium. · Such a difference will likely lead to 6S* 

values that greatly differ from~· If the concentre.tion factor (X) 8 

is· rate-limiting, we would then be likely to obtain the same vapor 

composition in vacuum vapor:i.7.At:i.on as ·that determined in equil:i.b:cium. 

,, 
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III.· EXPERDIENTAL APPARATUS AND PROCEDURES 

Ga-llium arsenide has zinc-blende structure and a melting point of 

1238°C .. High purity gallium arsenide single crystals, purchased from 

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

These crystals were n-type; had room temperature resistivities of 0.1-

0.2 ohm:-~m and mobilities of about 5><103 cm
2 

/volt.:.sec. Single cryste.ls 

were also obtained from Bell and Howell Corp. in Pasendena, .Ca. along Hith 

samples doped with zinc and tellurium in various concentrations. The 
. . 

pure si~gle crystals were again n-type but with room temperature resisti-

vities of 0.027 ohm-em and mobilities of 5,ooo cm
2
/volt-sec. Zinc-doped 

crystals (p-type) had.room temperature resistivities of 0.0045 ohm-em 
2 . . 

and mobilities of 71 -em /volts-sec. Tellurium doped samples (n-type) 

. -4 
had room temperature resistivities equal to-8.4XlO ohm-em and mobilities 

2 . 
equal to ~410 em /volt~sec. These values are summarized in Table I. 

Electronic grade gallium metal was obtained from Eagle-Picher Co. with a 

minimum purity of s~ven 9's. 

These crystals were X-ray oriented, cut into 3x3x6 mm pieces, polished, 

and etched with 5% Br2 -methanol solution for three minutes. Triangular 

etch p_:lts for the gallium face and mirror finish for the arsenic face 

were obtained.(Fig. 2). These differences in the etching behavio:rs could 

21 
. then be used as id.entif'ication for the two crystal faces. The samples 

were th.en rinsed in methanol solution and wrapped in W foil to expose only 

* the gallium or the arsenic face. The crystals were now ready for vaporization. 

* There were a few times when the crystal vTa s not wrapped tight enough 
and vaporization from the sides of' the sample also occurred. However, tbl:s 
did not take place to any great extent and could only giv·e rise to an esti
mated error of not more than 5%. 
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The microbalance used for weight loss measurements was made after 

d · b H · d Czandera. 14, 15 Th b 1 d 11 a es1gn y on1g an e a ance was use as a nu 

device. The restoring force for a change in sample weight was produced 

by the coupling of a magnet and a solenoid. The magnet was suspended 

from the balance inside the vacuum while the solenoid was outside the 

vacuum. Both magnet and sample were supported by quartz fibers with 

hooked ends, (Fip;. 3). With a weip;ht of '500 mp;, the sensitivity o"f the 

balance is about 111 gram. Due to error in hyst.eresis of the so:1 enoid. Rnd 

thus in locating the true null point, the accuracy of any reading is of 

course less, usually not better than 10~ gm. Thermocouple monitoring 

sample temperatures was placed outside the quartz tube and was calibrated 

in reference to another thermocouple placed inside the quartz tube in the 

position where the sample should be. The calibration set up and results 

are shown in Fig. 4. 

A typical vacuum vaporization experiment using the microbalance system 

proceeded as follows. As was described. before, the sample was etched, 

rinsed, and wrapped in W foil to expose only the vaporizing surface. It 

was then mounted on the .sample supporting fiber wHh the: t:::Vaporal.iou surface 

facing downward. Experiments were carried out to determine the effect of 

the direction of vaporization (i.e., vaporizing surface facing either 

upward or downward) and no observable differences were found in the 

evaporation rate.. The system was then evacuated. Pressure during the 

-7 1·uns wa::; usually iu Lhe range of 10 torr so that· the recondensation 

ratco were orders of magnitude lower than the vaporization rott=s. The 

furnace, with a well known temperature profile (Fig. 5) wRs hea.ted to the 

desired temperature, monitored by a thermocouple, and the temperature was 

then stabilized to within 1+. Once steady state temperature was reached, 
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the sample was lowered into the furnace and hooked over the balance pivot 

wire. Weight loss measurements were then taken at this temperature as a 

function of time. After the evaporation rate was determined, the sample 

was removed from the hot zon·e and the furnace was heated to another 

temperature. Again the sample was lowered and weight loss measurements 

were taken. After the entire temperature range was finished, the furnace 

was cooled and the system was then filled up to atmospheric pressure with 

dry nitrogen. The sample was removed from the vacuum system, etched, r:i_nsed 

in methanol solution, ·w:rapped to expose the opposite face, and then 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, rinsed and wrapped to expose the vaporizing face that was the same 

as the first evaporation runs and the ·experiments were repeated. 'Measure-

ments were also made both while increasing and while decreasing the 

temperatures. When the slight masking effect of the holder due to the 

receding of the crystal into the foil is taken into account, 16 these 

measurements always approach the same steady state at a given temperature . 

In addition experiments were run using a separate sample for each tempe-

rature and vaporize over a long period of time. Optical micrographs were 

taken of all sample surfaces before and after each vaporization run. 

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

top of the evaporating surface, 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 entire sample was evaporated. 
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StudieG o:f the vapor composition over the vaporizing GaAs surfaces 

were carried out in a separate vacuum syst·em using a quadrupole rna ss 

spectrometer (Electronic Associates, Inc. (EAI) Model No. 200). This 

system is shown in Fig. 6. The sample was etched, rinsed, wrapped, in 

W foil to·expose only the vaporizing surface, as was done in microbalance 

experiments. This was then placed in a high density graphite sample 

holder with the vaporizing ourfocc facing upwa:rd. Ir1 Lhe ~:asP. nf t.l·1e mrts:,; 

spectrometer system, the thermocouple ,junction was placed in cont.Rr.t with 

the wrappine; foil of the sample. The system Wc'~S then evacuated first with 

sorption pumps, then with a Vac Ion pump down to a pressure of ~ 4xlo-7 

torr. The system was then baked out for eight hours with the furnace set 

0 . 

at 300 C. After bake out, the ambient pressure was in the range of about 

10-9 torr.· The mean free paths of the vaporizing molecules were such 

that no collisions occurred between the molecules before they hit the 

detector or the chamber walls. The furnflr.P.. WAF: t.hen turned on to heat 

the ::;ample to the desired vaporizHt.inn t.Pmpernt.l.Jre. Simultaneously, the 

chamber was chilled with liquid nitrogen to decrease the diffuse scatter

* ing of arsenic molecules from the walls. After the tempera.ture was 

stabilized (about 30 min.) the intensities of the ion fllixes were measured 

. . + + + + for each of the lons of lnterest (As , As2, As
3

, As4) with the slit moving 

in line and out of alignment with the ion source and the ionizer 

* Both the dimer and the tetramer arsenic molecules are known to have 
low condensation coefficientsl7 and can undergo multiple scattering. In 
addition, the association of dimers to form tetramers on the chamber via lls 
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 so that only molecules which come directly fran 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 backgr0und contributions. ··.These measurements 

were; repeated at different temperatures. During a ·typical experiment, 

measurements were made both while increasing and while:decreasing the 
'·.· . 

temperatures between intensity measurements, as was done in the micro-

balance experiments. Results for these investigations are discussed in 

the next section. 

~ 

The mass spectrometer was operated using the following ionization. 
parameters: electron energy= 50 eV, emission= 0.2 rna, ~lectron trap 
voltage= 30 eV, ion energy= 6 eV, and focus voltage= -23 eV. 
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N. EXPERn.iENTAL RESULTS 

We have divided this section into three parts:· (A) Optical micro

scopy studies on surface morphology, (B) Microbalance studies on absolute 

vaporization rates, and (C) Mass spectrometric studies on vapor composi

' tions. 

A. ~tudies on Surface Morphology 

Opt.i~al mt~rogrnphR wArP. t.akAn nf t.hP r.ryRt.Al fAr.PR Aft.Pr vApnrizA

tion at different temperatures. We found two types of distinctly differ

ent surfaces for the two opposing faces. These are shown in Fig. 7-17. 

For gallium face, for temperatures below 800°C, various triangular 

thermal pits·were observed, with gallium droplets covering part of 1:he 

vaporizing surface. These triangular pits intersect each other and in 

general form terraced macroscopic ledges, giving rise to an appearance 

of a very rough surface. For temperatures above 850°C, vaporization 

rates were extremely rapid. Consequently, bigger gallium droplets were 

formed, (Figs. 7-9). 

For arsenic face, we have found an entirely different situation. Big 

liquid gallium droplets were observed even at the lowest temperature 

(750'-'C) of our studies(Fig.lO). As we increase the temperature no notice

able differences were found. When these liquid gallium droplets were being 

phys±~ally removed from the surface, flat regions were found underneath, 

(Fig. 11). 

Excess ga.Llium was placed on top of crystal surface before vapori

zation and the vacuum rates were monitored. The crystal face w;.J s 

covered with liquid gallium as shown in Fig. 12. 

.. 
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An unetched crystal was used in order to observe the reiationship 

between the formation of thermal etch pits and vaporization rates. For 

gallium .face, we can see a progressive. development of the characteristic 

triangular pits. Mechanical damages on ~urface and edges of the sample 

seem to serve as nucleation sites for vaporization, (Fig. 13-15). When 

the gallium droplets in Fig. 15 were removed, again, we observe a flat 

surface region underneath (Fig. 16). For arsenic face, the surface 

regions not covered by gallium were flat and showed no pitting similiar to 

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

B. Microbalance Studies 

The weight loss of the sample was measured as a function of time 

at a given temperature. From these data and the geometric surface area, . . 

the. evaporation rate (mg/cm
2 

-sec) was calculated. IDuring the vaporization, 

the surface was of course not flat, as has been discussed previously, 

so that the geometric surface area is the lower limit of the total vapori2-

ing area. However, Melville
18 

has shown that the evaporation rate may 

not be appreciably larger from a rough surface than from a crystal with 

. a smooth. geometrical surface area. Thus the error involved in the estimation 

of surface area would .certainly be within the experimental accuracy 

(±5%). 

As a check on the calibration of our system, sodium chloride single 

crystals with high dislocation densities. ( -6x1o6 /cm2
) were vaporize~ and 

the rat.eswere found to be the same as that reported by Lester and Somorjai. 6 

Since gallium liquid droplets were readily discernible on both crystal 

faces after vaporization, it was conduded that gallium arsenide vaporizes 

incongruently into gallium liquid and.arsenic molecules. Because liquid 
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gallium was being continuously accumulated on top of the vaporizing surface 

and as we can show later, the increase in coverage of liquid gallium on 

the surface accelerates the vaporization rates, the question WGS then 

raised whether we could get a steady state evaporation rate at a given 

temperature under these conditions. An exhaustive vaporization was 

performed in which a small crystal was completely evaporated at a given 

temperature and the vacuum va.J:.JuL·lz.etLlou raLes were cont.:lnuously monitored. 

The results are shown in Fig. 18. 

Without any physical disturbancP. to thP. ::::nrfR~P, e.e. 13hRking the 

crystal face to spread the liquid gallium so as to change the area covered 

by the metal, the vaporization rates remain constant for more than five 

hours at T = 849°C. A simple calculation assuming semi-spherical shape, 

i.e. with maximum surface tension, and applying the physical properties 

of these liquid gallium droplets shows that indeed this is a possibilitY .• 

i.t=. Lhe llyuld gallium coverage of the evaporation surface remains relatively 

eonstant during the irtitial. period (approx. 5 hrs ) of vaporization. in 

other words, the surface area covered by gallium iiquid remains virtually 

constant. When the accumuletLed liquid gallium was then spread over the 

entire surface by violently shaking the sample a few times .• the eva:r;:>oration 

rates suddenly increase to that value which is equal to the evaporation 

rotc where excess gallium wa.s ad.d.t=U.. A~ Lhe t.:ryst.al continues to vaporize 

over an extended period of time, finally we come to the state where a 

decrease in rate was observed, probably corresponding to a depletion in the 

vaporizing material from.the crystal holder. Thus, from this experiment, 

we can conclude" that an initial ·"virtual steady state" vaporization rate 

of gallium arsenide can be obtained even though gallium arsenide single 

crystals vaporize incongruently. 
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To the limit of sensitivity of our apparatus. (±lll gm), a reproduc-

ible: initial steady state vaporization rate was found at any temperature 

in the range of our study.· However, there is· a short induction period of 

transient evaporation b.efor~ the steady state vaporization is obtained. 
! 

The length ·of this transient period depends strongly on the history of 

the sample, e.g. preparation, etching, heat treatment. Unetched crystals 

usually have longer transient periods. Furthermore, the initial transient 

period during which the rates are changing is longer for arsenic face than 

for gallium face. (Fig. 19). 

The steady state vacuum vaporization rates were measured for both 

crystal faces of gallium arsenide as a function of temperature. This is 

* shown in Fig. 20. Within our experimental accuracy the rates are the 

same for both gallium and arsenic faces. Previous treatments (e.g. annealing 

of a face while the opposite face was being vaporized) of the sample appeared 

to have no effect on the vaporization rates. The activation energy was 

measured at 90±3 kcal/mole of activated complex. Crystals (undoped) with 

slightly different electron carrier concentrations were found to have the 

same vaporization rates and the same activation energies (Fig. 21). When 

excess liquid gallium was put on top of the vaporizing f'ace so as to cover 

the·entire surface, evaporation rates were found to be increased by a 

:factor of two (Fig. 20). Both crystal faces gave the same evaporation rates 

and the activation energy was found to be 86±5 kcal/mole of activated 

complex. Different crystals were vaporized at different temperatures over 

periods of 12 to 36 hours, depending on the particular temperature of the 

experiment. The results are shown in Fig.34. 

* . 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 conditions .. 
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In order to investigate the effect of impurities in th~ GaAs crystal 

in high concentrations on the kinetics of vaporization, the vacuum vapor:i.z-

at'ion' rates of crystals heavily doped" with tellurium and zinc were measured 

81 3· concentration - 10 em . The rates of the Te-doped samples were found to be 

about half of the pure samples. Within our experimental accuracy, the 

activation energy remains the s~me, i.e., 90.±3 kcal/mole of activated complex 

as that for pure GaAs. When we vaporize the same crystal face again for the 

second time~ we found n al~ght increase in the L"8.Lr;::;. Cuwlut!tivity measure-

ments were made before and after vaporization and no conductivity change 

was detected. Diffusion rate of Te in gallium arsenide was also estimated 

* and it was found to be low enough so that the out-diffusion of tellu-

rium from GaAs during vaporization is improbable. The small increase in the 

evaporation rates can be due to the incomplete removal of liquid gallium 

* Diffusion can customarily be described by the equation 

D = D
0 

exp (-E/kt) 

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

GaAs as 3 2 D
0 

= 4xl0 em /sec 

E = .4.04 eV 

and for diffusion of selenium in GaAs as 

D
0 

3x1o3 cm
2
/sec 

E = 4.16 eV 

Thus the values for diffusion of tellurium in GaAs can be estimated as 
3 2 D0 -- 2Xl0 em /sec 

E = 4.3 eV 

-17 2/ D800oc = 2x10 em sec 
and we found 

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

.n:mdom walk agrmnents is 
t = 7. 5xlo13 min. 
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deposited on the surface from previous vaporization runs. Excess gallium 

W'1S put on top on these Te-doped crystals and the vaporization rate.s were 

found to be the same as that of the pure crystals with gallium liquid on 

top. The activation energy was found to be 87±3 kcal/mole of activated 

complex. (Fig. 22). 

Crystals doped with zinc were also used in .this kinetic study. They 

are p-type samples and the vacuum rates were found to be the lowest of all. 

In addition, the activation energy also decreases to 76±3 kcal/mole of acti-

vated complex (Fig. 23a,b). As we continued to vaporize the sample by 

alternating the crystal faces, we found a progressive increase in the 

vaporization rates. Conductivity and diffusion data indicate zinc is 

* remaining in the crystal rather than· vaporizing. From Fig. 23a it suggests 

that these rates are graduallymoving upward toward the vaporization 

rates of zinc-doped crystals with excess gallium on top of the vaporizing 

surface. Maybe indeed we did leave a thin film of liquid.gallium on the 

surface even though we etched the crystal after each evaporation. When 

excess gallium was put on top of this p-type crystals, rates comparable to 

the one on top of pure samples were measured. But a very interesting fact 

was found. The activation energy of the vaporization rate of gallium on 

top of zinc-doped samples remains to be the same as that without the gallium, 

i.e. 16±3.kcal/mole of activated complex. This then gives us a clue as to 

the nature of the. catalytic function of liquid gallium in the complex 

mechanism of vaporization. 

* From reference 19 we obtained values f'or diffusion of Zn in GaAs 

D0 = 15 cm
2
/sec 

E = 2.49 eV 
and we found 11 2 ! Dg00oc = 3.98x10- em /sec 

t = 3 .8Xl0 7 min. 



-20-

Dueto the interes~ing :r.h:lings that liq.ri.d gallium catalyses the vaporization 

of GaAs 1 an attempt was made to see if all liquid metals behave the same way. 

Unfortunately,- tin is the only other material we could find that is a liquid 

' -8. 
and has a low vapor pressure t< 10 torr) at the temperatures of our studies 

(700°C-900°C). The results are shown in Fig. 24. We found the absolute 

vaporization rate to be lower than that with excess Ga on top and an activa-

tion ·energy equal Lo 7G±) ke~::iJ.fmcle of' activated complex. Since the Sn-

GaAs system has not been studied extensively (~.g. soJllhilit.y of !-~aAs in 

Sn, the activities of arsP.nir. mnlecules in. Sn ac compared to that in Ga), 

the exact interpretation of these vaporization rates is rather difficult. 

Futhermore, during the vaporization of gallium arsenide crystals, liquid 

gallium is being formed continuously. The gallium thus produced then mixes 

with tin, giving a solution with constantly changing compositions. This 

further adds to the problem in elucidating an exact meaning from the Sn 

data. 
C. Mass :::lp~ctrometric Resul-:t;~ 

A typical residual gas mass spectrum after bakeout was shown in 

Fig. 25. The ions which were reAdily detected in the mass spectra du:ting 

+ +- + + 
LlH::! v<qmrization of gallium arsenide are As , As

2
, As

3 
and As4. The 

dimer and tetramer ion peaks had the largest intensities· and they were 

of comparable magnitude in the t€mperature range of our study. 

Our. experimental geometry has the advantage of allowing us to sample 

directiy the vapor composition which emanates from the vaporizing gallium 

arsenide surface. Thus, any association reaction which may tal~e place 

on the heater or chamber walls would only change 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 
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coated turtgsten ionizer filament (most likely to be dissociative reactions) 

can 'also change the vapor composition. · However; we have found no .obser-

vable change in the ion intensity ratios upon changing the emission current, 

thereby changing the temperature, of the ionizer filament. Xenon isotope 

spectra were run in order to calibrate the'transmission of our mass spectra-

meter. It was found that we have a decrease in sensitivityof about 1.~ per 

increase of one mass unit (Table II)~ Due to the lack of accurate ioni-

zation cross section data and the experimental uncertainties in calibration 

of the system, we shall not attempt to compute·the absolute vaporization 

rates of the different vapor species but rather use their relative inten-

sity change as a function of temperature to monitor changes· in intensity 

ratios and calculate their activation energies. 

Appearance potential curves for all the ions were determined, as 

shown in Fig. 26. These are comparable with the literature values 

shown in Table III. As it can be seen, all the ions appear at electron 

energ;ies below 15 eV. The practical lower limit for electron energy 

in our mass spectrometer is about 20 eV. Thus it would be experimentally 

very difficult to work at electron energies low enough to eliminate the 

fragmentation problem. Therefore, in order to determine the fragmenta-

tion pattern of the arsenic molecules, we then vaporized pure arsenic crystals 

at 500~K where the vapor was shown to consist mainly of tetramer molecules.
4' 20 

Table IV gives the equilibrium vapor pressures of arsenic molecules from 

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

crystals, both the As and As
3 

molecules can be identiiied as fragmentation. 

prodlicts of electron impact ionization ofAs
2 

and As4 molecules according 

to the.following reactions: 

i' 

I 



-22-:-

+ 
As 4 + e -? As 4 + 2e 

+ + As 4 -? As
3 

+As 

+ 
As4 -? As

3 
+As 

+ 

+ e - + -As2 -? As2 
+ 2e 

+ + 
As2 -?As +As 

Corre(: L.i.uu:.:; fur f I"ctgmentat10hs i'rom As 4 to As2 molecules were also made 

in the intensitieo detected for As2 and AsLL. 

+ 
As4· + Po -? A.s 4 + 2c 

+ + 
As4 -? As2 + As

2 

The method for these corrections are discussed in greater detail in · 

Appendix I. Since As 4 is a monoisotopic molecule, we do not have any 

++ 
way of distinguishing the contribution of As 4 to the intensities de-

+ 
tected for As2 . However, comparing the ionization potentials and the 

dissociation energies for the reactions * 
++ 

-+ As 4 + e > 8.84 eV 

+ 
--+ As2 + As2 4.00 eV 

++ + 
we can sa:Cely assumed that the contribution of As 4 to As2 int.Pnsit.i F?S 

will be small as compared to th?.t from fragmPnt.At.i nn 0f hj:l3hQr molcoulco 

( + -and the ionization of. neutral dimer molecules As2 -?As2 +e). 

++ + 
aamc argliment also applie:.:; to As2 and As • 

* . From Table III, we have 

Fragmentation 
+ 

of As
11 .,· 

As
2 -+ As +As 3.94 eV 

+ As~·· -+ As~ +As 5-35 eV 

As4 -+ As
3 

+As 2.59 eV 

As+ + + As2 4.00 eV 4 -+ As2 

Ist ionization potential of As 4 
2nd ionization potential of As4 

As
4 

___.. As+ + e 8.84 eV + ----," ~ ~· 
As4 --t As 4 + P.- > R,84 eV 

This 

·; 
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No·gallium peek was detected as coming fronithe vaporizing gallium 

arsenide crystals: in the temperature ~ange of our study (700°C-900°C). 

Inspection of. the high density graphite sample holder and the stainless 

steel vaporization chamber d1d not reveal the occurrence of any possible 

solid state reaction with gallium. Presumably except for a small undetect-

able fraction that corresponds to the low vapor pressure of gallium on the 

GaAs surface all of the gallium has remained in the liquid state on top of 

the vaporizing surface. Thus we have been unable to monitor the vaporization 

of gallium as a function of temperature.and to calculate its activation 

energy of vaporization. 

+ + 
The intensities corrected for fragmentation of As2 and As 4 peaks from 

vaporization of GaAs single crystals for both gallium (111) and arsenic 

(iii) faces are plotted as a function of temperature. For the vaporization 

of the gallium face, after correction for fragmentation, only the tetramers 

were found, with an average activation energy of 92±5 kcal/mole of a9tivated 

complex (Figs. 27 and 28) according to the net reaction 

GaAs(s) --+ Ga(L) + l/4 As 4(g) .6H* = 92±5 kcal/mole 

However, for arsenic face, we found both the dimers and the tetramers 

with activation energies of 88±5 kcal/mole of activated complex and 98±5 

kcal/mole of activated complex (Figs. 29, 30, 31) respectively, according 

to the reactions: 

:j: .. 
GaAs(s) --+ Ga(l) + l/2 As2 (g) lili 8t}: 5 kcal/mole 

... 
GaA s ( s ) --+ Ga (.t ) + l/4 As 4(g) Lili+ = 98±5 kcal/mole · 

The net reaction for vaporization from arsenic face of GaAs single crystals 

will be 
GaAs(s) --+ Ga(t) + X/2 As?(g) + (l-X)4 As4(g) 

!!I 

.I 
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When excess liquid gallium was placed on top of the vaporizing surface, 

again1 we_found different vapor compositions for the two opposing faces. 

For gallium face, we found only the tet~amers (As 4), just as for the 

vaporization of Go-face-without liquid gallium on top (Fig. 32). For 

the arsenic face, both the dimers (As2 ) and the tetramers (As 4) were found 

(Fig. 33); ·however_, the ratio As2/As 4 seems to be slightly higher in this 

case than for the pure crystals without gallium liquid on top. These 

intensities are plotted as a function of temperature end the activation 

energies calculated. Within experimental accuracy, it was found that the 

activation energies are the same as in vaporization without excess liquid 

* metal on top, Le., for gallium face lili for AsJ
1
.·is 92!:5 kcal/mole of acti-

-lE-
vated complex and for arsenic face .6H for As2 is 88±5 kcal/mole of acti-

vated complex. The ratios of PA /PA for some of the representative 
s2 s4 . 

mass spectrometric runs are sho~n in Table V. 
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In concluding this section, we would like to summarize the results 

we have thus found: 

(1) We have observed triangular thermal etch pits with small gallium 

droplets partially covering the vaporizing surface on gallium face and just 

liquid gallium droplets on arsenic face. Thus it appears that gallium 

face is roUgher than arsenic face after vaporization. 

(2) Vaporization seems to take place preferentially on regions damaged 

mechanically (source of macroscopic ledges). 

(3). Vacuum vaporization rates of pure and doped GaAs crystal samples 

were found to be much lower than the calculated maximum rate. VJithin our 

experimental accuracy, there were no observable differences in the evapora-

tion rates for Ga and As faces of each of the different samples. See the 

following page for table. 

( 4) Only the tetramers (As 1) were found to vaporize from the 

gallium face whereas both the dimers (As2) and the tetramers (AsL) were 

found to vaporize from the arsenic face. Excess liquid gallium on top 

of. the vaporizing surface does not change the vapor composition signifi

cant~y. The activation energies (in kcal/mole of activated complex) 

for each speCies with and without liquid gallium on top of the sample 

were as follows: 

Ga face 

As face 
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* Liquid 
* 

t.H 
gallium Initial a Kcal 

Supplier of samples Doping on top? (T=ll24°K) mole of activated complex 

0.46 20 

Cominco es l 87 
excess tin 0.49 76 on to 

0.46· oo 

Bell and Te 0.22 90 

Howell Te ;yes l 81 
Zn 0.1~ 76 

Zn yes l 76 

* Considerable disagreement was found in literature concerning the 

exact equilibrium vapor composition of gallium arsenide. Arthur22 h~s 
studied the equilibrium vapc>r pressures of GaAs·using a mass spectrometer 

and has reported the equilibrium vapor to consist mainly of As2 molecules. 

He has also found the heat of dissociation of As4(g)-+ 2 As2(g) t.o be 

62.5 kcal. De Maria et a1. 23 has studied the equilibrium vapor pressures 

with mass spectrometer also. However, he has found comparable intensities 

for As
2 

and As4 in the vapor phase and a heat of dissociation equal to 
24 73.5 kcal. Recently Hudson, using electron impact ionization, has 

reported the heat of dissociation of As4 -+ 2 As2 to be 68.5 kcal. After 

corrections for the ·entropy factor in the data reported 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 calculations of a. Table IVgives 

the equilibrium vapor pressures of GaAs and t~e corresponding maximum 

evaporation rates. These are shown in Figs. 35 and 36, respectively. 

We should like to point out that the absolute vaporization rates and 

the ratio of As/As4 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. 

.; 

J. 
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V. DISCUSSION 

·Liquid gallium droplets were discernible on top of the surface after 

' 
evapora:t·ion of every gallium ..arsenide surface that was studied. Mass spectra-

metric studies of the vapor ~omposition over the vaporizing samples 

revealed the presence of As
2 

and As4 molecules but no gallium was ever 

detected in the vapor phase in the temperature range of our vaporization 

stndies. Therefore, we have concluded that gallium arsenide single 

crystals vaporize incongruently according to the equation: 

GaAs(s) -.+Ga(i) + X/2 As2 (g) + (1-X)/4 As4(g) 

From _exhaustive vaporization experiments, we have found that even 

thoughevaporation rates increase slowly with increasing coverage of 

gallium liquid on_ the crystal face, virtua]· steady state rates can be 

obtained for more than five hours at temperature T = 85Q°C, a time span 

tha.t is much longer than needed to complete a rate measurement. This 

indicates that the liquid gallium coverage can be assumed to stay constant 

for the ·usual experimental time of 0.5 - 2.5 hours. Thus the initial 

vaporization rates are reproducible and we could obtain an activation 

energy of vaporization. From our microbalance studies, we obtained the 

* average activation energy of vaporization, fill = 90±3 kca 1/mole. ·The ave-r-

age activation energies of V?porization were identical for both (111) and 

(ill) crystal faces. 

The vapor compositions of .emana.t'ing · from the vaporizing Ga face and 

As face are found to be different. For the vaporization from Ga face, we 

found predominantly As4 molecules whereas the vaporization of As face yields 

both As2 and As 4 molecules in comparable quantities. Liquid gallium does 

not seem to affect the vapor compositions significantly, i.e.,we still 
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observe only the As4 molecules for ·Ga face and both As
2 

and As 4 molecules 

for As face. Thus the vapor compositions emanating from Lhe two crystal 

faces do not change with increasing concentrations of liquid gallium on 

the surfaces even though that excess liquid gallium increases Lhe evapora-

tion rate by a factor of two. 

In spite of the different vapor compositions found for the two r.rystal 

faces, the fact that the ini~iFJl ;r~tes and t.hP Ar>t.ivntion energico of vupori· 

zation are Lhe ~;;~:~me for both Ga and As faces, with and without tbe excess 

liquid gallium on top of the vaporizing surface, indicates that the rate-

limiting step for evaporation is the same for both faces. This rate-

limiting step then must be followed by another more rapid reaction step 

that establishes the vapor compositions of the two opposing faces. The 

latter step is different for the two feces ann thu8 depends on the differ-

ent surface structures of the (lll) and (iii) crystal faces. Thus we 

t:'Rn distinguish ot lea.st two steps in the sequence of' reactions leading to 

vaporization. 

In order to verify the rate-limiting step let us review those experi-

mental parameters that inf'i'uence this slowest step in the process of eva-

p(a·atiull <:HlU Ll1ereby c.l:'lange the absolute vaporization rates and/or the 

activation energy. 

First of all, we observe tbat gallium liquid increases the vaporiza-

tion rates without changing the activation energy. This catalytic effect 

20 
of liquid metals ur evHporation has been observed before (TJ. on .As and 

2 GFJ ;m.d In on GaN). Cotnlysis by llquid metals is also well documented 

in the reverse process, i.e., 
25 in condensation or crystal growLh. This 

catalytic effect may be attributed to one of the following reasons: (1) 

liquid metal provides electrons at the surface thctt faciliatate charge 

II' 

.. 
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transfer. during vaporization or condensation, (2)liquid metal dissolves 

the vaporizing or the condensing species and thus provides an alternate 

route for evaporation or crystal growth, (3) liquid metal changes the 

defect concentrations at the surface that might play an important role in 

vaporizatio.n or condensation .. Since liquid metal increases the absolute 

evaporation rates of gallium arsenide and arsenic cryst:::ls, the concentra-

tions of these surface defect sites must be increased by liquid metal if 

the latter effect is the cause of this catalytic bchGvior. 

Secondly, we observed that both Zn or Te when present in the GaAs 

crystal lattice decreased the vaporization rates. Furthermore, the 

activation energy of Zn-doped samples are lowered in comparison to that 

of pure samples. 
* . * 

Lili (Zn-doped) = 76±5 kcal/mole and .6H (pure) = 90±3 
I 

kcal/mole. Due to the relatively low concentrations of these impurities 

in the crystal c~o.l atom%) it is very unlikely that the lowering of 

the vaporization rates is caused by the blocking of the GaAs surfaces by 

foreign atoms. Both Zn and Te could also form comp9unds in GaAs lattice, 

e.g. Z~As2 and Ga
3

Te2 . However these compounds have higher vapor 

26 
pressures and consequently are expected to have higher vaporization 

rates than GaAs. In addition, in the temperature range of our study) the 
. . 27 

bulk diffusion rates of both Zn and Te (Fig. 37) are much lower than 
I 

the evaporation rates so that the impurity concentrat~on~ throughout the 
. I 

crystal wouldremain virtually constant, as indicated by the conductivity 

measurements before and after each experiment (Section IV, Experirnentel 

Results). 

Te impurities in GaAs produce donor ste.tes (ionization energy = 0.02 

eV)while Zn impurities introduce acceptor states (ionization energy= 0.08 

eV). Doping the samples with these elements w',ill change the free carrier 

concentrations and the type of majority free carriers (electrons or holes). 
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. In addition, these impurities also change the vacancy concentrations of 

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

substitutionally,
27 

i.e., 

V + Zn 
· Ga (surface) 

·where the subscripts denote the sites being occupied by the atoms and VAs 

and VG are the unionized arsenic and galliurri vacancies, respectively. a . 

In effect, doping the GaAs crystals with impurities will decrease the 

concentrations of one of the two types of vacancies. Since these impurities 

are introduced during crystal growth at high temperatures, equilibria 

among defects can easily be established. We can then apply Schottky 

defect equilibrium condition: 

N.O. -:-+ V +yV 
Ga ·· As 

where N.O. is t.hP nPn~'>it.y 0i' normally occupied atom oitco. (V ) and (V ) 
Ga As 

will always be orders of magnitude smaller than the concentration of N.O., 

thus the normally occupied site density could be assumed to remain constant 

when the .vacancy concentrations change. WP. 

~ 

where K is the Schottky disorder constant. 
8 

then have 

K· 
s 

Charge transfer has been found to be the rate - limiting step in the 

evaporation of pure CdS single crystals. 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 -limiting step in 

evaporation of GaAo, we would expect an activation energy similar or eC)ual 

to the band gap energy (1.4 eV or 32 lrcal). The observed activation energy 

II 
I 
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(90 kcal)· is much greater than the band gap energy. It seems unlikely 

that the rate-limiting step for vaporization would be related to the elec-

tronic properties of pure GaAs. Furthermore, the difference in activation 
.. 

energies of vaporization (....;15 kcal or 0.6 eV) between Te-doped and Zn-

doped GaAs samples is much too grea~ to be attributed to the difference 

in the position of the donor and the acceptor levels within the band 

gap or any other electrical properties of these impurities in the GaAs 

crystal lattice.At the temperatures of our studies (700°C-900°C) all of 

the impurities are expected to be ionized because of the shallov; ness 

of these levels. In addition, crystals with different charge carrier 

concentrations have been found to have the same vaporization rates. 

Therefore, we conclude that Ga ( l), Te, and Zn in GaAs crystal lattice do 

not influence the vaporization rates by changing its electronic properties. 

The vapor compositions over the vaporizing gallium and arsenic crystal 

faces remained unchanged when liquid galliumwas placed on top of the 

surface. Also liquid gallium has not changed the a·ctivat-ion energies 

of vapor:Lzation of the different Zn and Te-doped crystal samples. Thus, 

it appears that liquid gallium does not change the reaction path, i.e. 

does not provide alternate route for the vaporization reaction. There-

fore we conclude that Ga(.t), Te and Zh in the GaAs crystal lattice 

influence the evaporation rate by changing the defect conS!_ent£9__:tions a_:t 

the surface. While the arsenic atoms associate and are subsequently 

removed into the vapor phase the gallium atoms precipil·.ate ol,lt in the form 

of liquid at the surface due to their low vapor pressure .. We propose 

that ~he rate of vaporization is limited .bY the rate of formation of 

divaca.nc'ies (V Ga VAs) at the vaporizing surface. That is the observed 

.I 
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. activation. energy of' vaporization is that energy necessary to remove 

simultaneously on arsenic and a gallium atom f'rom the crystal lattice. 

The solubilities of' either gallium or arsenic in GaAs are very 

28 ( ) limited.. Therefore, every time an arsenic atom gallium atom leaves 

t.hl;' lAttice, a gallium otom (ar3enic atom) wuulu l!:~Hve the lattice as well. 

We may separate thi.s reaction into two ::; ~eps: 

(1) 

(2) 

The formation of.single vacancies 

GaGa ~vGa 

As As ~vAs 

The association of 

VGa + V As 

+ Ga 
(surface) 

+As 
(surface) 

t;he s'ingle vacancies 

[V VA J Ga s 

to form the divacancies 

In our vaporization stud,ies 1 ·we have found lower vaporization ratco 

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

concentration and Zn in GaAs lRttice reduces V Ga concentration. A decrease 

in either V Go (Zn-dopeC. samples) or VAs (Te-doped samples) i·lill result 

in g decrease i.n [VGa VAs]·, giving riac to o lower rate. In lhe case 

of' vaporization of pure samples where we seem to have optimum concentra -· 

tions of VG and VA for pairing, vle find high vaporization rates,. It 
a . s 

is likely .that in an undoped gallium arsenide single crystal, we have 

predominantly V Ga .33 In othP.:r words, we would be limited by the concen

tration of arsenic vacancies in the vaporization of pure gallitlrn 1:1 rsenidc 

crystals. The·f'ormation of' divacancies would be independent 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 concentrations) . 

. Koster: and Thoma have made extensive studies on the phase diagram 

. . 29 
.of the gallium-arsenic system. It was found .that GaAs does not dissolve 

significantly in liquid gallium. The diffusion of ~a into the crystal 

lattice is extremely slow, 27 consequently, during the time that is 

required to measure vaporization rates, little or no gallium is expected 

.to be incorporated into the lCJ.ttice. In our experiments, we have observed 

that excess liquid gallium on top of the vaporizing surface increases the 

rates with the activation energies ranaining the same. as those without 

the excess gallium on. This effect could be explained bythe fact that 

even though GaAs does not dissolve in liquid gallium to any great extent) 

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

increases the surface concentration of divacancies ([VGaVA
8
]), thereby 

increasing the rat~s of evaporation. Thus the.observed transient vapori-

zation before the onset of steady state vaporization is probably due to 

the accumulation of liquid gallium which slowly changes the concentration 

of associated vacancies on the crystal surface; The virtual steady state 

rates then correspond to an approximately constant coverage of the sur-

face area by gallium droplets. 

We have found differences in the activation energies of vaporization 

of Zn-doped crystals and pure or Te-doped crystals. There is a great 

deal of evidence that Zn in the GaAs crystal lattice associates with 

divacancies. 34 Thus it is not surprising that the energy of foTmation 



of a divacancy in the presence of Zn in the crystal lattice is different 

than that for the pure samples. Te impurity does not seem to associate 

with divacancies or change their formation energy. 

Kendall et a1. 35 have studied the self-diffusion in InSb. He has 

proposed that the In:Sb divacancy is the defect primarily responsible ~or 

self-diffusion of both components in InSb. The enthalpy of formation 

for the divacancy is estimated to be about 3.2 eV and that of the single 

vacancies is 1.76 eV. The energy for atomization of InSb has been re-

ported as 5.52 eV. Thus the formation energy for divacancies is about 

58% of the energy for atomization. The energy for atomization of GaAs 
. 22 

is reported to be 156 kcal/mole. Therefore the activation energy (90 

kcal/mole) we found would be too high as the energy of formation for 

single vacancies. In addition, there is g~od agreement in the ratio we 

found for divacancy formation and atomization energy in.both InSb and 

GaA s (a pprox . 5&/o) • 

The diffusion rates of Sn in GaAs have been studied and were found 

to be similar to that of Zn 
2'( 

(Fig. 37). The activation energies for 

diffusion of Sn or Zn in GaAs are Vf':ry similar ( F.D ~~ ? , 5 eV). Thus it 

is not surprising that we find the same activation energies of vapori-

zation of GaAs in the presence of excess liquid tin on the vaporizing 

surface as those found for the vaporization of Zn-doped GaAs crystals 

( ~ 76 kcal/mole). It appears that Sn atoms, when entering the GaAs 

crystal lattice at the VRporizing surface, affects the vacancy concentrc-

tions of the host lattice the same way a.s Zn atoms. 

Since the (111) and (f:il) faces of III A-VA compounds are known to 

behave differently under a variety of experimental conditions, e.g. 
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chemical. dissolution, 9 adsorption 

studies, 30 ~ne might suspect that 

. 8 
and desorption of molecules, LEED 

the surface structural di£ferences will 

also play an important role in their mechanisms of vaporization. The fact 

that T.¥e obtained the same evaporation rates for both the gallium face and 

the arsenic face implies that the surface configurations do not influence 

the rate-limiting step. However, we obtained different compositions for· 

the two opposing faces .. This suggests that the surface structures do 

influence the formation of vapor molecules even though·this step is not 

rate-limiting. In the case of evaporation from Ga face (Fig. 38) we can 

see that all the As atoms that would form the tetrahedral unit are avail-

able for vaporization (i.e., none of the As atoms are blocked by Ga atoms 

on top). When an As 4 molecule· finally forms, it could desorb immediately. 

This is not the case for As face (Fig. 39). Three of the As atoms that 

vrould form the tetrahedral unit have Ga atoms directly on top of them. 

This will make the formation and subsequent removal of the As 4 molecules 

di-fficult. Consequently, some of the surface As atoms have opportunity 

to form As2 units and vaporize. Thus, the effect of steric hinderance for 

the :formation of As 4 molecules in the As face could then provide a clue in 

the observation of different vapor compositions from different faces. 

It will. be interesting to speculate how do the As 4 molecules form at 

the surface. In the vapor phase~ the bond angle and bond distonce for the 

tetrahedral As
4 

molecule£ are 60° and 2.44Jt, respectively. 31 In gallium 

arsenide crystals, the As4 unit has bond angles and bond distances of 60° 
0 32 and 3 .99A, respectively. Thus the bond distances of As4 unit in the 

crystal lattice have to change drastically in vaporization to form gaseous 

-As4 molecules. This process may require a certain configuration of neigh-
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boring vacancies, thereby breaking up the regular arrangement of bonds 

and making it much easier for the As atoms to vibrate into tl1e tetrahedral 

configura.tion which is required for vaporization. Further. studies would 

have to be carried out before any definite proposals on the structures 

of the complex can be made. 
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VI. PROPOSED VAPORIZATION MECHANISM OF 
GALLTIJM ARSENIDE SINGLE CRYSTALS 

Utilizing all of the experimental evidence, a model for the vapori-

zationm~ism of gallium arsenide single crystals can now be proposed. 

The formation of lattice vacancies during vaporization can be 

written ·as: 
Ga ~ V +Ga · · 

Ga or- Ga (surface) 
VI.l 

As ~ V · +As 
As ~ As (surface) 

VI.2 

where the subscripts indicate the sites that are being occupied by the 

different species. The vacancy conceptrations for a given crystal (doped 

or undoped) follow the Schottky defect equilibria: 

K s 

where.· K is the Schottky disorder constant. 
s 

The next step in the vaporization mechanism is the association of 

the two single vacancies VGa and VAs to form vacancy pairs (divacancies) 

Experimentally we cannot detect these two steps separately. Con-

sequently, we can only deduce a general step: 

GaGa + A sA s ~ Ga ( ) + As ( ) + [V V J surface surface Ga As 

We have proposed this particular step to be the rate-limiting step 
. . 

in the.vaporization of gallium arsenide single crystals and the activa-

tion energy we measured experimentally corresponds to the formation 

energy of a divacancy in the crystal. At the temperatures of our studies 

the divacancies could be significant concentrations. Divacancies may 

in the bulk or on the surface and they can interact ·by diffusion 
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[VV] ~[VV] .· 
Ga As bulk "'""""" Ga As surface 

The· surface atoms need a specific configuration (i.e. formation 

of an activated complex, e.g. n( (V C..A VAs ]surface 4 AssurfR ce) before 

it can desorb. Limited to the different surface structural arrangements 

of gallium and arsenic atoms on the two opposing faces, we can then 

obtain different vapor composition from evaporation, 

Fo·r gallium face, we have 

Gn( . ) surface Ga(_ . . ) ll.qUld 

4 As ~As 
~ 4(surface) 

As ---Jo. As · 
'4( surface)...- 4( vapor) 

For arsenic face, we have 

Ga --..lt. Ga 
(surface) ~ (liquid) 

n'V V • 2As 
· Get A'>:l 

Af: ( )~As 2- surface ~ 2-( vapor) 

n V V • 4As - Gct As 
__,1,. As 
c:- · 4( surface) 

As4( ) ~As surface c:- 4( vapor) 
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APPENDIX I 

Corrections for Fragmentations 
of Arsenic Molecules 

Fragmentation of As4 molecules from vaporization of pure arsenic 

crystals at 500°K and 1.5xlo-7 torr. 

. * 
------ _P:. s21_~>:.~4- ~- _~>:. ~3LP:. ~4----- __ P:. ~LP:. s 4-------

0.50 0.11 0.21 

For .vaporization of gallium (111) face of gallium arsenide single 

crystals, we obtained the ratios 

* . 

728 

758 

758 

780 

780 

8)8 

832 

782 

'730 

0.47 

0.59 

0.44 

0.52 

0.49 

0.48 

0.44 

0.51 

0.48 

0.12 

0.11 

0.08 

0.09 

0.09 

0.07 

0.07 

0.09 

0.09. 

0.20 

0.16 

0.14 

0.10 

0.15 

0.14 

0.12 

0.12 

0.14 

. The ratios are taken directly from intensity measurements. 

II' 
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·r (0 c) As2/As4 As
3

/As4 As/As . 4 -------------------------------------------------------
:726 0.54 

.781 0.50 O.ll 0.27 

'781 0 . 1~9 0.09 0.29 
. 781 0.45 0.13 0.23 

'{8) 101.48 0.15 0.?? 

0)2 0.49 0.12 0.23 
84?) 0.50 0.13 0.22 

8o8 0.50 0.12· 0.18 

8o8 0.46 0.10 0.16 

8o8 0.51 O.ll 0.20 

8o8 0.52 0.12 0.21 

. 775 0.61 O.ll . 0.25 . 

723 o.Jq 0.14 0.22 

and with excess liq~id gallium placed on top of the vaporizing surface, 

we have 

---=~~~~--------~~~~~~~-------~~~~~~~-------~~~~~~-----
656 0.50 

ns 0.49 

739 0.55 0.11 0.22 

774 0.50 0.10 0.24 

797 . 0.47 0.10 0.17 

822 0.61 O.ll O,lC) 

760 0.46 0.13 0.31 

825 0.56 ' 0.12 0.24 
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continueCJ. .. 

--~ ~~ ~ ~ -- ~- --- -~~~~~~.~ --------~~~~~~~-- ------~~~~~ ~----
815 0.50 0.10 0.16 

817 0.50 0.12 0.19 

786 0.49 0.16 0.26 

·. 756 0.51 0.16 0.24 

721 o .l.~o ·0.17 0.23 

. 679 0.42 0.25 

Careful inspection of these ratios tells us that they are, within our 

experimental accuracy, identical to the ones we have obtained from vaporiz.a-

tion of pure arsenic crystals. Thus we can conclude that the peaks we have 

detected for As, As
2 

and As
3 

on vaporization of gallium (111) face of gallium 

arsenide single crystals are products of fragmentations from As 4 molecules. 

In other words, we have only the tetramers from the vaporization of gallium 

face. 

For vaporization of arsenic (111) face of gallium arsenide single 

crystals,_ we obtained the ratios for the intensities measured: 

T(°C) As2/As 4 As
3

/As4 · As/As2 --------------------------------------------------------
746 3.56 
8o6 0.93 0.10 0.27 
807 0.83 0.09 0.26 

809 0. 74. 0.09 0.27 

809 0.71 0.10 0.29 

809 0. 73 0.11 0.26 
. 842 0.71 0.09 0.30 

798 0.78 0.11 0.26 

746 0.81 0.25 

,,, 
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__ :~~~~--------~~~~~~~--------~~~~~~~---------~~~~~~---
698 
727 

765 

.. 821 

H24 

803 

803 

803 

763 

731 

706 

702 

T(°C) 

1.12 

1.28 

1.07 

0.81 

0.94 

0.79 

0.86 

0.81 

0.73 

1.10 

0.98 

0.80 

As2/As 4 

0.06 

0.06 

0.08 

0.10 

0.07 

0.09 

0.09 

0.05 

0.13 

0.10 

0.13 

0.28 

0.16 

0.25 

0.23 

0.17 

0.20 

0.24 

0.20 

0.16 

0.16 

0.22 

As;/As 4 As/Asz 
a•~--M--••---•----•------------------------------------

685 1.40 

713 1.46 0.27 

751 1.38 0.11 Q.24 

784 1.06 0.08 ·0.20 

785 1.06 0.10 0.20 

817 1.03 . 0.09 0.21 

84~ 0.99 0.13 0.32 

820 1.12 0.12 0.27 

820 0.99 0.10 0.27 

·820 1.14 0.12 0.31 

733 1.11 0.13 0.25 

730 1.35 0.14 0.20 

726 1.37 0.11 0.17 

I~ 

-
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After we placed excess liquid gallium on top of the vaporizing sur-

face, we found 

--~~~~~--------~~~~~~~---------~~~~~~~--------~~~~~~---
. 638 2.46 

690 3.01 

697 3.09 0.14 0.30 

734 3.61 0.06 0.26' 

734 3.52 0.08 0.22 

781 ·1;94 0.14 0.21 

'J79 l. 78 0.11 0.23 

.779 1.59 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 0.27 

77.1 .1.05 0.14 0.26 

771 1.04 0.07 0.28 

715 3.27 0.20 

Part of the intensities we have measured. for As peak came from the 

fragmentation of As4 molecules. The ratio As (from As 4)/As4 should remain 

constant throughout the entire temperaturerange. Part. of the As
2 

peaks 

·were also fragments of As4 molecules. The ratio As2 (from As4)/As4 should 

also be constant 

As (from As 4) 

As 4 

As (from As4) 

As 4 

X 

As
2 

(from As 4) 
As · 

4 

As
4 

X -A::-s-
2
--,('""'f,::r.r-om-.-:. f\.,..-c-4~)- = 

As ( from As 4 ~ . = const. 1 

canst. 

const. 1 
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If the· remaining intensity of an As peak were completely due to frag

menl;ation ~f As2 molecules, then the ratio of As (from As2 )/As2 (from vapori

zation) will be constant. 

As2 (from vap.) 
+ 

As (from .As4) 

As2 (from As4) 
= canst. 

fi lrlr'P. the part o:t' 1\o2 that i3 fragmt::!uLt::!ll fran As4 dOes not contribute 

to the fragmentations to As molecules, these two ratios will remain ind.P.pPn-

dent of each other. Thus we have: 

If As/As2 = canst., the As peak can be entirely attributed to fragmenta

tions of higher molecular weight species. To our experimental accuracy, 

this seems to be the case for vaporization of arsenic face of gallium arsenide 

single crystal::;, i.e. we do not have As molecules in our vapor. 

L.ooking at the ratios obtained from vaporization of arsenic face of 

gallium arsenide single crys.tals, the values of As';jA.s
4 

are bigger than 

0.5,which 1o the l"O.tio we ha:vt::! found fo:r the !'ragmentation of As 4 to As 2 • 

·Thus, we can safely conclude that the intensities we have detected for As2 

i'liolecules_, in addition to the contribution from fragmentation of As 4 

molecules, also include the ionization of neutral Asn molecule0 directly 
c. 

from vaporization. 

The.va.lllP.R fnr A.s
5

/A.s 4 remain practically consLetuL Lhroughout the entire 

temperature range, suggesting that As
3 

is a product of fragmentation. 

To summarize the results so far: we have found that the vaporization 

of gallium (111) face yield only the tetramer (As 4) molecules whereas for 

arsenic (ill) face, both the dimers (As
2

) and the tetramers (As 4) are found. 
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Based ori. the ratios we have found from vaporization of arsenic crystals, 

we can now correct.for the contribution of fragmentations of As4 'to the 

intensities measured.experimentally. 

Using 
= 0.50 

As4 
= 0.10 

As (from As
4

) 

As 4 
0.20 

We have for the correction of As
4 

intensities: 

As4 = As 4 
(measured) · [1 + 0.50 + 0.10 + 

= As 4 (measured) X 1.80 

Knowing the. ratios 

and 

0.20] 

and that the As intensities we formd are all froin fragmentations. of As2 

and As4, we can then find the ratio 

As (from vaporized As
2

) 

As2 (vaporized) 

which is equal to 0.20. Now we can correct for the intensities ·or As2 

peaks: 

As 0 = 
c.: 

= [A.s2(meas) - As4(meas) X 0.50] 

(1 + 0.20) 

( 1.20) 
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It is also very interesting to note that, from Table III, \ve obtained 

+ 
As h 

+ 
As

2 

+ 
--+ As

3 
+ As 

+ 
--+ As + As 

5.19 eV 

3.89 eV 

+ + 
Thus, As 2 

makes a bigger contribution to the As peak than 1\o 1+, which is what we 

have found in our experiment. 
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APPENDIX II 

A Method to Find the Ratio of the.Ionization 
Cross Sections for As2 and As4 

Definition of the symbols used: 

subscript 

subscript 

P. = pressure· 
l 

D = dimer 

T = . tetramer 

R total vaporization rate 

RG gas const .. 

T = temperature 

M = average molecular weight 

I. = intensities detected 
l 

in the vapor phase 

a. = conversion factor from intensity to pressure 
l 

cr. ionization cross section 
l 

~- = yield of the electron multiplier 
l 

R 

f. 
l 

transmission probability of the mass spectrometer 

K = ·instrumental const. depending on the distance from 

so.mple to ionizer and t.he.length of th~ elecLruu beam 

crossed by the molecular beam. 

p . = p + p 
toto.l D T 

( 
~· 

-) 
p 

~ 
,, 

. total .:. 
.2 ·' = 

(27T :GT }1/2 em -sec 

PD = a 
D ~ T 

l?T = a ITT T 

.,. 
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( 

2. R T)
1

/
2 

R . n G 
. M = 

M = PD + p T 

~ [ ~~DT ~~ ~ T 

~ -1/2 " [ ~ \ T + '1:, ~ T] 1/2 [ '1J \ T + 2'1:, IT T] 1/2 

) ( ~ \ ) " [aD ~ + aT] [ ~ \ + 2'1:,] 
Thus, knowing the total vaporization rates and the vapor compositions 

at different temperatures,we can then determine on+'~ 

P. 
1 

= 

aL -
. l 

a. I. T 
1 l 

I. -T 
K 

l. 

()'. 'Y. 
l. 1 

K 
CJ'. 'Y· f . 

l l. l 

f. 
] 

Since the instrumental constant K does not change for different vapor species 

= 

Using xenon isotope spectrum, we can determine the·ratio fT/fD. The yield 

of the electron multiplier 'Yi can be individually cAlibrated for different 

vapor species. Thus knowing '1/~' we can then determine crT/ crD' the ratio 

. ur LlH:! luul:<.a.tlon cross sections. As a check for the value of ~ calculated 

nince .only the tetramer molecules are detected fo:r- gallium face., we could · 

obtain 

,, 
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R( mg ) -2 . -
em -sec 

p 
total .. 
27tRGT ·1/2 ·. 

( .M ) 

R . = 
measured 

1/2 

Substituting in the proper number~ this should give us the same value for 

~ as that found before. 

Given: 

PD aT ')'T fT ~ 
PT aD 'YD· fD IT 

It is usually assumed that ')' a:: Ml/2 
. ' or 'YTI'YD ~2. From our cali-

The ratio of the· ionization cross sections aT/aD 

is assumed to be 2. 

Thus 

= 2( .f2) (1/3) 

1 

we assume in our calculation that 

~+ 
.· 
--..:... + 

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

Crystal .Doping Type· Room TemEerature 
2 

p(ohm-cm) 
em 3 * 1-L.' 11 (no./cm ) · volt-sec 

Cominco 4~7><103 16 n 0.105 LjxlO 

n 0.027 . 5.0xl03 4.6xlo
16 

Bell and 
1.9><1019 Howell Zn p 0.0045 71 

. 4 
2 .4xlo3 2.6x1o

18 
Te n 8. 4xlo-

* 6 3 
The intrinsic carrier cone. is estimated to be about 9><10 /em at 
room temperature. 
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TABLE II~ Xenon Transmission Probability Calibration 

Mass No. 12'4. 126 128 129 1)0 131 132 134 136 

Xenon Isotope 0.096 0.090 1.92 26.44 4.08 21.18 26.89 10.44 8.87 Ratio 

Intensity 8.00 6.80 8.20 2.95 2.92 Measured 

Intensity 
Caleulated from 8.uu 6.4:::! 8.15 ).15 3.37 
Isotope Ratio 

Difference 
Between (2) 0.)8 0.05 Q.20 0.45 
and (3) 

Percentage 
0. &/a ff/o 13% Difference . 

Percentage 
3% 0.2% 1.2% i.9% Difference· 

Per Mass 
Unit 

average value 1.5%.decrease per mass unit 
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TABLE IIT. Ionization Potentials, Dissocia~~on Energies, and Electronic 
Affinities of Arsenic Molecules · 

Ioniza,tion Potentials 

. As 9.88 ev· . 

As2 9.86 eV ± 0.16 eV 

As4 
8.84 eV ± 0.16 eV 

Dissociation Enerl:?jies at 0°K 

As2 - As2 2.98 eV ± 0.18 eV 

As -As 3.94 eV ± 0.12 eV 

As
3 

-As 4.2.2 eV ± 0.20 eV 

As2 -As 2.70 eV ± 0.20 eV 

+ 
As

3 
-As 2.59 eV ± 0.32 eV 

+ 
As2 -As 5-35 eV ± 0.32 eV 

As+ -As 3.89 eV ± 0.16 eV 

Electron Affinities 

As 0.74 

As
2 

0.35±0.2 · 

As
3 

l.l± 0.2 
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TABLE IV Equilibrium Vapor Pressures of As, As
2

, As3 and As 4 From 
. 24 

298 

4oo 

)00 

6oo 

700 

800 

900 

1000 

Vaporization of Arsenic Crystals. 

P(As)· atm · P(As
2

)· atm 

2><10..;46 2xl0-30 

7xl0-33 lxlo-20 

' ~5 lr:: 
5xlO -~ bxlO- .J 

8x.lO -20 3x lO-ll 

4xlo-16 2x10-8 

3xlO -l3 · 2x10 -6 

. -11 -5 
4xlO 5x10 

2xl0 -9 9x 10-4 . 

72.1 52.6 

9xl0 -36 

3xl0-24 

2xl0-17 

&10-13 

8xlO-lO 

' 2xio-7 

lxlo-5 

3xl0-4 

62.3 

l.O~lo-17 

-11 . 5.2lxlO 

3 .8Jxlo-'7 

-4 
1.3Jxl0 

7 .87x10 -3 

1.6lxl0-l 

36.15 kcal/mole 
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TABLE V. Represe1 tative Ratios of P(As2) /P(As 4) From the Vaporization of 

Arsenic· Face of GaAs S.ihgle Crystals 

1019 
1082 
1115 
1071 
1019 
978 

97-l 
1000 
1038 
1097 
1076 
1036 
1004 
979 
975 

958 
986 

1024 
1058 
1090 
1115 
1~93 
100) 
999 

911 
963 
970 

2.04 
0.15 
0.14 
0.18 
0.20 
1.92 

0.04 
0.52 
0.38 
0.29 
0.20 
0.15 
o.4o 
0 .}) 
0.19 

p /P 
As

2 
As 4 

0.61 
0.64 
0.58 
0.37 
0.36 
0.33 
0.43 
0.56 
0.57 

1.31 
L67 
l. 72 

Sample No. 20, Side No. 2 (First Time) 
I 

Sample No. 20, Side No. 2 (Second Time) 

Sample No. 22, Side No. 2 

Sample No. 20, Side No. 2 
Excess Ga. on top (continued on 
following page) 



TABLE V. Continued. 

1007 
1052 
1098 
1089 
1044 

98t'; 
9'51 

* 

2.02 
o. 73 
0.42 
o.4o 

'0.36 
0.12 
0.16 
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Sample No. 20, Side No. 2 
continued from previous page 

These :r:atios have been corrected for fragmentation. We have also 
assumed that I +/I + = PA /PA • ·See Appendix II. . As2 As4 s2 s 4 

' -~ 
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TABLE VI .. Equilibrium Vapor Pressures and the Cor~s~~nding Maximum 
Vaporization Rates of GaAs Single Crystals · 

104/T (°K) 
. 6 . . 6 6 

J x1o2 · PA X10 PA X10 Ptotalx10 
T'{°K) s2 s4 max 

2 
{atm~ {atml {atmL {~Lcm -oec) 

1106 9.04 0.76 0.94 l. 70 ·1.02 

1119 8.94 0.01 1.04 1.05 0.55 

1121 8.92 ·. 0.93 1.00 1.93 1.16 

1122 8.91 1.05 1.07 2.12 1.29 

. 1129 8:86 1.45 l. 71 3.16 1.89 

1131 8.84· . 1.45 1.65 3.10 1.86 

1135 8.81 . 1.86 2.34 .4.20 2.49 

1151 8.69 3.76 5.46 9.22 5.36 

1152 8.68 3.88 5-55 9.43 5.46 

1162 8.61 4.43 5.65 10.1 5.92. 

1163 8.60 4.70 6.00 10.7 6.26 

1163 8.60 4.72 6.05 10.8 6.32 

1174· 8.52 ll.R4 6.26 13.1 7.85 

1186 8.43 7.32 G.68 14.Gl 8.33. 

1194 8.38 7.32 6.80 14.1 8.33 

1195 8.37 7.34 6.86 14.2 8.42 

1197 8.35 8.15 7.20 1!). 4 9.12 
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FIGURE CAPTIONS 

1. Cubic· zinc-blende structure of gallium arsenide single crystals. 

2. Gallium and arsenic faces of gallium arsenide after etching in 5% 

Bi
2 

methanol solution for three minutes. 

3. Microbalance system. 

4. Calibration of furnace temperatures vs. sample temperatures. 

5. Temperature profile of the fl..lJ"nace, 

G. 

7-

8. 

9· 

Mass spectrometer system. 

Ga face after vaporization 

Ga face after vaporization 

Ga face after vaporization 

at 750°C. 

at 750°C. 

at 8oooc: 

at 750°C, 

10. As face' after vaporization at 750°C. 

then at 800°C and then back 

11. Same crystal face as in Fig. 10 but with the liquid Ga removed. 

12. Crystal face after vaporization ·wlLh ~.x.l!ess GA. placed on top of the 

surface. 

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

ll~ I Srunc· cry5tal face ~:~.::; ln Flg. 13 where we have a macroscopic ledge 

serving as sites for thermal pit formation. 

15. Edge of the crystal shown in Fig. 13. 

16. Same crystal face as in Fig. 15 with liquid Ga removed. 

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

18. Exhaustive vaporizatlun of·a gallium arsenide single crystal at 

temper~ture T ~ 870°C. 

19. Transient yaporization rates of gallium and arsenic faces at 849°C. 
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20. TotB.l evaporation rates of pure samples from Cominco Corp. 

21. Total evaporation rates of pure samples from Bell and Howell Corp. 

22. Total evaporation rates. of Te-doped samples. 

23a. Total evaporation rates of Zn-doped samples. 

23b. Vaporization rates from gallium face of Zn-doped samples. (First 

evavoration of the crystal face~) 

·24. Total evaporation rates of pure samples with excess Sn placed on 

top of the surface before vaporization. 

25. 4 -8 
Backg~ound spectrum at pressure .ox10 torr. 

26. Appearance potenital curves of various vapor species from vaporiza-

tion of gallium arsenide. 

27. Vapor composition of gallium face over gallium arsenide ~ingle crystals 

from Cominco Corp. Sample No. 20. 

28. Vapor composition of gallium face over gallium arsenide single crystals 

from Cominco Corp. Sample No. 22. 

29. Vapor composition of arsenic face over gallium arsenide single crystals 

from Cominco Corp. (First vaporization of the crystal face) Sample 

No. 22. 

30. Vapqr composition of arsenic face over gallium arsenide single 

crystals from Cominco Corp. (Second vaporization of the crystal 

face) Sample No. 20. 

31. Vapor composition of arsenic face over gallium arsenide single 

crystals from Cominco Corp. Sample No. 22. 

32. Vapor composition of gallium face over gallium arsenide single 

crystals with excess gallium placed on---top of the surface before 
I. 

evaporation. Sample 26 .. 
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33. Vapor composition of gallium face over gallium arsenide single 

crystals with excess gallium placed on top of the surface before 

evaporation. Sample No. 20. 

34. Total vaporization rates of gallium arsenide single crystals using 

one sample for each temperature and over an extended period of time. 

35. Equilibrium vapor pressures of gallium arsenide. 

36. Calculated maximum evaporation rates from equiiibrium vapor pressures 

of gallium arsenide. 

37. Diffusion coefficients of various impurities in gallium arsenide at 

low concentration limit. 

38. Ga(lll) face of gallium arsenide showing the As4 unit. 

39. As(lll) face of gallium arsenide showing both the As2 and the As4 

units. 
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(iii) Surface 

(Ill ) Surface 

XDD708-3837 

Fig. l. 
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Go Face 

Fig. 2. 

As Face 

XBB709-4106 
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---Motion feedthrough '· 

To pump 

.· Thermocouple 

~---:--Quartz tube 

XBL 709-6618 

Fig. 3. 
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-Thermocouple· 

--Thermocouple 

Furnace 

. TEMP. (furnace l C:.C) 
XBL 709-6615 

Fig. 4. 
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t 
I. Somple Position 

2. Temp. (furnoce) 

SHUNT POSTS 
2 3 4 5 6 
I, I I I I I I 
3 4 5 6 7 8 

LENGTH OF FURNACE (inches) 

Fig. 5. · 

9 II 12 
Bottom 

XBL 709-6616 
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Quadruple ·moss spectrometer 

Ion pump~ 8~ 

Gro phi t e -----'---rr-u..o 
holder 

Quartz 
insulation 

,.....Y.--L.___j 

· Mo rodiotion shield 

L.Joo~1--- Liquid nitrogen 
coolinQ coil 

Thermocouple 

XBL 709-6617 

Fig. 6. 
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Accumulated liquid Go 
is physically spread over 
entire v porizinq surface 

300min. 

Time (minutes) 

Fig. 18. 

X 1-\ L. 7 0<;1-6541 
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1.2 r-~---'--:-r~----,.-----.r---~ 

Go Face 

Virtual steady state----/ 
rote= 6.3 .. la3 mglcm2-sec 

0 / 

As Face 

Virtual steady state ----
rot.e = 7.0 .. 10-3 mg/cmZ..sec 

/ 

/ 
.c./ 

/ 
.C./ 
/ 

..t--- Tron sient rote = 
/:. 5.1 .. 10-3 mg/cm2 - sec 

20 30. 40 0 10 20 30 40 
TIME (min) TIME (min) 

XBL 709-·,614 

Fig. 19. 
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Explanation of the symbols used in the following figures: 

0 vaporization rates of gallium face upon heating. 

t)· vaporization rates of gallium face upon· cooling. 

6 vaporization rates of arsenic face upon heating 

~ vaporization rates of arsenic face upon cooling. 

(f)· vaporization rAteR of. gallium fc..ce wit.}:-; excess ::;ellium placed 

on top of .3urfo.cc before evaporation (he::li;.; ne) 

• vaporization rates of arsenic face with excess gallium placed 

.on top of surface before ~vaporati~n (cooling). 

& vaporization rates of arseni.c face with excess gallium placed 

on top of surface before evaporation (heating). 

A vaporization rates of arsenic face with excess gallium plac.!d 

on top of surface befo~e evaporation (cooling). · 

0 vaporization rates of gallium face with excess tin placed 

~n top of surface before evaporation (heating). 

~. vaporization rates of gallium fac:e with excess tin placed 

on top of the surface before evsporation (cooling). 

;L;. vaporization rates of arsenic face with excess tin placed 

on top of surface before evaporation 

1. The first time the cr,yF;t.Al f'ar.P. was being vaporized .. 

2. 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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\ 
\ Vapori zotion rates from 

'/Cominco 
Somples 
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0.90 0.95 1.00 
103 IT (°K) 

XBL 709-6540 

Fig. 21. 
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XBL 709-6543 

Fig. 22. 
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XBL 709-6553 

Fig. 25. 
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Explanation of symbols used in the following figures. 

& Intensities of As4 upon heating 

• ·Intensities 
II 

of As4 upon cooling 

(f). Intensities of As2 upon heating 

• 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 identical conditions. 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, 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 Commission" 
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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