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PROJECT SUMMARY

A study entitled "A Comparative Analysis of Cnemical Vapor
Deposition Techniques for the Growth of III-V Epitaxial Films"
was initiated in April, 1982 at the University of Florida. Tne
objective of this investigation was to perform a comparative
analysis of the three principal CVD chemistries used to grew III-
VY epitaxial films (chloride, hydride, and metalorganic). Much of
the work previous to this study was devoted to tedious parametric
studies. In these studies the value of operating parameters were
systematically varied and correlated to the resulting film
properties. The philosogphical approach adopted in this
investigaticon was to first gain an understanding of the detailzasd
chemistry of the deposition methods, then use this in conjunction
with engineering models describing the heat, momentum and mass
transport processes to efficiently optimize the reactor operation
and design,

Described below are the main accomplishments of this effort
t0 date. These studies included a complex chemical equilibrium
analysis of unintentional Si incorporation in GaAs and InP
deposited by the chloride and hydride methods. The calculation
included a more realistic pseudo-steady state constraint for the
cnloride source zone and also addressed the point defect
structure. The calculations suggested several methods for
reducing the background Si levels, As an ancillary study, the
noint defect model developed was used to explain the EL2 trap in
GaAs grown with various techniques. A research CVD reactor

s7ystem was constructed and contains two novel features. First,
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the system has the capability of performing all three reaction
chemistries with the same gas deiivery system and in the same
reactor, thus permitting a direct comparison of the processes.

In addition, the reactor is equipped with a modulated molecular
beam mass spectrometer for quantitative chemical analysis of the gas
phase. The initial efforts were directed at understanding the
source zone operation aand included an examination of the thermal
decomposition kinetics of arsiae, phosphine and ammonia. This
kinetic data permitted the prediction of hydride decomposition
extent during laminar flow in a tube under isothermal conditions,
i.e., in typical delivery systems. The reactions are sluggish
and neterogeneous in nature and under conditions of hign flowrate
and low temperatures give significant amounts of unreacted
hydride in the deposition zone. The source zone in the chloride
was also addressed and design criteria were developed. The model
developed will now be verified experimentally with use of the
modulated meolecular beam mass spectrometer. Initial studies
comparing the MOCVD of GaAs with trimethyl and triethyl gallium
are also in progress. A more detailed summary of each of these
studies is glven below, This initi{al period of investigation hes
largely been devoted to the construction of a significant

research reactor.

A. Reactor Characteristics and Hydride Thermal Decompositicn

-

The major portion of our effort was directed at constructing

a versatile researcn III-V CVD system. The novel apsects of the
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experimental apparatus are the ability to grow films by the three
CVD techniques and the ability to perform
quantitative analysis with a modulated molecular beam mass
spectrometer. The system is equipped with a resistance furnace
for hot-wall operation wnicn can be rolled away to permit a rf
generator to be positioned for cold-wall MOCVD. The modulated
meolecular beam mass spectrometer uses three pumping stages to
differentially‘reduce the pressure from atmospheric to - 10—8
torr. In this way molecular beam is formed very quickly and in
flight reaction is eliminated. The molecular beam is chopped at
a constant frequency which is synchronized with the sampling to

ne background level,. A more detailed description ol tne

«r

reduce
gas sampling system and mass spectrometer is given in Appendix

B. The system includes four bubbler systems, pneumatic bellows
valves, automatic mass flow controllers, VCR fittings and much of
the electronics were designed and constructed in-house.

The modulated molecular beam mass spectrometer became fully
operational in July, 1984, The first study completed was an
examination of the thermal decomposition kinetics of NH3, PH3 and
A3H3 in a batch reactor and the full results are presented in
Appendix A. 3ased on ﬁhe results of these investigations, the

’
following conclusions can be made:

1. The mechanisms of decomposition for all three species
appear to be identical and heterogeneous in nature (i.e.,
reaction occurs at the quartz reactor wall). Based on more
detailed studies of NH3 decomposition, the following mechanisa is

propnsed:




VH,(g)'+ S % VH,(ad) Langmuir adsorption

x

1

VH(ad) + H,(g)

2

VH,(ad)

xXtd

VH(ad) ;3 Products (H,, V., V.)

‘The second step ia the VH3 decomposition is rate limiting
and the reversibility of the reaction must be included at
temperatures less than 1048 K (NH3), 850 K (PH3) and 780 K
(AsH3).

2. The decomposition rate of A5H3 is greater than that of
PH3 wnich is greater than that of NH3. The apparent activation
energies for these decomposition reactions were determined to be
60.2, 36.5 and 29.2 kcal/mol fér NH3, PH5 and AsHg,
respectively. Indirect evidence supports the assumption that
reactions between the products of these decomposition reactions
(V, V, and V) can be considered to be fast.

3. The kinetic data was used to determine concentration
profiles for conditions commonly used in hydride III-V CVD. As
first step, the energy balance was solved to give température
profiles for the flow of Hy, in a tube of constant wall
temperature, The numerical results indicated that‘the average
gas temperature increased from room temperature to the wall
temperature very quickly (within 2 reactor diameters of the tube
entrance). Next, the two-dimensional c¢onvective diffusion
2quation with reaction at the wall was solved. The results of

these calculations indicated that, under some conditions
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appropriate to CVD, the decomposition reaction was not

complete: For example, at 973 K and a tube diameter of 5 cm the
residence time required for 99% decomposition was 17 sec for AsH3
and 50 sec for PH3. Axial dispersion was also found to be
important in most applications. In addition significant radial
concentration variations are present wnhen the conversions are not
complete. These results suggest lncomplete reaction in the MOCVD
process, since the rate of homogeneous reaction is slower than
the heterogeneous one, the temperature is generally lower, and
the residence time is smaller.

This study represents a gqod example of the importznce of
fundamental xinetic studies. Once kinetic data is avallzabdble, thne
performance of a given reactor design can be predicted in a
comparat;vely simple manner and the problems of scale-up and new
reactor design can be addressed with more confidence. For
example, since the surface to volume ratio scales inversely to
the radius, incomplete hydride thermal decomposition will be more

important.

8. Unintentional Si Incorporation in Chloride and Hydride CVD of

GaAs and InP

A rigorous solutiocn of the mass, energy, and momentum
balance .quations with variable properties and reaction is not
possible at this point, The chloride and hydride processes
involve nigh temperature reversible homogeneous and heterogeneous
reac-i:ns and are ideally suited for an equilibrium analysis.

Calculation of eguilibrium compositions and deposition rates is
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relatively simple, provides limits on the operation of the
reactors and gives semi-quantitative results for the influence of
operating parameters on growth conditions. This study included
the development of a computer code for the calculation of
multiphase equilibrium in systems having many species, models for
each zone of the CVD processes which are constrained to account
for actual mass transfer or kinetic limitations, a model for the
impurity incorporation mechanism and defect structure, and a
consistent thermodynamic data base.

Two fundamental approaches 2xist for numerically determining an
2quilibrium condition; a non-stoichiomet-ic method which
minimizes the total Gibbs energy of the system and a
stoichiometric technique that solves the non-linear law of mass
action equations. The popular Rand algorithm (non-
stoichiometric) was extended to include multicomponent solution
and pure condensed phases and applied to this problem. This
metnod, however, was found to be susceptible to becoming trapped
in local minima because component mole fractions ware being
sought as low as 0.1 ppb. A stoichiometric algorithm was
therefore developed and was found to perform well for all systems
studied.

Three different models were examined for the deposition of
GaAs and InP. The first model addressed the hydride chemistry
and consisted of the following calculations:

1. HCl/nydrogen mixture is equilibrated with excess quartz

(presource zone).

2. The equilibrium gas mixture from (1) is equilibrated with
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excess pure liquid group III and quartz (group III source
zone).

Group V hydride/hydrogen is equilibrated with excess quartz
(group V source zone).

The equilibrium gas mixtures from (2) and (3) are combined
and equilibrated with excess quartz (mixing zone).

The equilibdbrium gas mixture from the mixing zone is next
equilibrated at the deposition zone temperature and not in
the presence of excess quartz or solid substrate. This gas
mixture s supersaturated and represents a driving force for
deposition.

regard to the Si concentration, the activity of Si in a

solid solution which is in equilibrium wWwith the gas phase

composition was determined in each calculation. This activity is

proportional to the amount of Si incorporated in the growing

film;

the magnitude being calculated from the point defect

structure. For the deposition of GaAs and InP from the hydride

process the calculations suggested the following conclusions:

1.

The Si activity in the presscurce zone is several orders of
magnitude below that in either of the two source zones. The
St activity in the group V hydride source is always larger,
but only slightly, than the group III source zone and the
activity increases with increasing temperature. This
suggests that the source zones should be operated at a lower
temperature or with a high hydride partial pressure because
of the subsequent dilution effect in the mixing zone.

Decreasing tne system pressure was found to increase the Si
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activity and thus the advantage of lowering the pressure to
reduce mass transfer limitations would be countered by
increased Si incorporation.

The concentration of hydride in the feed gas was found to
have no effect on the condensed phase activity, though it
will influence the Si incorporation extent through the
defect structure.

Increasing the concentration of HC1l in the feed stream of
the group III source zone significantly decreased the
activity of Si. One method of decreasing the Si content
while maintaining a constant vapor III/V ratio is to
increase both the HCl and hydride partial pressures in the
feed streams. The degree of supersaturation, and therefore
the deposition rate, can be controlled by the deposition
zone temperature,

The addition of HCl or an oxygen source (e.g. water) to the
mixing zone was found to reduce the 31 activity considerabl
once a critical amount was added (for the conditions
studied, on the o}der of 100 ppm HCl and 10 ppb water).

The exchange of hydrogen for an inert as the carrier gas
greatly reduced the Si activity. Civen the group VYV source
zone as the main producer of Si, this would suggest
replacing the group V source hydrogen carrier gas with an
inert., This would also slightly ilncrease the decomposition
rate and, with hydrogen still used as a carrier gas in the
group III source zone, sufficient hydrogen would be present

fin the deposition zone to participate in the deposition

v
I
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reaction.

Comparing the deposition of InP with that of GaAs, the
variation of the Si activity is similar in both systems
under all analogous conditions, except the value of the
activity in the InP system was about half of that in the
GaAs case. This was because GaCl was slignhtly more stable

than InCl, thus giving less Cl available to stabilize Si.

Similar calculations were performed for the chloride process and

the equilibrium model was staged as:

1.

Group V trichloride/hydrogen gas mixture was equilibrated
with excess quartz (presource zone).

The gas mixture from the presource zone was equilibrated
with excess quartz and either solid compound or a saturated
liquid mixture.

The remaining calculations were the same as in the hydride
process since the two techniques have identical equilibrium
chemistries beyond the source zone (except for the III/V

ratio).

The main conclusion of these investigations were:

1.

The presource zone Si activity is at least three orders o/
magnitude below that In either source zone,

The Si activity in the source and mixing zones increased
with increasing temperature., It is therefore desirable to
operate the deposition zone at a temperature equal to or
less than (but not so low as to produce extraneous
deposition) the source zone., Longer residence times can be

used to achieve the same degree of mixing and reaction,
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The Si activity can be decreased by adding group V
trichloride, HCl or water to the mixing zone, by using an
inert carrier gas, and by increasing the pressure (not
practical).

Increasing the mole fraction of group V trichloride in the
feed stream to the source zone had very little effect on the
Si sctivity when the liquid source was used. For the solid
compound source, however, increasing the group V trichloride
input mole fraction gave a marked decrease in the Si
activity.

The use of a solid compound source gave predicted values of
Si activity lower than use of the liquid source. These
calculations assumed that the source materials were pure.
The deposition of InP showed similar behavior to the
deposition of GaAs except for the following differences:

The InP system gave less supersaturation for the same base
operating conditions. The Si activity in the InP system was
slightly less than that determined for deposition of Gaas
and using a liquid source, The results for the compound
source were just the opposite, with S{ activity much larger
for InP deposition.

The details of these calculations are fully described in

Appendix C. These calculations are relatively easy to perform
and have been very useful for interpreting the general trends in

cnloride and hydride CVD of III-V materials.
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C. Complex Chemical Equilibrium Calculations for Deposition of

GaxInI_xAs

Complex chemical equilibrium calculations were also
performed for the deposition of GaxIn1_xAs in the hydride
process. Two different source arrangements were considered: A
single alloy source and two independent pure metal sources. As
described in Appendix D, for the single alloy source the main
conclusions were:

1. The influence of temperature, pressure and HCl partial
pressure on the vapor phase composition in equilibrium
with the alloy boat was negligible. This is a result of
the fact that the dominant volatile In-and Ga species
are the mono-chlorides. and the standard enthalpy of
formation of these specles are nearly identical.

2. The fraction of Ga in the vapor was slightly greater than
the fraction of Ga in the liquid alloy boat. This is a
resglt of GaCl being 6.8% more stable than InCl. The vapor
fraction versus liquid fraction plot was not symetric about
the y = x line because of the slight poSitive deviations in
the melt,

In tne deposition region the influence of AsH3 partial
pressure and HCl addition to the mixing zone was investigated.
As the A3H3 partlal pressure was increased, the Ga mole fraction
in the solid ternary was found to decrease and this conclusion is
in agreement with experimental measurements. As HC1l was added to
the mixing zone the Ga mole fraction in the solid increased,

again in agreement with experiment.

h
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D. Complex Chemical Equilibrium Calculations of MOCVD GaAs and

InP
Finally, complex chemical equilibrium calculations were
performed for the deposition of GaAs and InP from trimethyl metal

organic sources (MOCVD). The base conditions consisted of an

excess of VH3 (20 times the stoichiometric amount) and the metal

alkyl in H, introduced at j atm and with a substrate temperature
of 650°C. Complete decomposition of TMG and TMIn was calculated
at all temperatures in the range U450°C to 1050°C while the
deposition rate was constant at lower temperatures, in agreement
with experiment. As the temperature was increased the deposition
rate decreased as a thermodynamic limit was approached and
eventually etching conditions were established. The influence ¢
pressure and VH3 partial pressure were also studied and the
results were similar to those discovered in Appendix C. It wis
hoped to gain insignht into carbon incorporation with these
calculations., Ten different hydrocarbon species were included

the calculatiocn and the results indicated that CHu was the only

-10

significaht (>10 ata) decomposition product at the conditisns

- e

investigated.

and E. Point Defect Structure of Gads

The native defect structure used to determine the 3i
unintentional doping levels in GaAs was also used to suggest the
L J origin of the ELZ electron trap. This trap is observed in
Bridgman, LEC, chloride, hydride and MQOCVD grown material and not

in LPE or MBE material. One obvious difference between these two
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groups of growth techniques is the As partial pressure that is
maintained during growth; LPE and MOCVD using a low partial
pressure.

The postulated native point defect structure included
Schottky pairs and Frenkel disorder on the As sublattice. 1In the
model, the defect structure is assuz'd to be in equilibrium at
growth temperature. Upon cooling, the equilibrium native point
defect concentrations decrease and the atomic defects require
atom motion to achieve the new equilibrium. As the temperature
decreases, kinetic limitations will define a metastable defect
structure,. Evidence indicates the EL2 center is.associated Wwith
a gallium vacancy (e.g., AsGa). Two different dependencies of
the EL2 center on the III/V ratio were suggested and showed
quantitative agreement with experimental data. The experimental
work was performed by Dr. Li and Mr. Wang in the E.E. department

at Florida.

F. Hydride Source Boat Design

During the construction of the experimental apparatus
several analytical studies were performed, One such study was
the development of a quel to describe the operation of the group
IIT source region in the hydride system, i.e. the reaction of H(C
flowing in a tube with liquid group III element placed in a
horizontal boat. The two dimensional convective diffusion
equation was solved for rectangular geometry and conformal
mapping techniques were used to render the solution applicable to

our geometry. Details of the work are given {n Appendix E and
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the conclusions of this study were:

1.) The results of previous investigators could not be
explained with a simple diffusion process, i.e., the diffusion of
HCl to the liquid surface. Rather, the data suggested a first
order reaction term at the gas liquid interface iIs also important
at the conditions investigated.

2.) The axial dispersion (back-diffusion) term is importanp
under typical operating conditions. Thus, at the cold wall
inlet, a flow restriction should be introduced so that back
diffusion and deposition is prevented. This is insured if the

dimensionless number vd/D is greater than 5. Here, v is the

average velocity, d is the restricted tube diameter and D is the

gas phase diffusion coefficient.

3.) To give growth results that are insensitive to small
fluctuations in process parameters (e.g., temperature, flow ratc)
the source region should be operated under conditions which giv=
equilibrium conversion. Such conversion {s not reached under
normal operation. This will increase the HCl concentration in
the source zone and influence lmpurity incorporation and
deposition rates.

4.) For some operating conditions and fixed boat length, the
conversion depends strongly upon the height of the liguid., Thusz
iln this range of operation, the conversion from run to run can
change as the height changes.

Calculations such as these are helpful in designing future
source boats and in interpreting results from CVD systems using

non~equilibrium source boat designs. A more effective source
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boat would contain a bubbler arrangement or baffle system to
enhance mass transfer. Research directions are now proceeding to
let nature calculate the conversions by using the modulated
molecular beam mass spectrometer to verify this model for In and

Ga reaction with HC1l in HZ.

G. Substrate Preparation

Procedures for preparing GaAs and InP substrates were
developed and verified with the UHV analytical surface
techniques. A hydroplane chem-mechanical polisher was
constructed and successfully used to polish both substrates. The
etching fluid viscosity was found to be critical for prodﬁcing
sufficient drag to give hydroplaning conditions.

Auger electron spectroscopy (AES) of solvent cleaned
(acetone/TCE/methanol ) substrates revealed the presence of carbcu
and oxygen contamination. A substrate could be cleaned in the
UHV chamber by argon ion bombardment and annealing at 500°C. OQnu
interesting result was the presence of a considerable amount of
hydrogen in GaAs. Most surface analytical tools are not
sensitive to nydrogen, but electron stimulated desorption (ESD)
can detect nhydrogen. The energies and masses of these ions were
determined with a cylindrical mirror analyzer in a time-of-fligh
mass spectrometer.

After cleaning GaAs substrates with Ar ion bombardment an
sputtering a substantial amount of hydrogen was present. The
surface Wwas then dosed with oxygen (12,000 L at room

temperature). This was followed by deuterium dosing at various
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temperatures. Gas phase 02 was not adsorbed at room temperature
but was readily adsorbed at temperatures above 200°C.
interesting to note that deuterium was adsorbed more readily on a

freshly oxidized surface than.on a surface which had not been

oxidized immediately before dosing. It

It is

was found that, not only

could 02 be adsorbed onto an oxidizing surface, it was also

adsorbed onto a clean GaAs surface. Thermal programmed

desorption (TPD) studies showed that H,
desorbed by heating to 550°C. The pres
that D2 dissociates upon chemisorption.
important role in the passivation of Si
important in compound semiconductors.

presented in Appendix F.

, HD, and 02 can be

ence of HD is evidence

Hydrogen plays an
and may likewise be

These results are
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Appendix A
The Thermal Decomposition of Group V Hydrides as Applied

to CVD of Compound Semiconductors

Review of Literature

The Thermal Oecomoositign of NH3
Tne thermal decompasition of the trinydrides o7 N, P and As have

been studied by many investigators and, {or temperaturss belaw 1500 K,

a general consensus exists that these rezctions ars almost entirely

hetarggenecus in nature. Bamford and Tipper [ 1] have reviewed the
Titerature reievant to the homogenegus pyrolysis of ammonia at temper-
ature apgve 2000 K and Fcund the rezction to be charactarized by an
activation energy of aporoximataly 100 kcal/mole. Basad on the ob-
served activation energy and the results of experiments with deuteratad
ammania, the initiating stap in the pyrolysis reactign sequencs weas
proposed to be:

NH, + M -==> NH + H, + M A-T

3 2

wnera M reprasents any gas molecula. They also found evidencs that -
raacticn wnich forms NH3 is likely to be presant in the decomposition
chain reaction sequence, but wera unable to identify the nature of

tais resctian,

The decomposition of NH3 in a quartz vessel was Tirst studied hy
Badenst2in and Kranendieck (2 ] using a manometric mefhod The amount
of survacs area present in the reactor was varied by the additiagn of
quartz fibers. They concluded that within the temperature range of
their study (1683 K to 1152 K), the reactiaon appezred to be first order
and was 2ntirely heterogeneous in naturz. Further, they found no
change in the reiction rata wnhen H2 or NZ additions were made to the

system.




Hinshelwoad and Burke [3 ] investigatad NH3 decomposition in a
4 quartz vessal for temperatures as high as 1323 K. Thney also concluded
that the reaction was dominatsd by the hetarogeneous caomponent and
demonstratad a Tirst order dependencz agn NH3. Additions of HZ to the

additions were inertfective.

N

F reactor decreasad the rezction rate wnile N
Caristiansan and Knuth (4 ] suggestad the following mechanisam
for the hetsrogeneous pvrolysis of NH3 in a quartz vessal:

4 -
+ + S -2
4 NHy +S T2 NH +Hy + S A-2
NH 77 N A-3
) -
NH* = NHy 77N, + 2H, A-

a whers S renresanits a suriaca sita. Their experiments were carried out

+ 2H 4

in a reactor vessael having a surface to volume ratio (S/V) of 1 and a

survace area of 0.02 HZ. They concluded that the forward companent of

reaction 2-2 was the rats limiting step and aver the temperature range
otf 1062 K to 1132 K, this reaction was characterized by an activaticn
energy ot 43 + 5 kcal/mole with an Arrhenius type frequency factor of
4.5 x 10° 57,

The investigation of Russow and Pewsner [5.] into the deccmposi-

<ign of NH3 in & quartz r=aclor demonstratad that the reaction follcowed

a first order dependsncs with respect to NH3 partial pressure. They
resorzad an activation energy of 38.2 kczl/mole for the pyralysis
?
reaction.
The dezomposition of NH3 on quartz was repgrted by Szabo and
Qrdogh (6 ] to {ollow a 1/2 order dependenca with NH3 praessure at 913 X

and a first order desendencz at 1013 K. The reducad order of rsaction

at 911 K was resortad to be a result of H, competing with NH, for ad-
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sorption sitas an the quariz rezctor wall. The presancs of H2 or 02
in the system was found to decrease the reaction rats wnile no reaction
rat2 changas weres obsarved wnen N2 was added. Initial partial pressures

3 Pa to 2.5 x 104 Pa were tried, but ro

at NH3 ranging from 6.6 x 10
changes were qbserved in the order of reaction over this range.

An activation cnergy of 34 + 2 kcal/mole for the decomposition of
NH3 0N QUarIz was repqrtsd by Voeltzr and Schoen [ 7]. The freauency
factor associatad with an Arrhenius type tamperature.dsnendencs was
€80 s'I, but they did not report the surfacz aresz of the resactor used.
Over the temperature range of 1023 K to 1173 K, the rezcticn was found
to be first order with respect to NH3 prassure.

Kelvin [ 8] utiTized an infrarsd spectrometar to measurs the out-
let NH3 composition from a plug flow quartz reactor over the tampera-
ture range 833 X to 1373 K. He found that the reaction rats varied
with the reactor S/V to the 0.75 power, confirming the hetaragenequs
natura of the reaction. Hydrogen was found to exnhibit a strong in-
hibitory effect on the deccmpasition reaction nature due, primarily,
t0 a reaction between NH radicals and Hz, wnich forms NH3. Additiaus

ot Nz, Ar or He to the reactor resulted only in a difutent efvect.
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Tne Thermal Decomposition of PH3

The decomposition o PH3 in @ quartz reactor was first studied by

van't Hot7 and Kooj [ 9]. They Tound the reaction to be first order

in PH3 prassurs gver the temperaturs range 310 K to 512 K. The reac-
tion was believed to be hetarogeneous as a result of the increzse in
reaczion ratz, wnich oﬁcurred upon the addition of quart: Tibers to the
systam. An activation energy o7 46.4 kcal/mole was reparted.

Trautz and Bhandarkar [10] reported & transition from hetzro-
geneous to homogeneogus reaction kinetics at 940 K for the decomposition
in a porczlain bulb. They renorted activation energies of 359
kcz1/mole for temperaturas below 940°K and 116 kcal/mole for tempera-
tures abave 940 K. B8asad on the large degres of scattsr in their re-
sults and the {act that other investigators have not seen this transi-
tion, 1t is douttTul that a homogeneous decampositicn rezction was
actually obsarved.

Hinshelwoad and Tapley [11] stu&ied the deccmpcsition of PH3 in

3

. - - 2 . -
152 cn” quartz bulb with surfacz arsas of 210 cm™ to 1600 cmz. They

(S]]

concluded that in the tamperature range 843 K to 1042 K, the reiction
was first order and behaved in a heterogenegus manner with an acti-
vatign energy of 46 + 4 kcal/mole. The reaction rata was found to in-
Ccraizse with increzsing S/Y to the 0.8 power.

Devyatyknh et al. [12] studied the decompositicn of PH3 on glass
and Si over the tamperature range 740 K < T < 822 K. They found PH3
decsmposition to be first order with activation energies of 44.2 kcal/
maie and 53.3 kcal/mole on the giass and Si surfaces, respectively.
The decomposition of SbH3 was studied on an antimony surface and was

found to have an activation energy of 7.7 kcal/mole. The SoH, deccm-

3
position r2action was investigated over the temperalurs range 293 K <
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T < 364 K and the reaction order was observed to change from nalf or-
der at 298 K to first order at 364 K.

The Tnermal Oecomoasition o7 AsH

3

The decomposition ot AsH3 on glass, As and Sb has been studied by
Tamaru [13]. The reaction was found to proceed most rapidly on the Sb
surtace and slowest on glass. Adding HZ to the system had no efTect
on rezction rata and no isotopic exchange was obsarved wnen D2 was
added. Tamaru proposad that the reaction mechanism consistad of AsH3
adsorbing on the survacs {ollowed by saquential stripping of the hydro-
gen atoms o077 o7 the As atom. He believed the ratz detzrmining stan

to be the removal of the first H atom and assigned an activation energy

of 22.2 kczl/mole to this reaction. Tamaru [14] later attemot

0w

d the

“calcylation of the rezction rata constants for AsH3 and SoH, decomposi-

tion on As and S0 surtacss using a model based on activated complex
theory. His predictad rate constant for AsH3 decompasition was six
orders of magnitude below the observed value wihile the predictad rat=
csastant far SbH3 was two orders of magnitude low. The restrictive
assumptions, wnich requirad a1l of the hydrogen bond energies to be thn
same and all partition functions to have the value of one, wers piuba -
bly the reascns for the poor results.

Oevyatykh et al. [15] found that the decomposition of AsH3 on A
S1 surfacz obeyed first order kinetics and was characterized by an
activation energy of 50.9 kcal/mole. Their experiments were conductoc
from a tamgeratura of 632 K ta 707 K.

Kadyarkin and Zorin (16] reportad an activation energy aof 25.5
kcal/mole, in gcod agreement with that of Tamaru (13], for the decom-

fasition of A3H3 an As. They found the rzaction to be first order with




respect to A5H3 pressure and hetarogenegus in nature. The tampera-
ture range of their study, howevér, was somewhat restricted (543 < 7T <
533 K).

The oniy regortad study ot A5H3 decomposition on 2 quartz sur-
face was undertaken by Frolov et al. [171. Their investigations were
czrried out on quartz, Ga, Ga and GeAs surtacas over a temperature
i

range of €39 K to 2902 K. Tne activetion energy for AsH3 decompasition

on quartz was found to be 32.€ kcal/mole with an Arrnenius frequency

- I s . . . ‘s
factor o7 313 s '. The activation energies for AsH3 daecomposition on

Ge, Ga, Te doped GaAs and Cr doped GaAs were reported as 54, 30, 45
and 27 kcal/mole, raspectively, in the presencs of HZ’ When He was
used as the carrier gas in placz o7 Hz, these a;tivation energies in-
creasad slightly. No explanation was provided for this observafion.
Tneir experimentzl apparatus consistad of an open tube coupled to an

——

infrared spectrometer. he surfacs ars3 or surtace to volume ratio of

the raactor was not resaortad.
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Experimental

The decomposition oF the trihydride oFf the group V elements N, P
and As has, in the past, besn studied using manometric methods in
closed systems [ 2-7, 9-11 ] and ziso by infrared spectrometry in
open systams [ 8, 12, 13, 16-181. A major disadvantzge which is en-
countared with measurements bzsed on mancmetric tachniques is that the
systam totzl prassura depsnds on all ofilhe spe;ies prasent. It is
thersvore difTicult to remove the in{iusnce of other reactions in the
systam from the observed data. Usually this difficulty is addrsssed
by assuming that a single reaction stap is rate limiting and that the
remaining rezction products ars at equilibrium. This tachnique has
been employed for the decompasition of PH3 and AsH3 by employing the
overall rezction [ 9]

4VH3 -——> V4 + GHZ A9
This reaction is not appiicable to the NH3 systam, however, sincz nn
known -tatramers of N exist. For NH4 deccmposition, the follawing ovu:
all reaction has been appliad (3]

ZVH3 ——->V, + 3H2 ' A-6

2
The existancs o7 agne ar more slaow reiactions in the segquencs between th-

disappearancs of VH3 and the formation of V2 or V¥, can cause the ini-

tiating st2p of the reaciion to appear to be slcwer than it actually is.

nis rasults in an gover estimation oF the activation energy associatad
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with the reaction. A major advantage innherent in manometric_methods is
that pressure can be mezsured to a very high degree of accuracy.
Spectremetric investigations provide a means Tor mea5qring, direct-
1y, the rate of appearancs or disappearance of individual chemical
species in the systam. Frequently, more than one signal cz2n be moni-
tored during the course o7 the experiment and, therefors, the opcortunity
for detarmining the entire kinetic saquenca is greztly ennhancad. The
sensitivity of spectrome:iar instruments varies depending on the type of
spectrometzr and supporting equipment employed, but it is not unusual to

find mass spectrometars which have detection 1imits below 1 ppm.

4

A major disadvantage connectad with quantitztive ccmpositioq meas-
urements basad on spectrcmetric jnstruments is that of calibration. Mest
spectrometars pravide an output signal wnhich is proportional tq the
amount of the species which is prasant at the detsctor. The value of the
pfoportionality constant is rarely known and generally denends aon the
speciTic chemical species and the energy (i.e. tamperature) of that
species. Morzover, i{ a sample must be removed from the systam For
analysis, a method of sampling must be chosan, such that the sample
cmpasition accurataly represants the systam from wnich it was ramoved.
Alsa, the sampling taschnique must either naot perturb the systam signi-
ficantly, or it must perturd the systam in a way which is known and

can be correctad for during the data reductien.

Even though there arz many variables regarding the application of

spectrometric tachniques for the measursment of composition, these
techniques ara highly desirable becsuse of the ability to follow sig-

nals resresantative of individual chemical species. Thus, the system

-t

NH,, PH

emoloyed hera for the investigation o 30 and ASH3 decomodsition

3
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is based on a quadrupole mass spectrometer coupled to a constant
volume reaction tube through a sampling oritica. This technique
provided real time monitoring of the reaction gas pﬁase compasition
winile perturbing the rezcting systam in a known manner wnich was

ezsily correctad for during datz analysis.

Experimental Apooarztus and Msthod

A schematic representation of the equipment used during the in-
vestigation of NH3, PH3 and AsH3 thermal decomposition is shown in
Figure A-1. Oue to the extremely toxic and flammable nature of the

gasas involved, hooded enclcsures were constructad around the storage

[+]

re

[2Y]

for the gas cylinders and the reaction chamber. These eaclasures,
along with the vacuum pump exhauét from the gas sampiing gysfam, wers
ventad through the laboratory exhaust hood. The exhaust gas from the
reaction tube was first passed through a Draeger class B3-? #ilter
betore being vented through the labaratary exhaust hood. This was ot
to remove any residuai VH3 and its toxic reaction praducts from the
vente@ gasas..

High prassurz gas cylinders coataining 4.33 NH3, 10,075 P, and
10.03% AsH3 in Hz wera connected to a common stainless steel gas linz
and solenoid operated valve far inlet to the reiction tube. Hydrogen
was pravided as an additional ialet to the reacticn tube through a
sagarate gas line and valve. This arrangement allowed the raactor (o
be charged with any of the available gasas and allowed the gas in the
raaction chamoer ta be diluted -with HZ if desired. Purge gas consisting
of N2 or He was available through the AsHl, PH3 or Hz purge assemblies
and gas lines. A capacitancs manometar was usaed to monitor the pressure

S

in the ra2action tube gver a rance of 100 Pa to 10° Pa with a pracision

of 0.1%.

e —
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The reaction tube consisted of & S¢ cm long by 6 cm 0.D. quartz
tube placad inside of a three zone Marshall furnacz (model 1163-%5) and
is shown in greater detzil in Figure A-2. A temperature profile
wnich was constant to within 2 K across the length oF the rezction
tube was obtzined by placing the tube inside of two Oynatherm liquid
sodium furnaca liners and by controlling each oF the electrically
heatsd furnacs zones with individual Linberg Model 58344 heztar con-
trollers. The flatesst temperature profiles were obtzined when furnace
zones 2 and 3 were operated with identical satpoints and zone 1 was
operatad at a satpoint 20 K below that oF the other two zones.

Thermocauples were locatad at positions 12 cm, 25 cm, 50 cm and 62

cm into the furnaca. These positions were chaosen basad on pravious

measuremants which demonstrated that the tzmperaturz profile Trom 16 ca
through S4 ca was flat to within 0. K. At positions less than 16 cm
into the furnacz, the tamperaturz drops off due to hezt lossas near

this end of the furnacs. Paositions from S¢ cm to the end of the re-

i

acticn tube typically showed the highest tamperatures in the furnac:,
but this was compensatad {or by lowering the setpaint ia zone 1. Firm:
brick insulation was placad at each end of the furnacz in order to
minimize the heat lassas. The system was limitad to an aperating va
o7 673 K to 1273 K due to functional and safsty constraints imposed by
the furnaca liners.

The inlet tube to the raactor consistad of a 40 cm long, 6 mm o.c.
quartiz tube which extanded outside of the furnac2 and was matad to a
stainless stz2el tube through a stainless sisel fitting using viton o-
rings as seals. Sampling of the gas in the reaction tube was acccm-

plished by continuously drawing a sampla through a small orifica
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(nominally 0.1 mm in diamefar) at the end of the reaction tube.
Further discussion oFf the gas sampling system and mass spectirometer

is provided in Appendix 8.

he use of an orifice Tor obtaining continuous gas samples from
the reaction tube reorasents a signiticant perturdétion on the re-
acting systam and, therefcra, must be caasidered in the datz analysis.
As is described in Appendix B, the mass spectrometsr provides an autput
sign;l which i{s propertional to the partial pressure of the chemical
species presant in the reaction chember. The partial pressure of each
species changas due to participation in chemical rezctions and the
continual blead on the rzactor caused by the gas sampiing systam. A

species balancz on the reaction volume yields the following equation

d? o . _RT A-7
e i v 1
wnersa: °i = pressure of species i
r. = chemiczl rezction rats for species i
ﬁi = rat2 of moiar loss of species 1 through the samoling
gritvice

v

system volume
Coulsen et al. [ 19 ] have analyzed the flcw of a comprassible fluid
through an orific2 and have shown that for an isentropic process, crit-

ical flow is cbtained when

Py : 5 k/(%-1) A8

whera ?d is the downstream pressure, Pu is the upstream pressure and 3
is the ratio of the heit capacity at constant prassure to the heat

capacity at constant volume. Tne heat cagecity ratio ranges frcm 1.13




T oV Y vy ey~

rl

b ¢

31

(PHB) to 1.66 (He) for the gases usad in these experiments. Therefore,
keeping the ratic of the reiction tube prassure to the first vacuum
stage pressure below 0.49 will assure that all of the gases flowing
through the sample oritics are at critical flow. During the experi-
ments, the partial pressure of any mezsurable gas in the reaction
chamber was greatar than S00 Pa. As is descrited in Appendi% B, the
operating pressure of the {irst vacuum stage was between 10 and 50 Pa.
Thus, the requirement for critical flow was always met.

Applying the results of Coulson et al. [ 19] to equation 5-3

yields the following relationship

qpi =r, - 5353 (51 ]/ZP. A-9
dt 1 v Mi i -
whera Ae = CDAO
CD = ori%fca discharge coefiicient
Aq = orifica diameter .
Mi = molecular weignt of species i
and
K, = (kG2 (/e pire | A-10

ne variable Ae’ which regresents the product of the orifica dia-
metar and discharge coefficient, is unknown sincz a suificiently accu-
rata value for the orific2 diametar is not known and the discharge ca-
efiicient is a functian of the orifices Reynalds numoer. A relationship
detwesn Ae’ gas molecular weignt and systam temperature was therefore
detarmined experimentaily using Hy, He, N, and CO,.

[t has long been reccanized that catal}tic surfaces beccme less

dciive the longer they ars in use, but usually exhibit a relatively




constant period o7 activity following an initial period of deactivation.
The quartz reactor suriace was pretreated prior to the experiments by
pressurizing the tube to 130000 Pa with hydrogen at 2 temperature of
1073 X for 48 hours. The NH3 and A5H3 decomposition experiments were
repeztad several times (days apart) in order to look for changes in the

catalytic activity. MNo changes in activity were observed. Between ex-

(4]

periments, the reazction tube was either maintained under vacuum or a
helium prassure of aporoximataly IOS Pa.

The procsdurs emoloyed for the collection aof rate data was the same
for each group V trinydride. Each trinydride was investigatsd over a
full range of tamperatures before the nexi was admittad to the system.
Ammonia was studied Tirst followed by phospnine and {inally arsine.

The desire to obtain a temperature protile wnich was as flat as
possible along the length of the rzaction tube required the supprassion
ot all of the heat losses in the systam. Thus, increasing the tsmger-
dture of the rezctor could be accamplished quickly (-=200. K/hr) wnile
decreasing the reactor tamperaturs was a slow procsss. Therzfore, mos:
of the data taken for each trihydride was acquired in increasing order
of tamperature. This pracedure was nat strictly adhered to howevér,
since eventually, the next higher temperaturs investigatad rasulted in
reaction rates too fast to be followed with the current mass spectro-

mMetar configquration. [t was therefore not unusual to allow the resctur

Lo cool so that rate data at intarmediate temperatures could be gatheiai,

inis occurrad most fraquently for AsH3 and occasionally for PH3.
The laboratory did not have the capability for automatad control
07 the mass =pactrcmetar. Each scan of mass to charge ratio, there-

fora, was in.tiated manually. The fastest rate at which data could be
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reliebly scanned and averaged by the mass spectrometar and chart re-
corder was one scan every 10 seconds. This made it difiicult to follow
reactions with hal¥ lives less than 30 seconds since relatively few
datz points could be collectad before the species signal was comparable
to the background signal or instrument noisa.
The decomposition of NH3 was monitored by foiTowfng the NH; peak

at m/e = 168. This pezk was foliowed rather than NHg sincz the desorp-
tion ot HZO o7 the walls of the sscond vacuum stage in the mass spec-

EN
trometar caused & large OH  background peak to be presaent at m/e = 17.

he decomposition of PH3 and AsH3 wers fo]]owed by observing the
N -~ - N
entire fragment ion pattarn V', VH', VHé and VHé at m/e = 31, 32, 33
and 34 for PH3 éand m/e = 75, 76, 77 and 78 for ASHB. tlo signiticant
background was obsarved at these mass - to charge ratios. The levels
07 confidenca for the PH3 and A5H3 results are, therefare, much higher
then that far NH3.
The procsdurz employed for these experiments was to first evacuata-
the ra2zction tube and then bring the reactor to the desired temperature.
The razczor was then charged with the desirsd trihydride by opening the
dppropriate salenoid operatsd valves and monitoring the system pressure
b)’-means of the capacitance manometsr. The system was charged to a
3

Z‘. -
Pa for the MH; experiments and 9.2x10° = 10°

prassura of 1.3x10° + 10
Pa for the PH3 and ASH3 experiments. Tnhe amcunt of time required to
charge the razcter was between 3 and S seconds. The first mass spec-
trometer scan was bequn 15 seconds aftar the valves were closad. This
delay was primarily due to the rastricticns imposed by manual ogeraticn
0F the systam (time required to close valvés, start the chart recorder

dnd inftiata the mass spectirametar scan), but also provided sufficient

time for thermal equilibrium to be established.
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The amount of time required {or the radial temperature profile
in the reaction tube to be flat within 0.1 K may be estimatad from
the Tollowing analysis. Neglecting natural convection and heat losses
Tfrom the ends o7V the rezction tube, the radial temperature profile

as a function of time is found from the solution of

2~ —
14T 477 140 A-11
¢ dt ars r dar

where o« is the thermal diffusivity of the gas in the reaction tube.
Carslaw and Jzeger [20 ] have solved equation A-11 subject to the
boundary condition of zero initial temperature, constant wall temper-

aturs and radial symmetiry. The result is

T =T (1 - é) o_n e~ 3.t A-12

In this equation, Tw is the raacior wall temperatures, R is the reactor
tube radius and the eigenvalues, an, éra the roots of the equation
Jo(anR) =0 A-13
Sincz the r2zcticn tube contained at least 90% H2 at all times, ih~
thermal diffusivity of HZ was usad to evaluats equationA-12. A furthev
dssumption innerent in eguaticn A-12is thatc is invariant with respect
to tamperaturs. This is not true for HZ as a goes as approximately TZ
Co1]. dcwever, a worse case calculation can be performed by evaluating
@ at the initial temperatura (300 K) of the gas. The average and can-
terline temperatures in the reacticn tube are shawn in Figura A-3.
Five eigenvalues were used in the evaluation of equation A12 to achieve
this result. The reactor caatarline temperatura was found to be within
0.01% of the wall temperature (e.g. 0.1 K at T, = 1000 K) for times

dr2atar than 7 sacands. Evaluating ¢ at higher tamperaturas decreasad
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this time sharply (e.g., evaluating « at 1000 K required only 1.2 s to
achieve the same results). The inTluencz exerted on the thermal dif-
fusivity by the presence of VH3 in the systam is on the order of 10%
to 15%. Tnis is cansidered insigniTicant relative to the choicz of
an appropriats temperzture for evaluating «. Thus, basad an the re-
sults depictad in Figurse A-3, it is concluded that the 15 s delay,
between charging the reactor &nd the initiation of data collection,
was sufficient to allow the gas in the tube tc reach thermal equilibrium.
Mass spectrometer sczns were made every 10, 30, 60 or 120 saconds,
desending on the reaction ratz2, and data was tzken either for 1200 se-
conds or until the signal was too small to be reliably measursd. Back-
grouhd signal mezsurements wers made beforz and aitar the decomposition
data wera acquired at'each temperature in order to detzrmine whether or
not the VHS background'signals were increasing with systam expasure to

the VH, species. A slight increase in PH. and Ast, background was no-

ticed gver the cgoursz of the experiments, but the change at any one

datz gathering sassion was insignificant. Changes in the NH3 backgroun:i-

cculd not be ooserved due to the large HZO background signals preseuat.
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Results

Betorz the thermal deccmposition rate data could be taken, it was

characterize the parametar Ae’ wnich renrssents the semple

cr
[8]

necassary
orivica arsa and orivicz discharge coefficient, in equation a-9. As
this paramezar was expectad tg be desendent upan molecular weight and
temperature, the gasas HZ, He, N2 ar\d-CO2 were usad to determine,
empirically, a corralaticn for.Ae over the tzmperaturz range 600 K <

T < 1300 K. For a nonrascting systam equation A-9 can be integratad to

yield

A X -
o\ - ee RT\1/2, _ .
1n(P/Pi, = - (ﬁ;) t ot A-14

wherza Pi is the initial pressure of species i. The heat capacity ratio,

k, which is needed to evaluate Ke was calculatsd from the correlations

siogwn in Tadle A-1 and from qsfng the relationship C = Cp - R for an

idezl gas. From equation A-14, it {s apparent that one meraly needs to

tollow the decay of prassure in the reaction tube in order to obtain

a value for Ae‘ Tnis was done for the gasas in Table A-1 over the

tamperature range previously mentioned and the results are shown in

Figura aA-4. Tnhe lines in this f{gura raoresent the correlation

-9(M )0.07 .
N

Ao =3.99 x 10

. 5.6.x 10 ] A-15

whera A, has units of M. This correlation predictad values of Ag winich
were lgwer than the actual values for high molecular weight gases.
However, as will be discussed in the error analysis, this shortceming

was cnly imgeriant for the lowest tamperature AsH3 data.
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Table A-1

Ges Cp (czl/mole - K)
K, 15.256 + 0.00212T - 52060/T - 1.262 1nT
He 4.992
_ -a_2
Nz 6.524 + 0.0Q1257T - 1x1Q0 °7
co §.214 + 0.0104T - 3.545x10°572

NOTES:

Tne caorrelation for H, is from Tabie C-=6
The other correlztionS ares {its to data from the
JANAF Tables [21].
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Tne decomposition ot the group V trinydrides was followed in
dccordance with the procsdure outlined in Chapter Five. The compos-
jtion versus time dzta were similar for a1l of the group V trihydrides
studied, thus sucgesting a ccmmen mechanism for their decompesitien.
This contrasts with the results of previcus investigaztors [ 9-13, 17
who concluded that the deczmpasition of AsH3 and PH3 were strictly
Tirst order and were unaiiactad by the prasencs of H2 in the systam.

The results presented in this chapter clearly indicate that the pre-

sence o H2 strongly influencas the decomposition ratz of NH3, P..3 and

AsH3.
The datz taken was insuiTicient to identify all of the rezctions
tzking place in the decomposition of VH3 into V2 and V4. However, the
tollowing segment of a mechanism suggested dy Kelvin (8] for NH, de-
compositicn adequataly described the loss of VH3 from the systam.

Wig) + 5 & vHa(aq) A-16

k
<

"

VH(ad) "7 VH(ad) + H,(q) A-17
k2
Vi(ad) $3> Products (Hgo Vs, V)

Equation A-16 reoresents a Langmuir adsorption isotherm [ 221 -4
impl-ies that the concantration of VH3 adsorbed on the surfaca of il
vessel is at equilibrium with the vapor phase. The fracticn of sur-

faca sites coverad by VH; molecules is given by f 22]

KPVH3
8= [+:<?\/H3 : A-1¢
wnera X is the equilibrium constant for reaction A-16. From reaction

3 decomggsition is

A-17, the rata of YH
klxvaj

T TR, K P, ((ad)] A-29

A Hz
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wners [(VH(ad)] is the concantration of adsorbed VH molecules. Assum-
ing that {VH(ad)] is at steady stats equation A-20 becomes

. k.l KPVHs k.‘ kZKPVH3PH2

= - F— A-21
\-‘-KFVHE (I+K?VH3) U<3+k2PH2)

The results of ather investigators have demonstrated that first order
kinetics ars oftan otsarved for NH3, PH3 and AsH3 decompositicn under
the conditions of constant Hz pressure [ 2-17]. Basad on the rezction
rate expression in equation A-21, apparent Tirst order behavior can be
obsarved only i7 KPVH2<<1. Thus,

K2 oyl

r o= kKPyus(= Py = 1) A-22
1 3% 2

3

Combining eguation A-22 with esuation A-9 producas the follewing ex-

prassion for the total loss rats of VH. from the rezciion tube

3
dPyu k AKX -
B3 v owr 2 Loy =1 ee (RT\1/2 _
re: PVHBESI'((_k:s PHZ = 1) - - (ﬁ—) ] F-23

The pressures of HZ in the systam was controlled by the bleed im-
posad on the rezctor by the gas samoling systam. Therefore, applying
equation A-14

Py = p§2 e CHot A-24

wihers aq, raprasants the censtants in equation A-14 evaluated far Hy at
the systam tamperaturz and Pﬁz is the initial pressures of H2 in the
r2actor. Strictly speiking, equatian A-24 should contain a taerm for the
praduction of H2 resulting from the deccmposition of VHy. This term was
negiactad sinc2 most of the hvdrcgen in the systam was present as a re-
sult of the initial gas charge (>90% HZ) and the gas sampling systam

ramoved H, much faster than it was producad by the deccmpositicn ra2action.
2 b
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Substituting equation A-24 into A-23 and intagrating gives the resuit
k’n GHt

ﬁ .k K 14K nze
In = (KK + Cyp.)t ot ] K3 2 A-
(3 hz) (kK = Simgle sgg Tl ]_%932 ] 25

Equation A-25 employs four reaction constants (X, Ky, kys k3),
however, anly two parametzrs ( KX ¢ and ky/k4 ) are separable for fitting
the rats dztz to the model. For all t > 0, the argumeat of the iogo-
}ithm in the second term of equation A-251is always less than unity.
Thersfore, this term czusas the rate of change of 1n(P°/P) to be less
than that due to the first tzrm alone. At loug times, the second tarm
in equatian A 25 becomes approximatzly coanstant and a linear relation-
ship between 1n{P°/P)} and t is abtained.

The aoosarved rats data ars plotied in Figures A-5, A-6 and A-7
for NH3, PH and As“3, respectively. These dat: were fit to equation
A-25 using a maximum 1ikelihood generalized lezst squares algorithm.
The solid lines represent equation A-25 with the parametars listad in
Table A-2. For an irreversible first order reaction, a plot of 1n(P°/7)
against time would yield a straignt line. This type of relationship
was obsarved for AsH3 and PH ' at high temperaturss, but not for NH3
over the tsmperature range studied. All three systaems studied yielded
straignt line relationships at long times due to the hydrccen partial
pressura becoming small as a result of the gas sampling systam. Gener-
ally, as the forward reiction ratas incraasad (i.e. 'kIK increasad), tha
amount of curvature in the plotﬁ decreasaed due to the dominances of the
first term in equation A-25. [t is c¢l23r from figures A-6 and A-7
that far tamperaturas in excess oi 850 5 for PH3 and 780 X for Ast,
these deccmposition reactions may be accurately representad by an ir-

raversiole firss grder rezction. Sinca the socurc2 zones of the GaAds
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Reaction Rats Curve Fitting Results

(X) \k]K(s'l) ;% X 108(Pa'I s']) Gas
750 0.00284 3.37 NH,
843 0.00336 3.85 Nty
898 0.00406 3.31 NH,
949 0.00602 4.88 NH,
9g2 0.0115 10.8 . NH
1022 0.0292 27.8 NH
1048 0.0843 82.5 NH
712 0.00167 1.60 P
815 0.00383 3.35 PH
84s 0.00933 2.54 P
8s5 0.0108 ———- PH,
909 0.0438 -—- PH.,
72 0.00157 1.41 AsH,
725 0.00314 2.67 AsH,
748 0.00525 3.85 AsH,
762 0.00812 4.41 Asty
779 0.6Ce81 ——- AsH,
796 0.0147 . ———- AsH,
816 0.0283 ———- AsH
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and InP hydride CYD systams are always operatad above 873 K, a model
using first aorder reaciion kinetics is acceptable in these systems.

Analysis of Uncartzinties in the Rate Data

The naext itsm wnich must be accountz2d for during znalysis of the
ratz data is the fact that the sample drzwn from the reaction tube may
nat accurztaly reprasent the average concantration in the tute. Sinca
these decomposition reactions arz believed to be hetzrogeneous in na-
ture, a sample obtained from the vicinity of the reactor wall may be
expectad to show a greater degres o7 conversion than one in the center
of the rezctor. Additicnzlly, iT a mass trans¥ar barrier is present,
the reaction may appear to be first order dus to the rate of diffusion
being propo;tional to the ccncentration gradient. This lattar concsrn
is investigated by considering the radial profile in an infinitaly long
cylinder with rsaction at the tube wall. 7he analogous hest transfer
prodblem has been solved by Carsfaw and Jaeger {20 1. The rasult, trans-

Tormed to apply to a mass transport procasss is

2,
= Jo(anr) e 033t
c = 2AC A-Z6
(r,t) 0 < 2 2 ' ¢
n=1 (bn + A_) J1(anR)
whera
A = erxn/D\
bn = Ran
and the eigenvalues, a,, are the roats to the eguation
bdy(b) - AJ (6) = @ ' A-27

O0iffusion cgefficients for NH3, PH3 and AsH3 in HZ' Di’ may be
cilculatad using the Chagman-£nskog relaticn [ 23] and viscosity in-

formation [ 24]. Tne diffusion ccefficients for these gases at 700 X
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. . ? . .
werz detarmined to be 9.5, 6.7 and 3.9 cn/s, respectively. Thnese
- - o - P - - - - _3/2
values may be corrected for other temperaturss by assuming a 1 de-
pendencz [ 23].

. In order to transtorm the reaction rats coefiicients odotzined in

this st<ud

<
cr

0 heterogenecus ratz coefficients, they must be divided
by the resaction tube surfecs to volume ratio

= k. X/7

wm

ern 1 A-28

1
Using the first 10 terms of equation A-26, the radial compositian

protiles Taor NH

'3 PH3 and AsH3 were calculated for experimentzl con-

-

ditions 1isted in Tabie A-2. Sinca the rszction rata coeff{icient

m

n-
crazsed much festar than did the diffusion coefiicients, the grsziast
amount of curvatura in the radial compasition profiles was found to
occur at the highest tamperatures studied. Further, the curvature in
the compositions was greatast at times close to zero due to the ccm-
pasition demendencs of the reaction rate. Figure A-8 shows the cal-
culatad radizl composition profiles for A5H3, PH3 and NH3 at the
highest tamperaturs investigatad for each of the speciss, for a tiue
Ss into aich axperiment. As is shaown, the raiactign tube cantarline
compositian was apgroximataly 1% larger than the composition at the
wall. This smell disparity betwean the centarline and wall composiciov.:.
indicatas thet mass transport was not a limiting factor in thesa ex-
periments. Further, the composition profiles shown in Figure A-8
reoresent the graatast deviatioas from uniform radial ccmpositions fou
all of the experimental conditions encountered.

The diffarence in compasition between a samples drawn frcm the end
of the rzacticn tube and the average ccmposition in the raaction tube

is {avestigatad by detarmining the axial ccmoosition profile in the
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tube. Tnis model assumes that only diffusion exisis in the tube
(i.e. fiow due to the sample orifice is neglectesd), the radial com-
position protfile is fiat, the reactor is isothermal and rsaction
occurs only &t the walls (and ends) of the tube. The anzlcgous hezt
transTer problem has been solved by Carslaw and Jaeger [2g9 ] and the

result is presantad hera with the aporopriats mass transport proper-

ties
2
© . -(0a + v)t
Clz,t) = ¢ —Zcoslez) & A-29
n=1 [(h® + an)l +n] cos(Tcn)
wnerz: h = rxn/D
v = Zern/R
1 = 1/2 rzactor length
~ Tne eigenvalues ragresanted by a, are the roots of the implicit
equatiagn
a, tan(lan) = h | A-30
Fiqura A-9 shows the axial composition profiles for AsH3, PH3

and NH3 at 816 K in the rezction tube as calculatad from equation A-7
using the first 10 eigenvaiues. The average composition in the tube
corrasponds to 99% conversion of the VH3 initially present in the tuba.

Tne time required to raach this level of decomposition was detzrmined

to be 180 s for AsH,, 1127 s for PH, 5

gradient in AsH3 compasition is due to the high rate of rsaction at

and 2.08x107 s for NH,. The laigc
-

this temperature and the small diffusion cgefficient for VH3 ralative

to PH, and NHS‘ The calculatead PH3 and NH3 axial composition profiles

3
t 909 X and 1048 K were much more exaggeratad than those shown in

(Y]

Figure A-7 , but were less dramatic thin that of AsH; at 816 K.
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Oue to the shape of the axial composition profTile at high re-
action rates, the eftective {irst order ratz constants (k}K) shown
in Table A-2 are greater than thaoss averaged over the reaction tube
length. 7The largest discregsancies were ¢.3% for AsH3 at 816 K, 2.3%
for PH3 at ¢0¢ K and 2.8% for NH3 at 1048 K. Thne k1K values correctad for
axial composition proTiles ars presented in Table A-3.

Tne uncartzinties associeted with the k]K vaiues listad in Table

A-3 zre due to the uncartainty zssociatad with measuring the partial

-

prassurs of the gas with the mass spectirometsr, the presencs of the

inlet tube which is not at the rezction tube tamperature and, in the
cise o7 ASHB, the underprediction for the value of Ae by equation
A-15 | very little background signal was present in the m/e ranges
usaed for the investigation of AsH. and PH3 decomposition. Thus, by
making repetative scins of the fracment jon patterns of thesa Vi,
molecuies at low tamperature, it was detarmined that their praseace
could be dstactzad to within an uncesrtzincy 0% 63 Pa in the razactiov
chember. Sincz the initial pressure of thesa gasas was typically
8200 Pa and the {inal prassurs atter decomposifion was approximateiv
130 Pa. The uncertainty varied from a minimum 0.7% to 50% for eaci
datum. At low temperatursz, whers the reaction ratas were slowest,
most of the data taken was at raiatively hig'n'VH3 partial prassures
and, therefore, the uncertainty of these data ars the smallest. il
temperature and fast reaction ratas require that many data points +f
small VH3 partial prassure be taken. Tnis causes the observed in-
crzase in unczrtainty as the reaction rat2 increases.
The measurement of NH3 partial p}essure was less preacise than

that of PH; and AsHy due to the background creatad by the desarpticn
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Table A-3

T(K) k]K(s'I) Uncartainty (%) Gas
750 0.00284 12 Nt
848  0.00336 13 NH,
898  0.00405 15 NH,
¢4 0.0080 16 NH
92 0.011¢ 15 N,

1023 0.288 18 NH

1043 0.0827 25 NH,
712 0.00187 4 PH,
815 0.00336 s Pl
846  0.00929 7 PH,
855  0.0107 8 PH,
509 0.0424 14 Pl
712 0.00155 6 Ast,
726 0.00311 4 AsH,
768 0.0051¢ 5 Astiy
762 0.0078 5 Astiy
779 0.0C262 6 AsH,
796 0.0144 g Asty
316  0.0276 12 Ast
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ot HZO frem the, walls of the second stage of the vacuum systam.
Fluctuation in the background signal causad the uncertainty in the
mezsurement of NH3 partial pressure to be 130 Pa. This uncartainty
is exacarbzted by the smaller conczntration of NH3 in the gas cylin-
der (£.3%) compared to that of PH3 and Ash, (10%). The meximum

measured partial pressure of NH3 in the reaction tube wes 5330 Pa

wnich yields an uncertzinty of 2.4%. The measurement o7 130 Pa of

NH3 czrries with it an uncertzinty of 100%. Thereiore, the uncartainties
associatzd with detarmining the NH3 compositions are much higher than
those for PH, and AsH,.
3 3
The tube provided for inlet of the gases to the reaction chamber
contained & volume of gas wnich was 0.4% of the volume of the rziction

4

champer. Tne sur{faca arez of the tube was approximately 5% of that in
o

the rezciion chamber. An uncarizinty of 2% was issigned to each rate

constant as a result of the przsence of this tube.

The Tailure of aquation A-15 to accurately predict Ae.for high
maiecular weignt gasas czusas additional umcartainty in the k]K vatues

for AsHB. dasad on the results for COZ'shown in Figqurs A-4 , it

~appears that the predicted Ae value for AsH3 should be at most 10%

Tow. The loss of gas due to the sampling orifica reoresants 1/2 of
the first term in equation A-20 for AsHy decomposition at 712 X and
even less at the higher tamperatures. An uncertainty of 3% was
added to the uncartainty at 712 K and 1% was added to the uncartain-
ties at 729 K, 748 K, 762 K, and 779 K.

Qetarmination of Activation Eneraies

-

The temperature denendence of the constant k]K is detarmined by

assuming an Arrhenius tyoce dependencz for k]

k = k.)e'ga/RT A-31




55

and ralating the equilibrium ccnstant K to the enthalpy and entropy

of adsorption througn the Gibbs energy

Thus, the tamgeraturs decendenca becomes
kK = (k e2Sad/ P) -(5q4 + &Hag)/RT A-33

‘where E is the activation energy of the forward reaction »17 . The
b4

datz in Table A-3 wera it to equation A-33 and the result is shcwn

n Figura A-10 and Table A-4, Que to the strong iniluence the pre-

-—d

senca ot H2 had on the decomposition rezctions for NH3 and PH3, the
low tamnerature rate constanis were in pcor agreement with equation
A-32. Therafore, only the four nighest tsmperaturs rezction rats con-
stznts wers included in the it {or these gases.

The apparent activation energies found by other investigaters far
the decamposition o7 NF3, FH and AsH3 on quartz are summarized in
Table A-5. Tne apparant activation energy Tound fer AsH3 in these
experimeﬁts isAin razsonable agraement with that of Frolov et al. (171
wno used an dpen syétsm and infrared spectrophotometar. Tne apparant
activaticn energy found vor Pn- is approximataly 10 kcal/moie lower
than that found by other investigators. The results of van't Hoif and
Koej [ 9] and Hinshelwood and Topley [11] were basad on manometric
methcds and, therafors, ars expectad to over estimate the activation
energy. This is due to reactions in the decomposition saquencs which
may not have achieved equilibrium. The method employed by Devyatykh
et al. [12] was not prasentad.

The apparzat activaticn energy found for the deccmposition of
NH3 was significantly grzater than th;t found by previous investi-

gaters (4, 5, 7]. All af these investigators emoloyed manometric
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Table A-4

Pra-axponential Factaors and Apoarsnt Activation Enercies

— v ——

Gas koeésad/R(s’l) €a + AHad(kcal/moIe) Uncertainty (%)
NH, 2.52x10"" 60.2 19
PH, 2.42x10° 36.5 9
Asty 1.62x10° 29°.2 7
Tablie A-5

Apparent Activation Energies for VH, Decomoosition gn

Gas Ea + AHad(kca1/mole) Refarence
ASH3 32.6 17
PH3 | 45 .4 S
PH3 45 = 4 11
PH3 44 .2 12
NH3' 43 =+ § 4
NH3 38.2 5
NH3 33.7 £ 2 7
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methods for their experiments, but, sincz N2 and Hz are the only ex-
pected products of the decomposition rezction, it is doubtiul that
their values ares systematically high. Only 4 data points were usad
to detsrmine the apparent activation ensrgy for NH3 decomposition in
this study and the highest point had a very large uncertainty (25%).
Thus, the uhcertainty &ssociated with the NH3 results may be larger
than was estimated.

Assuming that the rate constants k2 and k3 have Arrnenius type
temperature desendencies, it is expectad that a plot of Tn(kz/k3)
versus time would yield a straight line. Further, the slopz o7 this
Tine shoufd be the di{fTerzncz betweén the activation energies for

-

the two rezctions. Tnis plot {s shown in Figurz A-11. The A5H3

results and the high tamperature NH3 results show reasonable zgrese-

meat with the suggestzd modei. The PH3 rasults and low tsmperature

NH3 results ars anomolous. Rasad on Figurs A-11, the activation
energy ditierancas were $3.6, 8.0 and 22 kc2l/mole for NH3, PH3 anel
AsH., raspectively.

Imoiication of the Measuraments on Other Reactions in the Deccm-.

position Chain

The relative pezk intansities for the mass spectrometer frag-
ment ion pattarn of NH3, PH3 and AsH3 are shown in Table A-6. The
PH3 and AsH3 patterns found in this siudy agree reasonably well wiin
thosa in the reference [ 25]. The poor agreement for the NH4 result:
is due to the pressenca of the HZO background which dominates the sig-
nal at m/e = 17 due to the QW' fragment ion. Generally, scme dis-
crepancies ara expectad in the relative pesk intensities reported by
differant instituticns due to the differancas in operating parametars

and geametrics of each mass specircmetar.
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Table A-6

ive Peak Intensities for NH.,, PH., AsH3

Ion m/e This Study Refarencs [25 ]
N 14 0. 2.2
NH T 15 18. 7.5
NHy 16 43, 80.
NH; 17 100. 100.
o 31 32. 27.
pH” 32 100. 100.
Y, 33 25. 25.
pﬂg 34 73. 77.
As”. 75 54, 39.
Asq’ 75 100. 100.
Asty 77 23. 29.
Ang 78 62. 92.
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The mass spectrometer signals for PH3, P, P2 and P4 are snown in
a

Ficure A-12 for the decocmposition of PH3

t 855 K. Since the fragment
jon pattern of PH3 was known, the signal for P+'was corrected for the
presancz o7 953. Unfortunztaly, the {ragment jon patterns for P4 and
P2 were not known and therefore, itAwas not possible to correct the P~
and PZ signals Tor the preéence ov P4 and the P~ signals for the pra-
snece of PZ. [7 these pattarns wers known, it would be possibie to
detarmine the rates of Tormation of P, PZ and P4 from the decomposi-
tion of PH3. Only a very small signal corresponding to Pg was ob-
sarved.

Figure A-13denicts the decomposition of AsH3 at 779 K and shcws
the mess spectrometsr signals for Ang, As+, Asz and ASZ. The signals
in the As s}stem are smaller than those in the P systam due to the de-
creasad electron-multiiplier gain at large m/e values. Tnis is clearly
demenstratad for Asz (m/e = 300) whera the maximum signal observed
(2mV) was barely racognizable over the naisa at the baseline. As in
the P system, the As+ signal was carrectad for the presancz o ASHB’
but thes inTluenca of Asz was not accountad for sinca its {ragment ion
pattern was unkhown. No signal correspanding to Asg was observed.

In both the As and P systems, the V+. V; and VZ signals reach
maxima at the same time. This may be due to the v* and VE signals
being fragments of V4 sinc; V4 is thermedynamically favored af the
temperatures and pressures employed in the reaction tube. I[7 theso
maxima did not occur in caincidencs, one would be compelled to con-
clude that additional rate influential rezctions may exist in the
and Y

formaticn of V¥ from the deccmposition of VH;. Since this is

2 4
nat the case, it aopears reasonable to assume that the decomposition of
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VH3(ad) into VH(ad) is the ratz limiting s%zp in the reaction se-
quencs and that V, VZ and V4 may be assumed to be at equilibrium.

Comparison Between Eauilibrium and Xinetic Models

for VH. Decomeoasition

The apolicadility of an equilibrium mocel to describe the de-

composition ov VH3 in a hydrida systam reictor can best be investi-
g

gatad by modelling the group V sourcs zane. Assuming an isothermal

reactor, cylinder gecmetry, plug flow and reaction only at the re-

actor wall, the staady state axial and radial VH3 composition pro-

files arz found by solving [ 23]

.2
¢, dC _ 0 d dc -
YR T Fw e A-34

where C 1s the concentration of VHB’ v is the velocity of the plug and
0 is the diTiusion coefiicient for VH3 in HZ.' Assuming that C may be
sanaratzad into r and z csmponents (C = Crcz) the partial differential

n §-3% may be written as two ordinary ditferantial equations

equaiio

5 .

d~C dC
Z v Z av -

dzz M i r i v S A-35
2 2

2d°C.. . dC. avr - az

r drz For=gE o4 5 Cr 0 A-35

subject ta the baundary conditions:

C = Cin at z=0, 0 < r <R A-37

CZ is finite as 2 - = A-38
Ode- - - - ’

dr erncr at r=R ' A-39
dCr . _

—ar 0 at r=Q . A-40

——
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The axial composition protTile, reprasentzd by equation 6-36, has the
salution

PSR I A-41
Co= e =02 ) 40 |,
poa vl 2+ KRR A-42

wners .
+ 2D

Aoplying egquation A-38 regquires C] = 0 therefore,

- r.z A-43
Cz Cze
wnere the constant C2 is evaluatad in conjunction with the radia
sotution.
Equation A-36 is 8essal's equation which has the solution
= - A ' -
C, AlJo(ar) AZYO(ar) A-44

whnere JO and Y0 area the B8essal {unctions of the first and second kind,
respectively. Sinca Y0 beccomes inTinite at r=0, the bcundzry condition
reoresented by equation A-40 reauirss that AZ vanisn. Thus,

Cr = A]JO(ar) A-45

where the eiganvalue, a, is detzrmined from the solution of equation
8-40

dJO(ar) ak

= _ xn -
'—dr—— i) Jo(aR) A-46

r=R

Equation A-46 is rewrittan as

ak
rxn

O(aR) =0 i A-47

which has an inTinite number of roots. Thus, the solution to equaticn
A-34 is

C(r,z) =

Ad (air) e”"-2 A-48
i

010

we~ 8

whnerz the constant C2 has been included into Ai‘ The constants Ai are
evaluatzd by applying the principal of orthcgonality which yields the

rasult
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R
i jordo(air) dr

A. =C. A-49
]
! mfordg(air) dr

which was evaluatad by numericzl integration. Using five terms of

\QQ

the series in equation A-48 allowed the solution to converge to with-

three

w

ignivicant figures Tor 2ll o7 the casas studied.

cr

in at lezs
Figures A-14 and A-15 show the r2sideacz time requirsd to achieve
99% decomposition of AsH3 and PH3 for varicus rszctor diametars. This
degrze o7V decomposition was chosan beczuse the equilibrium ccmpositions
of V2 and V4 remain essentially unai¥zctad by any further decomposition
o7 VH3L Thus, i a hydride CVD system is designed wnich yields a VH,
decomposition of at least 95%,,an analysis of the gas phase basad on

the assumpiion of equilihrium will provide accurzts resulis for the V2

'and.V4 compositions. As is shown, higher temperatures ragquire shorter

tube lengths in order to rzzch this level of conversion. Also, AsH3
decompasss much faster than PH3 far a given tamperature and tube dia-
meter. Tne increzse in residence time with tube diameter is due to
fact that the volume of gas per unit length of tube increases fastar
than the surfaca arez as the tube diameter increases (i.e. for a cylin
der the surtface to volume ratio goes as 1/radius). Thus, the reactin:
rate per volume decreisas and therefore longer times ara requirad to
reach the same degree of decomposition.

The imgartance of including axial diffusion in the model is alsu
demonstratad by Figures A-14 éhd A-15. Tne seccnd derivative with
raspaect to axial position in equation A-34was set to zero and the
rasidencz times were calculatad at 87{ K as functions of tube diametar.
As shown, the model neglecting axial diffusion grossly underpredicts

the residencz time ( and ther=fore the reactor langth) necassary %o
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achisve the desired degrse of deccmpositicn. Tnese results were cal-
culatad at a velocity of 1 em/s which corresponds to 0.1 < Pe < 2
(Pe = 2Rv/D). At thesa Peclet numbers axial diffusion is extrasmely

importznt. For systzms employing higner velocities, and therstore

‘o

lerger Peclet numoers (e.¢. Pe > 10), the importzncz of inciuding axial
difiusion is diminished [26 ].

Hsien [27 1 has studied the Graetz problem for heat transfer [23 ]
(wnich includes & parabolic velocity profile) and compared the results
to a model using plug {lew. He found that the plug Tlow model gave re-
sults which were consarvative (i.e. predictsd longer reactor iengths
to achieve the same gverage radial temperaturs) when comparad to the
soluticn to ths Grasztz problem. Baszd an theée results, it is believed
that Figures A-l14and A-15are alsoc consarvative in nature. Typi'ai
hydrides svstzm CVD razctors employ & tube Tor the group V sourcs zone
wnich is approximately 2 cm in diameizr and usa a gas velacity of 1

ca/s. Basad on Figurs A-l4and A-15 tube lengths of 10 cm and 30 cm

(1]

ra required to rezch 9¢% VH3 decomposition at 973 K for AsH3 and PH3,

raspectively. At 873 K, thesa tube langtns must be increzsed by
approximataly a factor of three. Many hydride system reactors are be-
tween 50 cm and 100 ca long. Therafore, it is expected that an equi-
liorium analysis for a Systém using AsH3 will yield acceptadie resulls
if the sourcs and mixing zone tamperatures are above 873 K. Source aund
mixing zone tamperatures greater than 373 K are necsssary in order for
an acuilibrium analysis to apply to a systam using PH3.

The AsH3 radial ccmposition prafiles, ¢S% decomposad, arz shown
for tamperatures of 873 K, 972 X and 1073 K in Figure A-161in a 10 cm

c¢iametar reactor. Tne large diametar reacicr was usad in this
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caiculetion in order that some curvature in the radial composition
profile might be observed. The more pronouncad curvature at hign
temperatures -is due ta the reaction rate increasing fastsr then the
ditfusion coefficient with incrsasing temperature. Thus, at hign
tamperatures in large diameter tubes, mass transport limitations are

expected to become incrazsingly important.
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APPENDIX 8
GAS SAMPLING SYSTEM AND MASS SPECTROMETER

A schematic representation of the mass spectrometer and gas sampl-
ing system coupled to the reaction tube used for the decomposition ex-
periments is snown in Figure 8-1. The overall system consisted of a
three stage difTerentially pumped vacuum system which allowed & quadra-

5 torr)

pole mass spectrometer (which must be operated at pressurs <10°
to be used for the measurement of the gas phase composition in the
reaction tube (normally operated at 700-1000 torr). The objective of
the design was to provide a facility which would draw continuous gas
samples from the reactién tube in the form of a2 molecular beazm. The
formation of a molecular beam precludes the opportunity for intermclecu-
lar collisions or wall interactions while the molecules travel from the
sémp]ing orifice to the mass spectrometer ionizer.. This condition
causas the composition of the beam to be "frozen in" at the compositin~
present just atter the sampling orifice and, therefore, can be relateu
to the composition within the reactor. Oue to conductance limitatic::
in the tube leading to the skimmer orifics, the pressure was too nig:
this tube to achieve the long mean free paths required for the formai -
of a molecular beam. This Appendix, therefare, discusses thé desion
philosopny and operating parameters of the systam and suggests desian
modifications which will result in a functional modulated molecular
beam facility. It should be noted that even though a molecular bear
wWas not present for the decomposition experiments in this work, the
large sigrnal intensities for AsH3 and PH3, combined with the extremely
small background signals at these mass to charge ratios, allowed very

dcCurate detarminations of the vapor phasa AsH3 and PH3 compositions to
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be made. This was not the case for the NH3 decomposition experiments,
since a large background due to the fragment ions of HZO and NZ’ which
were desorbing of7f the vacuum system walls, were present. A medulatad
molecular bezm facility would be expected to greatly improve the results
of the NH3 experiments.

The application of a modulated molecular beam mass spectrometer for
the measurement o7 gas phase compositions in reactors operating at high
pressure (>1torr) has received considerable interest and two of the most
complieta publications regarding thesa systems have been presented by
Oun et al. [29 ] and Foxon et al. [30 ]. Basically, the technique em-
plaoys a very small sampling orifice (~0.1 mm diametar) across which
gases are expandad from the high pressure reactor into the first stage
of a vacuum system operating at a prassure of approximately 10'3 torr.
The pressure ratig across this orifice is ve%y high which results in a
supersonic jet of gas in the first vacuum system stage with the orifice
being at critical flow. A second orifice, known as the skimmer orifing,
is then aligned with this gas jet not more than 0.5 mm downstream of tho
sampling orifice. The skimmer orifice, which is frequently conically
shaped. and has a diameter approximatsly equal to that of the sampling
orifice, allows a fractipn of the gas jet to pass into the second stage.
This skimming effect causes the angular velocity distribution of the
molecules to be highly peaked in the direction of the mass sgectrome:
and tnerefore, the probability that these molecules will collide with
the vacuum systam walls and participate in hetzrogeneous reactions is
small. Furthermore, the pressur2 in the second vacuum stags is usually
on the order of 10’7 torr. The long molecular mean free paths (500 M
for NZ) at this pressure preclude the chance for homogeneous gas phase

reactions to occur.
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During passage through the second vacuum stage, the molecular beam
is modulatad by a motor driven chopper blade. The chopped beam then
passas through a collimating orifice (nominally 2 mm in diameter) and
finally into the uitrahigh vacuum system (operating at a pressure on
the order of 10'8 torr) where it encounters the jonizer of the quadra-
pole mass spectremster,

The signal from the mass spectrometer is sent to a lock-in ampli-
fier which is locked to the frequency of the chopper. The output of
the Tock-in amplifier therefore represents a frequency and phase corre-

lated signal which, in principal, contains information only about

“species present in the molecular beam. In practice, however, molecular

specias desorbing from the vacuum systam walls which arrive in coinci-

dence with the modulatad molecular beam are also detected. The objec-

tive of usihg & phase and frequency lock detaction technique is to
markedly increase the signal to noise ratio (or signal to background
ratio) aver that which is passible by an unmodulated measurement. This
g}eatiy enhancas the ability of the instrument to make quantitative
measurements down to very low levels of concentration (1 ppm or béldw).
The mass spectrometer and gas sampling system shownnin Figure B-1
was mated to the 60 mm quartz reactor by .fusing a 38 mm quartz tube
to the end of the reaction tube. The 38 mm tube was then connectad to
the vacuum system using a compression type viton o-ring fitting.
The skimmer orifice was fabricated from 10 mm quartz tubing. Qne
end was drawn to a point and then scribed and broken. The desired dia-
metar ¢f the skimmer orifice was obtained by sanding the drawn end of

the skimmer tube back until a channel was clearly visible and a thin

stream of alcchol was able to pass through it. A micrometer and lens
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was usad to estimats the orificse diamecer at 0.1 mm, but no method
of accurately determining the diameter was available. The skimmer

orifice was mated to the vacuum system using a compression type viton

-

o-ring fitting. Adjustment of the distance between the skimmer orifics

-t

and the sampling oritTice was accomplished by varying the amount o
skimmer tube which was inserted into the o-ring fitting. Alignment of
the skimmer and sampling orifices was made possible by two micrometers
mounted through the walls of the first vacuum stage resting at right
angles to each other on the skimmer tube mount. The reaction tube was
filled with helium and the paosition oF the skimmer orifices was rastared
until & maximum in the mass spectrometsr signal for H§+ (m/e = 4) was
observed. | |

A chopper motor cooled by a water jacket was mouﬁted inside the
second vacuum stage. The motor (Glcbe mecdel FC-75A1003-2) was designed
to operate from 120 VAC at 400 HZ. An audio oscillator driving a power
ampiiTier was usad to vary the speed of the motor. The chopper hlace
was fabricated from 29 mm diameter brass by drilling a 7 mm hole in the
base for the motor shaft and cutting a slot 19 mm wide thrdugh the bras:
This formed & chopper blade with a 50% duty cycle. Set-screws ware used
to hold the chooper biade aonto the motor shar..

Tne UHV system was isolated from the first two vacuum systam stiges
by a 2 mm collimating orifice and a gate valve. The background pressurc

A

in tne UKY system when isolated from the second vacuum stage was 7x10° ~

terr
The quadrapoie mass spectrometar nead was an EA] QUAD Z295C8 using a
cross beam electron ionizer and dvnode style electron multiplier. This

mass sgecirometar has a sensitivity of 100 A/ton for N2 and . rasolutian
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of M/AM>2M up to m/e = 500. The .electronics used to drive the mass

spectrometsr head were those of a modified Finnigan 3000.

The operating parameters for the mass spectrometer are shown in

Table B-1. These parameters are in accord with those suggested in the

" Finnigan operater's manual excspt that the ion energy was increased to

7.1 V. This value of ion energy was chosen based on a maximum in peak

height which was observed for 211 m/e values. The peak height was also

found to be very sensitive to the emission current and electron multi-
plier voltage.
The first vacuum stage in the system was pumped by & 60 1/s roots

blower backed by & 12 1/s rotary vane pump. The prassure in this stzge

was monitored using a thermal conductivity guage.

The second vacuum stage was pumped by a 280 1/5 ditfusion pump
backed by a 6 1/s rotary vane pump. A ligquid nitrogen crycgenic trap
was placsd between the diffusion pump and the vacuum system in order @
prevent the diffusion pump 0il from backstreaming into the vacuum svs-
tem. Pressurza in the second vacuum stage was monitored using a tubu-
lated ion guage connectad to a Granville Phillips series 260 controcilc
A thermal conductivity guage was used to monitor the foreline pressur:
of the diffusion pump.

The UHV system was pumped by a 460 1/s triode {on pump. A triocde
style pump was chosen due to its increased ability to pump inert gases
when compared to dicde pumps. Pressure in the UHV system was monitoren
using a nudé ion quage connected to a Granville Phillips series 271 con-
troller. A thermal conductivity guage was located in the roughing line

for monitoring the pressure during rcough pumping.
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Table B-1

Mass Spectrometer Qoerating Parametars

Ion Energy:

Electron Energy:

Lens Voltage:

Extractor Voltage:

Collectaor Voltage:

Electron Multiplier High Voltage:
Emission Current:

Preamplivier Sensitivity:

Filter:

7.1 eV
70.0 eV
10.3 Vv
4.3V
28.0V
-2.086 kv
1.05 mA

-7

107 A/Y

300 AMU/s




Pressure tapers in each of the vacuum stages are shown in

Fiqure B-2 for & rezction tube pressurized to 760 torrwith N, at 300

2
K. These pressure tapers were determined by noting the pressures in-
diczted by the ion guages and first stage thermal conductivity guage
and then btack calculating the tapers using standard conductivity cal-

culations [ 31 1.

Th

4]

Tirst stage is seen to operate at a pressure of 0.05 torrin
the region near the sample orifice énd 0.03 torrat the flange leading
to the roots blower. The second stage pressure at the outlet of the
skimmer orifice is 1.4x10'3 torrtalling to 2><’IO'6 tarrat the end of
the skimmer tube. The high pressure region following the skimmer
oritics is due to the large pressurs just upstream of this orifica

and the poor conductance offered by the 10 mm skimmer tube. It is
this initial high pressure region which makes the formation of a mole-
cular beam impossible in the present system. From the kinetic theory

07 gases, an expression fTor the mean free path of nitrogen at 300 K

is [ 31]
A = 5x107°/p 8-1
wnere: X = mean frae path (M)
P = pressure (torr)

Thus, at 0.CQ1 torr the mean free path is on the order of S cm which
suggests that many intermolecular collisions will occur in the upstrean
section of the skimmer tube. These collisions will cause the molecules
to be scattarad and the molecular beam wiil be lost.

Table 8-2 summarizes the pumping speeds and conductancas for each
stage in the vacuum system. A severe conductance limitation is caused

by the use of a 1 M length of 50 mm tubing to connect the roots blower




v v————v—v—v—ir *.-.»AYA

T

——

Pressure (torr)

80
=1
10
i s"' ‘ l
] (5 do - -3
$\\\\\ stéae (pumo at dxig torr)

sample

oritice
,‘0-2 | cutiet —

10

\é______skimmer oritica outlet

tOr‘r)

-3

a 1 |

0 10 20 30

Oistance Downstream from Orifice (cm)

Figure 8-2
Current Vacuum Stage Prassure Tapers




81

to the first stage o7 the vacuum system. Shortening this pieca of
tubing and increasing its diameter would greatly increase the pumping
capacity o7 the first stage and consequently lower the pressure up-
stream of the skimmer orifice.

A drastic ccnductance limitaticn is also present in the second
vacuum stage due to the small diameter of the skimmer tube. Increzsing
the diameter of thes skimmer tube would greatly reduce the pressure near
the skimmer orifice. This in turn would increase the molecular mean
fres path end allow the formation of a molecular beam.

The following improvements are suggested for upgrading the first
two vacuum stages in orcder to attain the proper operating conditions
for & molecular bezm:

1) Raise the mount for the roots blower such that a line

less than 0.5 M long can be used to connect it to the
first vacuum stage.
2) Increase the_diameter of the line between the roots blower
and the first vacuum stage from 50 mm to 100 mm.

3) Increase the diameter of the entire first vacuum stage
to 100 mm..

4) TIncrease the diameter of the skimmer tube from 10 mm
to 38 mm.

A summary of the predictad pumping speeds and ccnductances in the
vacuum system incorporating the previously mentioned improvements is
prasentad in Table B8-3. Fiqgure 8-3 shows the predicted pressure tapers
for the upgraded system under the same conditions as Figure B-2. Much
lcwer prassures and a smaller pressure tape} are predictad to exist in

the skimmer tube zue to the lower prassure at the inlet to the skimmer
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Table B-2

Vacuum System Pumoing Speed and Conductancs Summary

Pumoing Soeeds

At pump Tlange
At vacuum stzge f{lange
At orifice outlet

Conductances

From pump flange to
vacuum system flange

From vacuum systsm fTlange
to orifice

Oritics

1st Stage 2nd Stage UHV Stage
60. 280. 400.
7.7 130. 310.
4.7 0.2 14.
8.9 240. 1400.
12. 0.2 15.
~0.0003 -0.005 ~0.4
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Table B8-3

Summary Tor the Imoroved Desian

Pumoing Soeeds

At pump flange

At vacuum system flang

L

At orifice outlet

Conductances

From pump flange to
vacuum system fiange

From vacuum system flange

to orifics

Orifice

1st Stage 2nd Staqge UHV Staqge
60. 280. 400.
33. 130. 310.
24, 17. 14.
74. 240. 14C0.
Q2. 20. 15.

~0.0003 ~0.0C5 ~0.4
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oritice and the increased conductivity in the skimmer tube. The mean
frees path of a 300 K NZ molecule exiting the skimmer orifice is expected
to be on the order of 10 M. Since the length of the skimmer orifice is
apprpximately 0.3 M, it is expectad that these conditions will be very
favgrable for the formation of a molecular bezm.

Foxon et al. [ 30] have developad & sophisticated mocdulated mole-
cular beam mass specirometer system and have used it to study the
effusion products o7 GaAs, GaP and InP. They found that a cryogenic
baitle locatzad directly behind the cross bezm jonizer of the mass
spectrometar greatly recucad the background signals which were present

due to species desorbing frcm this vacuum system wall, ne observation
of chemical species orcducsd as & rasult of wall ihteractions upstrezm
of the mass soectrcmeter was reduced by varying.the chopper mctor fre-
quency and applying Fourier transforms to the data analysis. A photo-
dicde was coupled to their chopper biade in order to provide a referance
signal for the lock-in amplifier since the chopper motor was unable to
remain syncrcnized with the rapidly changing oscillator frequency.
Practically, the use of Fourier transiorms during data analysis
suggests that computer controlled data acquisition and mass spectrometsz.
control should be instituted. Also, pulse counting instead of analog
signal mezsursments shculd be emplioy2d. These improvements would rasult

in the dats being immediately available to the computer for the appli-

cation of signal averaging and data reduction tachnigues.

n
—

nally, it is r2ccmmended that a quadrapols mass spectrcmetar

hezd

()

cntaining 31 Faraday cup and channel tyce electron multiplier be
used. Electron multipliers which emoloy a channel structure yield

higner elactircn gains and the outputs are more 2menable for pulse
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counting since all of the output puises are nearly of the same ampli-

tude [ 32]. The presanca of a Faraday cup allows the electron mul%i-

plier gain to be determined on a day to day basis.

portant piec2 of intorm&tion iT & library of fragment icn pattzrn

to be collected for quanti

EA

tactil

ve investigations.

This is a very im-
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Appendix C

Unintentional Si Incorporation in Chloride and Hydride
CVD ot GaAs and InP

The feasibility of apolying the chloride systam CYD tachnique to
the epitaxial growth of hign purity GaAs was first demonstrated by
Knignt et al.[33] and E7fer [34]. Initially, the commercially avail-
able AsC13 contained suviicient impurities to causa significant con-

tamination of the epiltaxial layers and therefore tha purity of the

-H
-1

eed matarizls was believed to be the controlling factor for this
systam [35]. As bet:zar qua1ity AsC’(3 beczme avai]ablé, Cairas and Fair-
man [36,37] and Dilorenzo et al. (38] found that an increases in the
AsC'n3 moie fraction in the inlet gas strezm resultad in a decrease in
unintenctional imgurity incorpaoraticn in the esitaxial layer.

For materials grown in their labaoratory, Oilorenzo and Mcore [39]
identified the primary unintantionél dopant as being silicon, through
the use o7 photoluminescenca spectra. Further, they proposed a thermo-
dynamic model for the generation of vapor phase chlorosilanes as a
rasult of the intaraction of HC1 with the quartz (Sioz) raactor wall
and prasantad an expression for the activity of solid silicon (i.e. as
an imerity) as a function of the partial pressures of the chloro-
silanes. Their mcdel showed that increasing the vacor HC1 concentra-
tion (2.q9. as a rasult of AsC13 decomposition) decreased the cordensed
phase silicon activity by further stabilizin~ tha silicon species in

the vapcr phase in the form of chlorosilanes. Additionaily, their
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mpdel predicted that the generatiscn oF vapor phase silicon species
could be supressed by the introducticon of HZO vaper into the system.

Rai-Choudhury [40] performed a thermodynamic analysis on the in-
carparation of silicon into GaAs epitaxial layers. His results reflacted
those of Dilorenza and Moore [39] when cansidering the effects af HZO
and HC1, but he aiso showed that higher temperatures increasad the
amount oT vapor phase silicon species.

The work of Ashen et al. [41] further supported the conclusion that
silicon was an imgurity in GaAs. A 8N lined reactor was used to grow
enpitaxial layers from liquid Ga sources which were doped with Si. Com-
paring the electriczl characteristics of these enitaxial layers to layers
grown from pur2 Ga scurces provided qualitative evidencz feor the prasence
of Si in GaAs. The efiect of'AsCJ3 concentration on the amount of Si in-
corporatad into the egitaxial layer was also verified by their experiments.
Additionally, these studies provided evidence which indicatad tha; St was
much mere likely to reside on a Ga site than an As site and thersfare,
behaves as a donor. This conclusion was also supported by Beiden et al.
Cq2l.

Wolfe, Stiliman and Korn [43] have identified, through intentio~al
doging and determination of ionization energies, three ynintantional
imourities, Si, C and one unknown (pcssibly Te), in GaAs grown by the
chloride CY0 system. Also, due to the results of Solomon [44] whici
Showed that oxygen may be a shallow donor in GaAs, they attemgted to done

the epitaxial layer with oxygen by adding Ga to the ligquid gallium

0
273
scurca. The cxygen, however, was not incorscrated into the enitaxial
Tayer, byt did reduca the amount of silicon which was incorporatad into

the layer. This reduction in background doping due to the presence
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of oxygsn was also investigatad by Palm et al. [45] by injecting a
hydrogen-oxygen mixture inte the mixing zone of a chlaride system

CVD reactor. Using silane a$ an intentional dopant, the presenca of

-—t

oxvgen was found to reduce the incorporation of silicon in the esitaxiz
layers Dy as much &s 7tour orders of magnitude.

Seki et al. [46] pertormed a thermodynamic anzlvsis of the Gaas
cnioride procass in orcer tc identivy the eftfects of inerts, HC1 and
substrate temperature on the activity of silicon in the epitaxial
layers. Tne analysis predictad that increasing the HC1 content or de-
crea2sing the substrate temperature lowered the silicon activity. In
addition, reslacing the hydroged carrier gas with an inert gas czused
& very large reduction in the silicon activity.
ne etiect of renlacing the hydrogen carrier gas with an inert was

investigatad b

o

Qzeki et al. [47]. Tnrough far infrared photocon-
ductivity measurements, it was determined that sulfur was the dominant
rasidual donor oresant in enitaxial GaAs when N2 was used in place of
HZ as.tha carrier gas. [t was also found that the dominant rasidual
danar when H2 was usad as the carrier cas was scmetimes Si and some-
times S. A possible sourcz2 of S in the system was not discussed
(although it was prasumably in the feed gases) and elaboration on the
grcwsh canditions wnich caused Si or S to be dominant was not provided.
A thermodynamic analysis of the chloride CYD system performed by
Zoucher and Hollan (48] assumed solid GaAs as the group [II source
matarial. By comparisan with experiment, it was found that the
deminant greoun [ID and group V species prasent in =h: vapor were Gall

and As

g Under the experimental conditions investigatad, the deposition

proc2ss was kinetically controlled with an activation energy of =40
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kczl/mole, and renroduciole growth conditions could te zttained cnly
i% 10% or less ot the thermodynamically ava%]abie GéAs was depositad
from the vapor phase.

Gantner et al. [49] also studied the chleride procass experimentally
and presented a thermodynamic analysis over a greater range of tempera-
ture, pressure and inlet AsCl3 composition than did previous investiga-
tors. They tound that Asz became the dominant group V species beicw
10 kPa pressure and that GaCl was aiways the dominant group III species.
At large AsCl3 inlet compositions, the nigner gallium chlcrides beczma
more pronoudced but never ccmpetad with the monochloride as the dominant
sgecies.. They concluded, based an a kinetic model (50], a mass transfer
modeirand experimental results, that the deposition oF GsAs was kinet-
ically ratﬁer éhan mass transter controlled.

Shaw [51] studied the transport kinetics of the GaAs chloride system
in the source and deposition zones. He found an activation energy of
49.1 kcal/mole in reasonable agreement with that of Boucher and Hollan
(48], for a surface reaction associated with the deposition process.

REVIEW QF LITERATURE

[mourities in [nP Epitaxial Films Grown by the Chlgride Procast

The enitaxial growth of [nP using a chloride CYD systam was first
demenstratad by Clark et al. (52] and later by Hales et al. [53]. B8oth

aroups of investigators rsportad limitations on the purity of their

o
4=
[ N—

epitaxial lavers due to unintentional dopants. Joyce and Williams {

tantati

o |
<
1Y)

ly identified the imourities as being Si and In acceptors.

"

.

(o}

-
i

nev also found evidence of a denor which was theougnt to be ampnhotlaric

Si.
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The denendence of unintentional doping on PC]3 mole Traction in
the [nP chloride system was first reported by Clark [55]. The simi-
larity between the GaAs and InP cnhloride system reactors combined with
the analcgous depencencies on the group V hydrice mole fraction supported

J.

the baliefr that Si was an impurity in InP epitaxial layers. Clarke [56]
latar studied the effect of [II/V ratio in the vapor phase on the un-
intentional doping of InP eni-layers and found p-type conductivity for
I1I/V < 3 and n-type Tor ILII/V > 3, with @ minimum in the free carrier
cencentration at III/Y = 3. No explanation was oifered for these
gbsarvations.

Easton [57] investigatad the unintantional doping of InP esitaxial
lavers grown by the chloride system and ccncluded that S (acting 2s 2
donor) was the méjor impurity and that the origin of the S wasrthe PC13
1iquid sourca. stnc méss specircmetric analysis, Easton found Sf, S
and IZn present in the PC13 sourca at levals betwegn 1 ppm and 10 ppm
(z2tcmic) and Fe, Cu, Cd and Sn at ~0.7 ppm.' Tnesa same elements were
found in the unused bulk In liquid at levels beléw 0.1 ppm. Analysis
of the used In sourca 1iquid ravealed impurity levels appfoximately 10
times larger than thosz in the unused 1iquid.

These results support the wark of Weiner (58] who progosad models
fzr the contamination of a Ga liquid socurcz by Si in the GaAs and GeP
systems. Weiner's results showed that the liquid group [II metal im-
curity level increased as the exposure to the CYD environment increasad.
He 3iso found the Tevel of Si contemination to be inversely ralatad to
the zarzial prassurz2 of HZO in the systam,

Fairnurst et al. (539] studied the [nP nalide systam using both

(9}
O

and P8ry.  They vound that oxyhalide salts were prasent in bath

(e8]
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phoscharous liquids at aporcximateiy the 100 pom level. The presence
of oxygen was expectad to decrease the level of impurity incorporation

in the epitaxial layers. This etfvaect was not obsarved however, pre-

o
“i
e}

sumably due to this level xygen contazmination being tco lcw to be

signi{icant. Eaquilibrium calculstions were performed which showed

3]

InCt and P4 to be the dominant croup III.and YV species in the vapor
over & temperaturs range of 850 K to 1130 K and an inlet PCI3 mole
fraction range of 0.1% to 6%. These results agresd with those of
Boucher and Hollan [48] for the anzlogous GaAs system.

Hales and Knight [60] invastigatad the effect of introducing

oxygan into the system in order ta reduce the level of impurities in

-

InP. They observed a monotcnic de:reasa.in ree electron density for
édditions ot 02 up to 24 ppﬁ. The electron mobility (measured at

77 K) however rezched & very broad méximum at app%oximately 16 ppm

o7 added 02, wnich suggests that 0Xygen was pbecoming incorporated
inta the epitaxial layer and that there is a limit to the degree of

benetit which may be abtzined through oxygen addition. They also

cbserved POC]3 to be an impurity in the liquid PC13 used in the

chloride system.

Investigations o7 the devendencz o7 impurity incorporation on
PC]3 inlet cemposition, total flowrate and depositicn zone temperaturea
were carried out by Chevrier et al. [61]. They observed a decr=ase
in free carrier concentraticn with increasing PC13 concentration,
4s did other investicatcrs, but also found that the imcurity concan-
tration increased with increasing total flowrata. This velocity affact

nad not been raportad befor2 and suggests the prasanca of a mass

S

transiar rasistance at the group [[[ source (i7 impurities are pickas
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up Trom the liquid matal) -or at the substratz in the dzpcsition szne.
They aiso studied the intentional doping of InP as a functicn cf
denasition zone tamperature using SnC14. Lower free electran con-
cantrations and nigher electron mobiiities were gbserved wnen the

deposition zone temperaturs was decresasad from S50 K t3 €10 %. Trus,

T}

the uptake of groug iV impuritiss (Sa, Si, etc.) was &:

parzntiy re-
ducad ty Towering the depaosition zone tamperature.

Cardwell et al. [62] found kinetic limitations in beth the saurce
and depositicn zones. Tne praviocusly rsportzd effect of PCi, male
Tracticn on impurity levels in the enitaxial lavers was observad.
[ntancional deoing of TnP using Sa followed the same dehavior as that
o7 unintanticnal docants and thersfore supperts the uss of So for
studies resgarding thé reguction of unintantional impurities. In c<2n-
trast to Chevrisr et al. [61], no demandence oFf impurity uptaks an
totzl {lowrats was found.

A thermcdyremic analysis ccmparing the GeAs and In? =hlcride
systams using the stoichicmetric [II-V solid as the groug (Il scurce
matarial was reportad by Shaw [63]. His results also corfi ned 3701,
As4, [nC1 and P4 to Se the dominant group [Il and V vasaor sgecies in
these systams. Further, the deqreze of supersaturation in tha deensi-
ticn zcre was calculated to be less far [aP than far GeAs under
analogous conditions. Sinca solid [II-V source matarials wirs am-
played atching conditions were predictad whenever the desositiin zcna
angerature wés qreatar than that of the source zone.

Tgurities jn GaAs Eoitaxial Films Grown bv the Hvdr iz P-:0:-03

ity of applying a hydride CV0 systam “or Ihe growtin of

high gurisy Gads was demons=oratad by €astrom and Pexarsen (611, lince

—
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the hydride systam consists of @ hot-wall quartz rezctior with the
elements H, C1, Ga and As present in the vapor, one would expect it

to show an unintantional impurity incorporation problem similar to that
of the chloride system. Poage and Kemlage ([ 65] investigated the
eTrects of HCI, A5H3 and PHs on the unintentional doping of GaAs

and G&P grown by the hydride system. They found thet the free carrier
cencantration decrsased with increasing HC1, AsH3 or PH3 composition.
he efrect oF HCl was less than that o7 the group V nvdrides and
changes 1in 9“3 showed larger efiecis than did AsH,. They concluded

that the HC1 effect on the vapor phase composition wes similar to that

a7 the chlaride system. Further, they concluded that As

4

bicckage of the availadle surfacz sites on the substirits due to the

and P4 caused:-

large size of these malecules. The unintentional dopant was aséumed
0 be Si generatsd from reactions with the quartz wall.

Kennedy et al. [66] inves:tigated the effect of HC1 inlet com-
position and additions of HCl1 downstrzzm of the sourcs zone on the un-

intanticnal doping of GaAs grown in a hydride CYD rszactor. Increasing

-~

the HC1 in:2t composition greatly raducad the fraze carrier density in
the eg.taxial layer. In contrast to this resuft, however, when HCI
was added Jownstream of the source zone the free carrier density was
found to incresase. This led to the conclusion fhat the equilibrium
model &¢s progosad by Oilorenzo and Moore [39] for the chloride systrem
wds nct appiicable to the hydride system. However, tha HC1 which was
injectzd may not have been as pure as that wihnich was generatad frem

the decomocsition ¢f AsCl, in the chloride system arc tharefors may

3

fave iacroduced additional impurities into the eni-layer. Thesa effects

wera 1153 obsarved by Eastrom and Appert (671,
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The wark of Skromma et al. (68] identified same of the unintantional
donors and acceptors presant in GaAs and [nP prercarzd ty the aydride
CVD system. Tney found C, Zn, Cu and Mn as accantors and Si, S and Ge
as donors in GaAs. Epitaxial InP was ound to contain Zn, C or Mg and
an unidentiviable acceptor along with Si and § as dencrs. Additionaily,
in one of t'.e lzborztories (Honeywell) where the epi-Tavers wars grewn,
an increzse in the impurity concantration in epitzxiail Gals was noted as
Thi

the HCl gas cylinders "aged". nis effect, haowever, was not observed

at the other leboratory (Hanscom AF3).

he etTfect o7 pressure was studied experimentally 5y Puiz et al.

(69] from 1 kPa ta 100 kPz. They found that the unintantionel deping

A

:3As was reducad at prassures below 100 kCa.

o
-4
(

Imourities in InP Enitaxial Films Grown Sv the Hvdride Procass

Growth of InP epitaxial layers using the nhydrics systam hes been
demonstratad by Olsen (70] and Hyder [71] among otherz. Scth of these
investigators observed unintentional imgurity incorporation similar to
that occurring in the GaAs system; Hyder also founcd thet for the ter-

nary In ey As (x=0.53), & maximum in electren mobility sccurrad when
A - . .

[

the effact

ct

the [II/V ratio in the vapor phase was approximataly 2, bu
o7 [{l/V ratio on fres carrier concantration was nct discussed.
linkiewicz et al. [72] also studied the growth of InP and the ternary
InxGa1_xAs in the hydride system. Tney found Zn, Cu ind Hg to be pre-
sent as unintentional dorars.

Anderson [73] studied the hydride system for [nP ¢rowth in order

(2%

e

‘e 21
T

27armine the efrfact of HCl mole fracticn, Hy Tcwerite and mixing
ICne tetperature on unintantional impurity incorsoration. He found that

thesa parametars caused caly minor changes in the elecirical behavior
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o7 the InP enitzxial layers.

nis sugsesic thet the [nP hydrids sys-

tem may pervorm somewnat difierently than the GeAs hydride system.

Jones [74] performed a thermodynamic anaiysis of the I[nP hydride
systam in order to understand the efvect of procsss peramefers on unin-
tentional Si incorpeoration. The caicuiaticas gradictad that dacreasing

tamoeratures lowerad the silicon actiivity in the epitaxial layer. Addi-

tionally, the siliccn activity was decreassd by increasing the PH3 and/ar

HC1 iniet ccmpesition. Very little effect was notad wnen HC1 was added

downsirezm of the sourcs zone. His anaivsis usad liquid In as the group

[II source matarial and showed InCl and P, to be the dominant group III

-

and V vapor species.

Ban and Ettanberg [75] coupled & mass spectremetsr to a nyvdride
systam reactor used for the growth o7 In_ Ga - xP. They compared measured
vager sgecies to those pradictad by a thermcdynamic model and concluded

=

that the model yielded an acczptzbie resrasentation of the system.

T

n

in

major shaortcomings of the model wera an ovarsradicticn of the amount of
InC1 generated from the heterogeneadus razction of HC1 and In liquid, an:
a predictad graaﬁar degree of disso;:srijn for PH3 than was we:-.urad.

Oue to the slow decomgosition kinetics of F%3 and the potential mass
transver and kinetic limitations assacietad with neterogenecus rzactions,
these discrepancies were nct surprising. Their mass spectrometric
measurements identi{ied the major vagcar shave species as being [nCl,

GaCl, HC1, PH P4 and H

3 P 2

Usui and Watanebe (76 ] investigitzd i
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dxycan additicns an the uninlanticnz] docing of hvdride ¢rown [nP.  Ad-
diticns of O2 in the 1 ppm to 10 pom ringe cz2c¢reased the fre2e carrier

csncantraticn abcut one order of magnizude, wut further additions caused
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th2 Tres carrier concantration te increzse, orssumabdbly due o uptzke
27 oxvgen by the epitaxial layer. Tne liaquid In sources that wes used
in thesz expariments was found to have & gettaring eifect on impuri-
ties in the inlet gases. Unused In snowad less than 1 pgem lavals of

Si, S, Sn, Te, In, Fe and Cu, while [n exposad to the CVD er~virsnment

-4
he ]
1M
12

‘ncrzased levels (-2 ppm) of F2, Cu and Sa. Increzsing the
squrcs zgcna temperaturs causad a decrszse in the free carrier concan-
trztions in InP epi-layers due to an increasad ability of the In

liquid g gettar impurities at hign tamperature. Thnus, the ourity of

sourca gases still appezrs to be a major prodlem in the hydride svystam.
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FORMULATION OF AN EQUILIBRIUM MOOEL
FOR THE HYORIDE AND CHLORIDE PRQOCZSSES

Introductiaon

Performing a detziled analysis on CVD processes as complex as the
hydride and chloride processes presents a formidable task i7 results
wnich allow direct comparison of the systems are desired. A rigoraus
treatment would require the solution of the mass, energy and momantum
equations with variable oroperties and kinetic expressions for many of
the hémogeneous and hétercgeneous rezctions wnich are present. The
current lack of knowledge surrounding the fundamental chemistry which
underlies thesa procasses precludes this typé of analysis. Many of
the essantial difierznces betwesn these processes may, however, be
elucidatad by the apﬁlication of a.model basad on the assumptian of
chemical equiliorium. Cue ta the high temperaturss employed in these
pracesses, it is expected that many of the chemical reactions procesed
at a very hign rate. Therefore, homogeneous reactions are expected to
be near equilibrium. Heterogeneous reactions may be impeded by the
axistance of mass transver barriers. These barrjers may be approxi-
mated by either allowing the reaction to reach equilibrium or by ne-
alecting the reaction. The results related to heterogeneous reactions
dra therafore expectad to be semiquantitative in nature in that they
provide limics to the systam composition. These results may then be
cdmoarad to exteriments in order to detarmine the degree of intluence

2xertad by the hetarngenecus r2ictions on the systems.
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The rescurcz: zmoloved in

o]

rder to evvact the analysis per-
formed in this study include & computer code for the calculation

of multipnase 2sguilibria in systsms naving many chemical species
(typically more than 20), models for each zone of these CVD processes
which are based on chemiczl =quilibrium constrained to account for

timitations, & model Tor the point

1
O
]
~
—
]
o
)
-
0
—-I
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actual mass transter
defect chemisiry in the solid snitaxial layer and, finally, a set
ot consistant thermcdynamic nroperties {or each chemical species 1in
the systam. The ccmputsr code, reactor zone models and solid state
detect chemistry arz discussz2d in this section. The choicz 2nd

analysis of & s2t of thermcdy

‘mémic properties ars described -~ tre

next section,

Method o7 Calculztion feor Comolex Chemical Eaquilibrium

The calculation of complex chemicil eauilibrium in multicomponent,

or

multiphase systems has Seen reviewed most completely by Smith [18].
Esséntia11y, thera are two stitaments of the solution to this probliem.
Nonstoichiometric metheds, such as the popular Rand algorithm [77],
diractly minimize £he Gigbs snergy of the total sysiem in order to ob-
tain a soluticn without recoursa to a specific set-qf formation re-
action equaticns. Stoichicmetric methads (78] require that an inde-
pendent set ¢of chemical rzacticns be in equilibrium. Generally, a
farmaticn reacticn {s written for each species presant in the system
iand the corrasgonding 2quilibrium constant for each reaction is gen-

ary*ad
=ri.24

-n

rea tha Gighs 2nergy ol

2

ge of the reactian.
An axtansicn of =ra 23ad zlgoritam to include nat only a gas
phnase with an inar: sgcecies, cut 31350 a multicomponent solution iand

aura c¢oncensad ghasas. wai covelocel by Andersen (79 1. Tnis algoriihm
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was initiaily apolied to the hydride and chloride CVO systems, but
was suscentible to finding local minima. In particular, some cCom-
ponent mole fractions sought were 4&s low as 0.1 ppb. The contribu-
tion to the svstem Gibbs energy Tar these components was cuite small
and the resulting component mole changes were not capable of releasing
the Gihbs energy of the system {rom the loczl minima.

A stoichiometric algorithm, was therefore developed which
was superior to the extended Rand algorithm since
a linearized Gibbs energy functicn was nat reguired. Tne stoichio-
metric algorithm periormed well for all of the systems studied (the
results were comparsd ic other investigator's calculations and werz
found to be indeaoendent with raspect to initial guessas) and yielded
resulss wnhich were in agreement with those of the extended Rand al-
gorithm, wnen i could be successtully applied. The amount of ccm-
puter memory reaquired for the stoichiometric algorithm was found to

be much less than that

-5

aquired by the extended Rand algorithm in
arder to solve identical systems.

The input data which was reguired in order to perform the cai-
culations consisted of the standard enthalpy and entropy of formatic-
and heat capacity for each species along with the systam temperature,
prassura and iniet cocmposition.

Aside ‘rem numerical difficulties, the two major factars, whica
must be considered in determining the overall accuracy of the calcu-
lated equiiibrium comogsiticas, dare the chaoice of species postutated
L0 Se sressent in tha systzm and the accuracy of the thermcdynamic
data crosen to racrssant 2ich species. Choosing an appropriate <2t

o7 scecies, wnich aczurizaly ra2cresaent the systam at equilibrium, i3
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én inherent diviiculty in the calculation o7 multiccmoonsnt equilib-
rium. A true calculation of equilibrium in a given svstem must in-
clude any chemical species which is formed from any combination of

the =lements present in the system. The compilation of such a ceom-

plete thermodvnamic datz base can reprssent a nearly impossible task,

avan

er

n

ystzms caonsisting of only & few elements.

[t is important to realize that anytime a possible species is
not included in the data sat, a constrained equilibrium calculation
will rasuit. This is mest sasily understood if the caiculation of
cnemical egquilibrium is considerad from the viewpoint oTf the Rand
corithm. In the Rand algorithm, multicomporent equilibrium repre-
s2nts the cotimal distribution of a given quantity of 2lements among
a set of chemical species. The optimizing functicn for a constant
cressure systam is the minimization of the total Gibbs energy. There-
fore, as the numter of available chemical species is decrsasad, the
elements are constrained to reside in a smaller selection of mole-
cules. Tnis causes a shift in the caiculated compositions in order
to satisfv the ateom balance while keeping the Gitbs energy of the
systzm as Tow as possible. 1In general, the exclusion of a species
will impact the equilibrium composition of the remaining species con-
t2ining similar atems that are in the vicinity or below the egquilib-

’
rium csmposizion of the excluded species.

The procedure for developing a species list first excludes those
torciz2s not axpectad to be present because of severa kinetic limita-
inmz.  Ia practics, this species set is deveiopad by including only
ncse species whnich have been experimentaliy obsarved in the system or

inoragriata subsvystems. As an examole, mass $pecIrOSCOpPiC work in
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the CVD of GaAs nes indicztad aoproximazsiy 10 spezi
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base Tor all spegies. Tnis includes thermodynzmic comciietions

(such as th

4]

JANAF tzbles), datz bases of otfher investigators for sim-

)
[¢Y)

ilar syst

[{1}

ms and crude estimates faor the remaining species. (initial
2quilibrium calculations are then pertormed at the sxtrzms Timits of
the study and those species whose compositions are mcra than three or-
ders of magnitude in mole fraction bslow the rance oF iaterast are ex-

cluded. Finelly, the initial thermodynamic daté cesz2 iz ceme

refzrring o the literature and the rassuits of intarnz: consistiancy

The sensitivity of the results subjected to errors in the thermodynamic
data was investigated by Smith [80] in terms of a Jacobian, which relates
the changes in the calculated results to changes in the input parameters.

The first order approximation to the result was

N én,
[an. | <jzllga?l léugl ¢-1

Hare, n. is the number of males of specie i presant, u} {s the standard
chemical potsantial of specie j and N is the total of components. This
zxprassica, wnile simpie in form, is extrameiy aifiicuit tc avaluate
2ue o the complicatad and implicit ngtura of the tunctian ni(u.) ‘or
317 values of i. [f problems seem apparent for some species, &
function can be numerically evaluated. The work of Hunt znd Sirtl [81]
ind simitar ciiculations pertarmed here showed oy means of

culztad axamoie thne effacts of changes in the sntha!sy of formaticn

iy 2iACl5 cn the pradicted equilibrium ratio of SiCl,/5:ACi,. This




ratio was tound to change by apereximztaly two orders of magnitude
for a 10% chenge in the standard enthaipy of formation. The shape

ot the curve relating this ratio to tsmperature was also found to

change markedly. Therefors, it is extramely imporizant to critically

review the thermodynamic data set in crder tc nervorm meaningful

t

equilibrium czlculations. The &zbscluta cempositicn of the calculated

salution can be no better than ths data set emploved. Extreme care

must also be usad when comparing calculated equilibrium compositions

to experimental pgrocsss compositions zs the lattzsr include passible

w
(%

kinetic limitations. Howevar, these czlculations ars of graat value
in predicting the directions of compositional changes, particularly
at the high temceraturas and low pracsurss encsuntarzsd in this study.

Tnermedvnamic Models of CVYD

Models for the CYD Sourcz and Pre-Sourc2 Zanes

Each of the CVD systams under investication may be senaratad,
basad on temperatures or compasition, info the pre-sources, source, mixing
and deposition zones. The pra-sourcs zone wés investigatad as a source
o7 Si by considering the ascuilibrium gis phass Si-contsnt in the sys-
tem: SiOZ(c) in excess, carrier gas (HZ or inert) and vapor reactant
(VHy, V€1, or HCT).

Historically, the chlcride procass has employed two different

’
aroup III sourcz materials (ili-V(c) encd [1I(1)) and thus required

CWQ separata model formuiaticns. The [1I-Y(c) chloride source zone
model considarad the systam: 5102(:) in excgass, [II-V{(c) in excess,
carriar gas (Hz or inerz) :nd VCIB(Q}.

The chloride procass wnich used a qroup (I0(1) as the group I[II

scurcs matarial was a mere ccmolicaisd sizuaticn. Shaw (51] has

]
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studied this source zone and fcunc thet, Tollowing an initial transient,

a constant rata of mass loss o

s
3
D
Il

arial occurred. An overall mass

balance on the sourcs boat

—

‘ieids the followihg expression:

d 1 L R ,
E {?”C Mupp T M) 7o (Kbt “"‘)”v)] =
ﬁv(Y“III + (T-y)MV) = comsIant C-2

wnile a aroup III ccmponsnt mass balanc2 on the sourcs boat produces the

constraint:

d 1 ¢, JRRPS VI Y
9t [’z‘ AHppy Fonoxbpopp S oyt C-3

In these sxpressions: a® and n1 are the moles of atoms in the solid
GeAs crust and the liquid [II-Y mixture, MIII and MV are the molecular
weicghts of the group III and V elements, x and y are the mole fractions
of the group [II element in the liﬁuid and vapar phase, and AV is the
molar rat2 at wnhich vapor species are formed. [T it is assumed that the
salid and liquid phases arsz in aqui]ibrium, the liquid phase mole frac-
tion is a function of tamperature cnty and therefore constant for a
given procass condition. Furthermcra, {7 the actual kinetic processes
producs a steady state value or the crust thi;kness,.the first term on
the Teft side cf both equaticns 3 zera. With these aSSUmption§, aqua-
tions C-2 and C-3 can be sclved tn chow that ﬁv = %%l and x=y. That
is, the rate at wnich’group {1l and Y atoms are introduced into the
vapar phase is equal tao the rate_qf lass for the melt and the III/V
vapor atom ratio is the same as that in the melt. Another way of view-
ing the situation is to> ccnsider the thrae nhase equilibrium problem.
The activity of the group (1! :ad 7 2lamenis in the solid compound can

vary greatly even though tha sidichicmecry (~1:1) can be very small
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znd therefsrz the sum of these two activities is rearly c<ons

at. ihe

rr
(1]

jarce amount ¢t meit in equilitrium with the sglid will, howevar, fix
tha activicy of each element in the sciid, with the arcupg [II activity

Seing conszidaradly nichar than that of the agrcup Y, which in turn Fixes

must be ratzined end the result is

o (2x=1) dn" _ (2x-1) dn! C-4
A = conswant = 9Ty) 4t “2y-1 dt

fas that y = 1/2 2ng the seouvce cia te Ci-
sidsred ta ba pure solid compound. This limit ig simply tha first case
examined {30iid cemcound sourca). Thnus, an investigztion af the two

sourca zaones descrioed here snouid estabiisn &the

T
i

=]
cr

li
the liguid scurcae in the chloride process. In praciicz, the conditions
o7 operation may lie scmewners in between with the obszrved IiI/V ratio
oroviding an indicztor o7 the relative rates. However, if x is a con-
stant as detarmined by the condition of solid-iiquid equilibrium end y
is also a censtant as witnessed by a constant growth rate, it follows

c
n
it are constanc. [f d 1

-

/dt is desendent upon the'

3

a dnI

cnd¢ both =— and
at

crust thickness, n®, (i.e. a diffusion limitad proczss), then it is

impassidie for dn'/dt to be caonstant for a fiaite valua of dnt/dt,

wnich fimplies operatica at cre of the limits.

Th2 a%ove considerations motivataed a model for the ligquid group

I scurca zcne to cansist of an ideal vapor phace in 2quilibrium with

=.i255 Si0.{a) and I11,V,_ (1). The gas inlet sir2am connained VCl,

e % 1-%
ing cirrdir 23 (4. or inert). The develcsomen:t ¢f a thermmodynaaic
- [
1321 t22 Tur the hypocnetical specie 1LV, _ {1) is grasentad Jater in

s ot coeration for

this
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angancdix. Thus, wizh this relation, the compound crust de2s ot contri-

YV hydride and ona for volatilization o7 the group [I! liguid, are fcund

—
1]
(o8
[sY]
w
(<7
pos |

in th2 nydrida C¥0 prccsass. Tne group V sourcs zone wés mece
idezl vaoor ghase in 2quilibrium with excsss SiOZ(c).
raictants wers the nydride (VH3) and carrier gas (E—I2 or inar%) at cone
stant temcarafura énd pressure. The group [II source zone inciuded
axczss Jure graup [ liquid in equilibrium with excess Sid
idazl vazar phase (HCY plus carrier agas).

s for thz CYD Mixina and Decosition Zones

Sinca the anly diffarancas between the chloride and nhydrids sys-

tems 2xistT in the ssurcz regions, the mixing and deposition zunz models
wars idantical in tath systems. An ideal vapor phese in 2quilibrium
with 2vcass SfOZ(c) w#as usad for the mixing zone modei. Foraatinn of
solid [IT-¥ comgcund was postulated to be kinetically hindarad ind thus

issumed not to exist in the mixing zone. As a result, it was cesgible
for this rzgicn tc be supersaturatad. The model aisc allowed iz addi-
tica of varicus =zpecies (i.e. HCT, H20. vel,, VH3) in order o siudy

thEir 27

Ll

Fects on silicon activity. The gas reactant input fcor tha mix-
ing 1cne was identical to that calculated frem the equilibrium scurca
Zzneis). Consiszani with the source and mixing zone models, ctha wapor

chdse of the deocsiticn zone was assumed to be an idezl mixiura. Lua

(24
s
—

0 it l2rge volumetric flowrate of gases and the ralatively sm
= ‘7 waesa CYD processes, the degletion of otuwn 101,
¢ 3o 1 oand silicsa specias in the vapor phase as a resuis oF fiia

-

detositian o wall fntaraction was neglectad. ne eauilibrivm Rixira
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zone cas mixture served 2% {he input 1o the deocsition zone. Es;en-
tiaily, the above assumgtion fixad thsz moles ¢7 each ziement in the
vapor and the new equilidbrium ccmposition was caiculated as a result
of temperature change only. Tnis model provided an upper bound for
the computad value of the Si activiiy sincz the lower temperatures
found in the desosition zone shiviad the wall intzrzction towards
SiOZ(c} formaticn and inciuding the [II-V compcound daposition wit

Si incorporation would remove Si from the gas pnase. nis model,
therefors, essumes that the 2pi-7ilm grows from a supersaturetzd vapor
mixturs of pseudo-stzidy state composition. Furthermorz, this pro-
cadure avoided having know e3je of tha solid silicon activity co-

etTicizn
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was not included in ths depcsition zzne, thus 2llowing calculation of
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The effect of not accounting for duoietion of the group I[II and V
atems from the vaoar pnase can be tested by the folicwing simple anal-

¥sis. The molar qrowth rata oF an epitixial layer fis

9 = g"lpmA . C-5

g_ = molar growth rata {(mclas/time)
9y = linear growth ratz {Tengeh/tine)
o = ccmpound molar density {mo a:/iengthl)
A = substrata arez (iergthz) b
A typiczl sat af ogperiting siranziz-s for g hydride CVD process
woeuld specify o tonal woluman-iz Flowrits GO CICM througn each
SQurgs zone having an iniz2t campasicion orf 1% HC1 te the group [I1

source zere and 13 YH, corzeciticn to tho group o scurce zone.  Assuming

[




v

| &

b &

ng

——rTT T

were indeed important, highly nen-uniform film thickness would occur.

108

that &l of the HC1 reacts to Torm [[I-C1 rasuits in 3.7 p-moles/s
of aroup [il atoms transported. The molar Tlowrzta oV group ¥ atoms

would also be 3.7 p-moles/s. Choosing as typical deposition parameter

w

a2 2.5¢ cm dizmeter circular substrate, a linear growth rets of 1 um/min

-

and given the molar density of GaAs as 0.0367 mo?es/cm3 f32], the re-

- .
i
H

sulting molar growth rate is 0.31 u-moles/s. Thus, in the worst case,
less than 10% of the III and V atoms are depleted. The smailer the

growih rate and substrate surface area or the larger the valumetric

~fy

lowrzte, the better the aporoximation becomes. If rezciion dapletion

However, this is not experimentally observed. Similar analyvses appiied
to the GaAs cﬁ]oride system anc the analcgous Iaf systams yiz'd equiv-
alant results.

The activity of silicon in the epni-layer was further studied in
the nrasenca and absencz of the SiO2 reactor wall. Sincs the derccsition
zone is typically operatad at a lower temperature than the source and
mixing zones, inclusion of the reacior wall would be =<pectad to de-
CraZze the silicaon activi;y as scme of the siliccn 1% the vagor nhasa
15 redepoc:ted on the reactor wall in the depositfdn zene, theretfeue,
providing an additional method of btounding the maximum value of che
siiicsn activity in the epitaxial layer. Justificztion for neglacting”
the reactgr wall lies in the heterogensous naturz of tha gas-wall re-
écticn. Que to the lower temperature af the descsitian zone (373 K),

1% s axpectzad <hat this heterogeneous reacticn dces nck gauilitrate

12 rzcidiy as it sieuid in the source and mixiaag zeones (~973 X). This

(134

Xg2czation arises from the fact that adsorpticn r2achticn ratas de-

(g}

rzise strongiy, and to a lessaer extent molecular diffusivities, with




c¢acreising temperaiurs. Additionally, the mzzan recidsnca time is
typicaiiy much smailer in the depasiticn zcne. - Thus, the reacter wall
in the deposition zone should not inmtaract with the vapor phase as
strongly as it does in the source and mixing zcnes.

In order to carry out peramesiric anclyses of the two procasses,
“base czses” were chosan for ezch systzm arcund which 2ach paraméter
could be varied. The basa cases were chosan from commoniy used oper-
ating parametars reported in the litarature shown in Tables C-1 and

C-2, thus providing results wnich may be comparad to experimental

results. The chioride system base casea sarametars warz as follows.

Source Zone Temperature = Mixing Zone Tamperaturs : 973 K
Oeposition Zcnz Tamperature @ 873 K

Iniet VCI3 Compesiticn ¢ 1%
Carrier Gas : H
Prassuare : 100 kPa

For the hydride systam the following base case was chosen.

-

Sourca Zona Temperaturs = Mixing lone Tampsraturs : 973 X
Cenosition Ione Texparaturas : 873 K
[nlet HCI Concantrazion = [nlet VH3 Ccncentration N 4
Carrier Ges H2

Pressure : 100 kPa
Typically, the source zone of tha hydride system is ccerated at
d higher temperature than that of the chlcricde syctem in order to aug-

ment the decompositicn of VHy. Cue to the sirang iafiuence of tamper-

ilire cn the species presant, th

i

S&m

o

temseritures were usad in both
Systams in order to provide diract compariscr betwesn the chloride and

nydride CYC systzms.
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Solid State Defect Chemistry

The model developed for the deposition zone specified that reactant
denletion was not a significant phenomenan. Ouring stsady state growth,
the compeund Tiim is expased to & vapor phase that is invariant with
respect to compasition. It Toilows directly that the vapor pnase fu-
cacity of silicon must also be constant and therefore, at equilibrium,
the activity o7 solid silicon in the epitaxial layer must be constant.
Thus, prediction of.the amount of silicon deposited in an esitaxial
layer may be accompliished by determining the solid state silicon con-
cantration as funciions of the {ixed vapor composition and temperature.
A model wnich relates the point defact structurs of the solid to the
solid stata silicon concsntration must thersfore be deve]oped and cou-
pled to the ci1culqtad vapor phasa composition.

Hurle [83-86] has prcposad models for native defects in GaAs and
Yor Te, Sa and Ge doped GeAs. These models are extended hers to in-
clude the formation of antisite defects and to account fqr the doping
of GaAs by Si. The native point defect model allows for the formation
oF Frenkel and Schottky disorder on both the group [II and groug V sub-
lattices. Silicon is allowed to reside either on group III or group V
lattice sitas or as an intsrstitial. Furthermore, Si substituted on a
group [II sife is allowed to form a 'complex with a group [II vacancy
Or a S{ atom on a group V sita.

A sat of independent formation reactions for neutral species is

shawn belgw.

1/2 Asz(g) Vo= Asi C-6
1/2 Asz(g) * Vg, = Asg, c-7
Asps * Vi = Asy + ¥y ¢-8
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Baga ¥V = 63y * Vg, ¢ -3
Gagy + Vas = Gag * Vgq ¢ -10
0= Vg, * Vu C-1n
Si(g) + Vea = Siga C-12
Si(g) + V,g = Siy C-13
Si{g) + v, = si; C-14a

The notation usad is consistent with that of Hurle [86]. As an
example of this notation, equation C -6 combines arsanic dimer in the
vapor with a vacancy on an jntaerstitial sits to yield an arsenic atom
on an intarstjtia1 sita. Thus, in the solid stzte, the subscripts de-
note wnether ah atom (or vacancy) is residing on the Ge or As sublattice
or in an intarstitial location. EquationC -8 couples the point defect
structur= to the vapor phasa via the {ormation of As interstitials.
Frankal defects ars accountad for ﬁhrough eauations C-8 and C-9.
Schoétky detect formation is given by equation C-11 and the formation
of antisite defacts is rasoresantad by equations C-7 and C-10. Silicon
incarporation is shown in equations C-12, C-13 and C-14.

Consistant with Hurle's modal [86], the intarstitial species are

dssumed to remain electrically neutral while the other defects may

fonize. The following sat of formation reictions may be writtan to re

presant the ionized species.

Asg, = Asg, + e c-1s
VAS = V;S + e : C -16
Gay = Gaz, + ' C-17
Vo, = Vo, h" c-13
Sig, Siéa P C-19
Siyg = Sizg + ¢ -20
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SiT s+ VI =Si. VI +h c-21
Ge Ga Ga Ga =
Sig, * Sipg = Sig,Sipc c-22
0=e +h' c-23

The ionization of native point defacts is illustrated by equations
€-15 through C-18 wnile the amphoteric behavior of silicon is represented
by equztions C-19 and (-20. Equations C-21 and C-22 represent silicon
complex formation and equation C-23 accounts for the generation and re-
combination of elecirons and.holes.

Aﬁ] that is needed to complete the model is to couple the arsenic
partial pressure to thet of gallium through the sublimation reaction

GaAs{c) = Ga(q) + 1/2 As, | C-24
and to write the electroneutrality condition

(h*) + [Sig, 1+ (Vi D+ [asg, 1= (7] + (Siy 1+ [vg,1+

[Gags] + [SiGaVéa] c-25
wnere [ ] denotas concentration.

Expressions for the equilibrium constants for equations C-& through
€-24 mav be writtsn in the usual manner. As examples, the equilibrium
constants for equations C-5 and C-7 are

K5 = Yas [As;] pilgz ¢-26

-1 -1 ,-1/2
Ky = v (As~.] v v..17° P c-27
7 AsGd Ga VGd Ga As2

where Yj reoresents the activity coefficient for species j in the solid
solution.

The model reprasented by equations C -6 throughC -25 may be simpli-
fied by considering the eleciraneutrality condition. Hurle (86] has
shown that, at the tamperature of growth, the frenkel defect on the ar-

senic sublattice dominatas the electiran concantration. Thus, the

[
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electroneutrality conditicn becomes
- e
e ] = [V, C-28
(271 = (V] | 2
and the electron concantration at the growth temoerature is given by the

relztion ’ 1/2
Ke 12 =174
(e7] = [ —— } Pas - €29
2 Tas Ve 2. '

Assuming that the defact structure of the enitaxial layer is
"{rozen-in" at the growth tamperature, the electron concentration given
by equation C-29 is usad to detarmine the concantration of each defect
presant. At room tamperature, the comgpensation ratio, wnich is detvined
as the ratio of donors to accaptars (ND/NA)’ is dominatad by the ionized
silicon impurities. Using the equilibrium constant expressicas for

equations C-6 through C-24 along with equation C-29 yields

e 30
A T . e v- 5372
[S1AS] [SIGaVGa] APASZ + b
3 .
KXy KoY o Yeit
where 2 = 2 136%e T5ig,
Kf:< K K K Y = Y +
6711712719723 S‘As VAS

b = S11%9658%21 Ye Y516,

K§37S' R
]Ga Ga "As

The dependence of the cchpensation ratio upon As2 partial prassure
for VPS grown GaAs has been found to be very small (ND/NA=3). Thus,
consistant with Hurle's results for Sa and Ge doped matérial. equation
C-30 indicatas that the deminant accaotar in YPS GaAs is the SiGaVéd
cimplex.

An expressicn for the total silicon preseat in the enitaxial layer

is given by
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[Si]Total = [STCa_ [51 ] + [51 1+ [:1As] + [51 ]
+ [Sig Vg, ] + 20sig,si,.] ¢ -31
Stk - (G537 a5 el st
f+ g9ag ;) ag; € -32
whera: d = “5/2‘13 }52 Kaa¥siy Yo~ )/(KS/Z‘nKla’(loYv ne Siag )
e = (k)% v st "2>/( l/Z‘vaASYaG )
ARG 14‘%2 Vst R USRS
i As
g = (k3% 3£ 2K g0k Ysit 1/2)/("3/2 “2a¥siy i, VI )

ac; = activity of silicon in the solid phase.

‘Currently, the thermodynamic data necessary for the evaluation of
the equilibrium constants and aczivitv . .fficients is not available.
Therefore, a quantitative :zpiication of equation C-32 is not possible.
[t can be seen, hcwever, that the incorporation of Si into an epitaxial
layer increases with increasing 2qg; and deoends, in a complicated way,
ugcn As2 partial pressure.

Tnis model was developed for GaAs in order to keep the notation

manaceable. An analogous model can, of course, be constructad for [nP,

which would yield identical desendeacies upor S and the aqroup V dimer

partial pressure.
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THERMOCHEMICAL PROPERTIES

INTROOUCTION

Summarized in this chaptar are the thermochemical properties
usad for the compiex chemical equilibrium analysis. The proper se-
lection of a consistent data sat is of extreme importancsz as 2 small
error in a property value can greitly iniluence the eventual calcu-
latad equilibrium compasition. That this sensitivity can be important
is nicaiy illustrated in the Si-Cl1-H subsystam as discussed later.
Essentially, wnat is required for these calcg{atiqns is 2 means of
specitvying the partizl molar Gibds energy o7 each species believed to
be present as & Tunction o7 temperature, préssﬁre aﬂd compasitian.
Approximataly 150 species wera initially examined wnile only thcse

14 viere included

species that would be present at a mole fraction > 107
in the analysis. The scheme of representing the data was to Tix the
zerg enthalpy scale at 298 X and 1 atm with the pure components (stan-
dard states) Ga(c), As(c), In(c), white P(ﬁ), Hz(g). Si(c), C12(g) and
0.(g). The enthalpy of formation of the remaining components at the
standard conditions from the referenca components was then determined.
[n addition, the absolute entropy at the standard conditions for each
species was salectad wnich a11owe3 a calculation of the standard Gibbs
energy change for all passible reactions at 298 K and 1 atm. Finally,
know]edge of the constant pressure heat capacity and assuming ideal gas
behaviar allows the Gibbs energy to be detzrmined at any temperaturs and

-

Prassura. Tha 7as shasa2 was assumed tg fe a saluticn ¢f id=2al gases due

()
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to the low prassure andAhigh temgeratures investicztsd. For the con-
densed solutions, the pressure dependencs of the thermochemical pro-
perties was neglectad. However, the moderzta negative deviations from
jdazl behavicr in composition demendence for the Tiquid sources mixtures
was accountad for and reoresents one of the significant refinements
contzined in these czlculations.

Three piecas of invormation were reguired for each species with
the standard enthalpy of formation being the most critical, particularly
at the lower tsmperatures. It ?s for this quantity that the most un-
certainty exists in the reonortsd value. Cn the other hand, the standard
entropy is generally quite accurataly known, either from law-tamperature
heat.capacfty mezsurements ar spe:troscop%c studiss. 'Theuhfgh tempera-

ture neat cipacities were scmetimes estimatad, but there exists a par-

(o]
“h
—ho

tial cancsliation ts effect wnen calculating Gibds eneray changes.
Presentad below is a discussion of the propertiies salected. It is not;d
that in many instancass the thermochgmical data presantad in the JANAF
tables [21,87-88] were used and are discussed in these tables, there-

fore precluding a discussion here.

Psuedo-Steady Stat2 Constraint for Liquid Source Boat

[t has besn observed that during YPE of GaAs and InP using a liquid
Sourcz boat of pure group IIl metal in the chloride procsss, an initial
transient period exists in which the compositian of the gas stream
1eaving the source region is a function of time. Initially, the pure
metal boat is dissalving group ¥V atoms thus praducing an excess af group
[II chloride. As the metal beccmes saturatad with the group Y element,
4 thin crust of the compound is formed at the top surface sincz the

densi:y ¢? the compound is less than that of the saturatad liquid. [t
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is observed that the crust thickness reaches a stsady state value and
therefore, from a simple mass balance, the vapar phase will contain
all of the group V atoms in the input stream plus the amount of group
V atoms generatad from the saturated liquid (due to reaction of chlorine
with the group III atom). The exact amount of group V element pro-
ducad frem the source boat is therefore a function of the temperature
(i.e. the equilibrium aroup V mole fraction in the liquid is a funciion
qf temperature and the amount of group I[II atoms leaving depends on the
form in wnich they lezve (e.g. IIICI, ITIC1,, III, etc)) and the flow
rate (i.e. mass transfer efficiency). The mechanism by wnich the group
IIl and V atoms reach the gas/solid intarfacsz is not kncwn but is not
required Tor the thermodynamic model presantsd here as mass transfar
barriers (e.g. the crust) ars assumed not to be present. 'Ail that 1is
requifed is to assume a new species axists having a stoichiometry
equivalent to the saturatad liquid composition.

The thermedynamic properties of the hypothetical liquid species,
Ay_.8,(1), can be estimatad in the following manner. Letting A repre-

X

sant the group IIl atcm and B the group V atom, consider the reaction

sequence
(1-x) A(c) = (1-x) AQ1) C-33
x 8(c) = x B(1) , C-34
(1-x) A(1) + x8(1) = A]_xax(l) c-35

all occurring at the scurcs tamperature, T. Since A{c) and 8(c) ares in

the pure stata, the Gibbs energy changes for reactionsC-33 and(C-34 are

the Gibos energies of formation for the liquid species and can be cal-

Culatad from the thermedynamic sequenca: solid elemeat A or B is taken

A

frem T to ics melting tsmperiture Tm or Ti, the salid elament is melted,
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the Tiquid element {s tzken Trom the meiting tamperiture to the ari-
ginal temperature of interest. Approximating the heat capacity
difference betwesn the pure Tliquid and pure solid, ACp, as a constant,

the Gibbs energy change for rezctions C-332néC-34 are

86, = (1-x) et (1 - J"j] +ach (T-Th-T1n [IT;])} c-36
m m
and
_ 8 T . B (- 8 T
A_GZ-- X {AHm (] - -Tﬁ] : ACp ( - Tm - T 1In [ﬁ]]} C-37

m m

The Gibbs energy change of the third rezction is simply the Gibbs eneragy
of mixing. Assuming that a simple solution model describes the Tiquid
behavior rasults in

A€q = (a +bT) x (1-x) + QT(xInx + (1-x) 1n(1-x)] C-38
where a and b are adjustable parametars determined in conjunction with
solid-liquid equilibrium data.

The sum of reactions C-33to C-35is the desired formation reaction

(1-x)A(c) + x 8(c) = A (1) €-39

1-xex
wiile the corresponding Gibbs energy of formation of Al-xax(]) is the
sum of AG] to AG3. Given the source temperature, T, the procadure is

to first calculats the liquidus composition, x, from the implicit

eguation
T AB . 1 2 24 - A8
A Hﬁ - R 1n(ax(1-x)] + b[z - x5 - (1-x)7] Hm ~
m .
a[% - %% - (T-x)z] C-40
whera QHiB and T;B are the enthalpy of fusion and melting temgeraturs of

the solid ccmpound AB and R {s the gas canstant. Once the equilibrium

groug ¥ ccmogsition is detarmined the standard Gibos energy of formation
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Table C-3

Thermochemical Properties of GaAs and InP Reauired

for Calculating AG?Eﬁq_xgx(l)' T]

Prooerty GaAs Reference InP Retverancs
™8 1511 - 82 1332 81,82,84
ot (keal/mote)  25.14 82 4.4 g1-g3
a (cal/mole) 4666 sae taxt 5053 85
b (c2l/mole - K)  -8.74  sae taxt -5.0 85

Table C-4

Thermochemical Praperties of the Elements Ga, In, As and P

Required for Calculating AG?LEq-xgx(])’ T]

Progerty Ga Ret. In Ret. As Ref. p Ref

Ta(X) 302.9 93 429.76 93 1090 15 313.3 57

] AHm(kcaI/mole) 1.336 93 0.78 93 5.123 45 0.157 57
ACp(cal/mole - X) 0.27 93 1.0 estimatad 0.472 93

—

-0.2 93




T
i
|

2
(

ﬂ‘ T

1.8

122

of A BX(T) can be czlculated from eguationsC-36 ta C-38given T, x

1-x
and the required thermochemical properties. Tables C-3 and C-4 summa-
rize the thermochemical properties usad in these calculations. The
adjustzble paramaters a and b for GaAs were detzrmined by reduction of
the liquidus mezsursments of Clariou et al. (89, Hall (901, Muszynski
and Rizbeev [ 91] and Osamura et al. [92] using a maxirmum 1ikelihood

algorithm.

The Ge-As~Cl-H Svstem

The enthalpy of vaparization of As(c) has been investigated quite
extansively with a reportad range [93-108] at 298 K of 34.4 to 38.54
kcal/mole corresponding to the standard enthalpy of {ormation for
As4(g). The litsrature has been summarized by Hultgran et al. [93]
to 1973, while a more recznt measursmaent of Rusin et al. [94) vy a
stztic method produczd a value of H;(As4, g, 298 K) = 38.14 kcal/male.
In addition, Rau [109] has mezsured the total vapor pressurs over solid
and Tiquid arsenic from 850 to 1400 K with a Bourdon gauge. Analysis

of the low temperature results indicated H (As4. g, 298 K) = 37.34 +

S
f
0.2 kcal/mole. The value salectad was 37.5 kcal/mole cn the basis

that the static methods are believed to be more reliable.

The dissociation enthalpy, H;(As4 = ZAsZ, 298 K), has recaived
considarable investigation with early mass spectrometric studie; pro-
ducing values in the ranga of 61.5 to 73.5 kcal/mole [110-114]. These
meisursments are suspectad of overestimating the As4 partial pressurea
3s a result gf the use of a low condensation coefiicient for As4. Mcre
racant detarminations using MoAsz. NozAss,‘GaAs. InAs and I[nAs + [nSb
Sdurcas with impraoved Knudsan-ca2ll mass-spectrometar designs (115-117

and raduction of PYT measurements (109] have indicatzad much lower values
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for the dissociation enthalpy (34.21 - 1.5, 54.26 = 1.1, 34.2 + 1.¢ and
54.8 + 1.0 kcal/mole, respectively). The value salectiad hers is the
average of these four measyrements, S4.4 + 1.5 kcal/mole. Using the
selectad values of the standard enthalpies, AH%(GaAs, c, 298 K) = -19.52
kcal/mole, AH?(AS4, g, 298 K)-= 37.5 keal/mole and the above dissociztion
enthalpy yields aH®(GaAs(c) = Ga(c) +%Asz(g), 258 K) = 42.5 keal/mole.
This can be compared to the experimentally detarmined values of 44,85
[115], 45.06 [116] and 45.4 [118] kcal/male.

The vaiue adopted for AH?(GaAs, c, 298 K) is'-19.52 kcal/mole as
determined by Martosudirdjo and Pratt [119] with a precipitation calori-
metric tachnique. This value can be compared to the émf work ot Abbasav
{120] and Siro:za and Yushevich [121] in which valﬁes of -19.4 and -20.%%
kcal/male were renortad, Eespectively. Thése latter two values are expectad
to include uncartainties ‘due to the assumed va]ency;of_ea in the gal-
vanic cell and the inabflity to accurataly detarmine the full tampera-
ture dependencz over the relatively small tamperature range of measure-
ment. In addition, a conside;able number of dissaciation pressure
stuides [111-116,122-127 ] and flow equilibration investigations with
raactive gasas t118,128 ] have been performed which éontain information
about solid GaAs. However, knawledge of the thermodynamic properitas of
other specias is required'(i.e. Asz(g), As4(g), GaCl(g), etc.) ‘to speci-
fy the properitas of GaAs(c). Thus, the uncer:dfdty'fnithcsa‘prcper-
ties must be considered in addition to those associated with the meiasure-
ments. Thnis work was, however, usad as a tast of intarmal consistancy
in the tactal datz set. The standard entropcy of GaAs, S°(GaAs,c,298 )
was taken {rom the low temperature heat cipacity measurements of Pies-

bergen ([129] wnile the high temoeraturs heat cipacity was takea ircm the
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measursmants of Lichtar and Sommelet [130] and are in good agrsement
with the work of Cox and Pool [131] and the estimates of Marina et al.
(132] and Maslov and Maslov [133l.

Very little experimzntz] inTormation is available for the zrsanic
chloridas. The reportad range for the enthalpy of formation of AsCls(g)
is <52 to -72 kcz2l/mole []06,]03,]34-]39]. Tne value adoptad was
AH;(A5C13, a, 298 K) = -52.7 kcal/mole, taken from the enthalpy of
formation of the liquid and the enthalpy of vaporization. The enthalpy
o7 Tormation o7 the mono and dichlorides were tzken from the estimates
of Snauiov and Mosin [136] as was the standard entropy and heat capacity.
Tne enthalpy of formation of arsine was taken as AH;(ASHB, a, 238 K) =
18.0 # 1.5 kcal/mole basad on the wark of Gunn [140] and reporiad tabu-
lations [106-108].Finally, the thermochemical properties of the remain-
ing arsenic hydrides wers estimatad by comparison with the hydrides of
N, P and Sb [21,87-88].

The thermodynamic'information available for the chlorides o7¥ gallium
is somewnat scarca and inconsistant. The enthalpy of formation for

GaC13(g) was detarmined {rom AH%(G&CI ¢, 298 K} = -125.0 kcal/mole

3'
(141] and the enthalpy of sublimation taken from the vapar pressure

measuraments of Kuniva et al. {142], aH3(GaCly, g, 298 K) = -107.3 * 3
kcal/mole. The enthalpy of formation of gallium mongchloride has the

ransgrtad value AHF(G&C], g, 298 K) = -19.5 kcal/mole and is taken from

the dissociation energy of Barrow [143]. However, a value of AH%(G&CT.

g, 298 K) = -12.0 kcal/mole is obtained using AH;(GaAs(c) + HCi(qg) =
caCl(q) + + As,(g) + ]i Hy(g). 950 K) = 37.52 + 8 keal/mole detarmined

by Battat et al. [128] and the thermochemical data salectsd for the other

sgecies. Tnesa rasults ar2 in sharp contrast to the vapor prassure

N
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mezsurements of Kuniya et al. [142] who repori z second law AH:(GaC13(g)
= GaCl(qg) + Clz(g), 1083 K) = 45.972 keczl/mole. The value selected was

sHE(GaCT, g, 298 K) = -17.0

S kczl/mole baszd on the first two re-
ports, ccnsidering the value of Barrow [143] slightly more due to the
uncartainties found in the enthalpy of formation for the other species
in the reaction studied by Battat et al. (128]. The enthalpy of forma-
tion Tor gallium dichioride was taken frcm the measurements of Battat
et al. [128] using the thermochemical data selected here and correcting
the second law entropy to that calculatad by Shaulov an& Mosin D44.].
The enthalpy of dimerizztion has been investigatad by saveral authors
[142,1457148 ] with the reportad enthalpy ;nd entropy of dimerizatian
in the rangs, aH®(2GaCl5(qg) = GaZCIa(g). 298 K) = -22.56 to -20.9 kezl/
mole and S°(ZGaCl3(g) = Ga,C1 (¢), 298 K) = -31.66 to -36.0 cal/meie-K.
Acczoting the enthalpy and entropy of dimerization as -21.0 kcal/mole
and -33.0 cal/mole-K, respectively, and combining these resulfs with
the salectad thermochemical data for GaC13 producas AH;(Ga2C16, g, 298

K) = -235.6 + 10 kcal/mole and S°(Ga C16, g, 298 K) = 127 + 6.0 cal/

2 =

mole-X. The standard entropy and heat capacity for GaCl, GaCIZ and
GaCl; were taken from Shaulov and Mosin (144] while the heat capacity
of GaZCT5 was aporoximatad by the value for ATZCT6 tZ]]. In addition,

other species ars expectad to exist (i.e. Ga2C1 Ga2C1Z) (349,150 1],
4

41

but no thermochemical data is available.

The [n-P-C1-H System

The standard entropy at 28 K and the constant pressure heat capac-
ity of salid and vapar [n wers taken from Hultgren et al. [93]. As sum-

Mirized by Hultgren et al. (93], the standard enthalpy of vaporization

07 saiid [n at 298 K that results from apolication of the third law

SN e e
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to the vapor prassurs mezsurements producas the range of 49.8 to £3.1
kcal/mole Tor AH;(In, g, 288 K). ﬁore recent mass spectrometric re-
sults of Panish and Arthur [141] and Farrow [15]] suggest the values
of 56.6 and £8.02 kcal/mole, respectively, with the average of these
two values adoptad nere. In a similar fasnion, the thermochemical
properties of phosghorous salected by Hultgren et al. [93] or the
JANAF tables [21] are in agreement with the more recesnt results [141]
and wers adoptad ¥for this study. However, there exists a small dif-
ferencz in the reportad aH®(298 K) of the rezction: P4(g).= ZPZ(g).
Foxon et al. [152] report a value of pH®(298 K) = 57.9 + 1 kcal/mole
wnile Panish and Arthur (141] reportad aH°(298 K) = 53.8 £ 0.8 kcal/
mole frem third law cilculations of their mass spectrometric results.
The third law reduciion o the mass spectrometric results of Farrow
US?} praduc.s o value of AH®(298 K) = £3.04 + 0.3 kcal/mole, while

the JANAF cables [21] suggest AH®(298 K) = 54.6

1.1 kcal/mole. An

]

average value was salectad of AH°(298 K) = 56.1 + 2.0 kcal/mole.

A rather wide ringe in the reportad values for the standard en-
thalpy of formation of solid [nP exists (-13.352 to -22.3 kcal/mole).
As sthn in Table 4-3, the value selectad was the average of the two
solution calorimetric determinations as this is a direct determination
of the property. Tne results from the vapor pressure measuraments are
subject to uncartainties in thé properties of thé vapar phase species
and also the heat capacity of solid [nP (e.g. Panish and Arthur [141]
usad Cp for A1SO which producas a decreasa in aH;(InP, c, 298 K) of
0.5 kcal/mole, winen ccmparad to Cp(InP, c, T) of Pankratz [153]). The
standard entropy of InP(c) was tzken from the low temperaturas heat

cipacity meisuraments of Piesbergen (129] while the heat capacity
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Tabte C-5

The Recortzd Stzndard Enthalov of Formation of

InP(c), AH;(Inp, c, 298 K)

AH%'Zga[InP(c)] Method Refarence
kcal/mole
-18.83 £ 0.7(2) flow equilibration 141
-18.588 = 0.7 mass spectrometry 141
-22.3 £ 1.5 (¢) mass spectromstry 113
-19.33 = O.T(d) vapor pressure 118, 154
-17.83 + 1.4 calculated 118
-21.2 (e) calcuiated 155
-20.33 M&Ss spectrometry 151, 152
-13.52 £ 0.26 solution czlorimetry 119
-21.0 £ 2 bomb calcrimetry 156
-21.5 £ 1.5 bomp calorimetry 153, 157
-14.5 £ 0.4¢ solution czlorimetry refareqﬁgd in

H 20a(P2(e)]

H? 208074 (9)]

(c) InP(c) = In(c)

Hz,208L72(9)]

Kz ,2¢3lP2(9)]

(e) InP(c) = In(c)

17 ,2¢8(P2(9)]

(a) InP{c) = In(c) + 3 P (), H3gq = 360 keal/mole

cr

aEen as 34.34 kczl/mole
1

(b) InP(c) = In(c) + I Pé(g), H§98 = 22.1 kecal/mole

teken as 14.08 kcali/male

1 o o
* 3 Pz(g), Hogg = 36.5 kcal/mole

taken as 34.34 kcal/mole

(d) InP(c) = In(c) + % Pz(g),- HE98 = 35.0 kcal/maole

taken as 34.34 kcal/mole

+

l. e = 37 .80 = o
5 Pz(g). H298 = 37.50 + 0.1 kcal/mole
taken as 34.34 kcal/mole
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adootad was that measured by Pankratz [153]. The result is in good
agreement with the 298 K vaiue of Piesbergen [129] and in fair agree-
ment with the high temperature measurements of Cox and Pool [131]

and the suggestsd value of Maslov and Maslov [133].

Barrow [143] resorts the dissociation energy of InCl to be 102.5
kcal/mole and combining this with the value oF the enthalpy of fcrma-
tion of In(g) and Cl(g) yields AH;(InCT. g, 298 K) = -16.21 kcal/mole.
However, the atomic Tluorascance value for the dissociation energy
also renortad by Barrow (143] (00 = 104.6 kcal/mole) yields aH;(InC1,
g, 298 K) = -18.31 kcz1/mole. Klemm and Brautigan [158] reportad
AH;(InCI, ¢, 273 K) = ~44.6 kcal/mole and wnen combined with the
eathelpy of sublimztion, AH;(InC}, c, 298 K) = 27.8 kcal/mole (1591
gives AH;(InCT, a, 298 X) = -16.8 kcal/mole and is the value adoptad
hera. The standard entropy of InCl was taken from the calculations
oT Malakova and Pashinkin [160] wnile the heat capacity is that
recammended by Kelly [161]. The standard enthalpy of formation and
entropy of InCl2 was taken from the estimate of Glassner [162] and the
heat capacity is the same as that listed for GaClZ. _The standard en-
thalpy of formation and entraopy of GaCl3 was taken to be the values
suggasted by Mullin and Hurle [106]and the constant prassure heit ca-
pacity estimatad by Shaw [107]. The thermochemical properties of the
dimer, [nZCIG, were taken from the values suggested by Schafer and
Binnewies (148 ].

Tne standard enthalpy of formation of prosphine was takan from
the deccmpasitian studies o Gunn and Grzen [163] and the remaining
properties f-~m the JANAF tables (21, 88].‘ The JAMAF tables were also

usad for the other phaspnoraus hydrides, chlorides and oxide vapar

pnasa species.
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The Si-C1-H Svstam

The thermochemical properties ot Si have beenvreviewed by Hultgren
et al. [93] and the JANAF tables [21]. In particular, there exists a
rather large range in the reported third law values of the standard en-
thalpy of vapaorization, AH;(Si, g, 298 K) = 86.75 to 109.06 kczl/mole.
The value selected was in between the Knudsen studies of Davis et al.
(164] and Grieveson and Alcock [165].

The Si-Cl1-H system has reczived considerable attention due to its
importance in the semiconductor industry. An exczllent review of the
litsrature for this system with equilibrium calculations presantzd is
given by Hunt and Sirtl (166] and Sirtl et al. (167 ]. The pasture taken
here is to assume.that $iC1, has the most reliabie thermodvnamic data
with thesa values being fixed by the JANAF tables [21]. The reaction

Si(g) + SiCl,(q) = 25iC1,(q) C-42
has been investigated extensively [168-173]. Employing the thermo-
chemical data for the thrée species in reaction C-42 from the JANAF
tables [21], third Taw values of AH;(SiClZ, g, 298 K) were calculatad
from thé experimeﬁtal data. The effusion-mass spectrometric determin-
ation of Farber and Srivastava (168] over the temperature range of
1533 K to 1792 K producad the value, AH;(SiCIZ, g, 298 K) = -40.39 £
0.3 kcal/mole and showed no temperature dependence. This result is
in good agraement with flow equilibration data of Schater et al. (169]
(1273 K ta 1473 K), Teichmann and Wol# ([ 17d] (1223 K to 1575 K) and the
static measursments of Schafer and Nicki [171] (1398 K to 1873 K), with
third law values of -10.62, -30.54 and -40.4¢ kcal/mol2, raspectively.
The flow equilibrium values of Antipin and-Sergeev [172] (1273 K to

1673 K) and the static values of [shing et at. [17o) (1448 K to 1373 )
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ware more negative and exnibitsd a marked tamperaturs desendencz. Qn
the basis of these calculations, the value ¢H;(SiC12, g, 298 K} =

-40.4 kcal/mole was selectad. Thne values for the standard enthalpies

o7 formation oF the less stable chlorine SiCl1 and Sic13 were computead
from the hich tamperature Tlow equilibrium studies of Farper and Srivas-
tavz [168]. In the third law analysis, the data previously discussad
was usad in conjunction with the hezt capacity for SiCl and SiCTB,
suggested by the JANAF tables [21] and produced the value of 47.4 + 0.6
and -93.3 + 0.5 kcal/mole, respectively. Thesa results are in agreement
with the analysis of Rusin et ai. [174-176] on the total pressurs meas-
urements of Schafer and Nicki (172,. No additional thermodynamic
studias of SiZC16 are known to exist and thus the properties suagested
Dy Hunt and Sirtl (1667 were adopted. .

It was pointad out by Hunt and Sirtl [J66 ] that the mole ratio af
SiCl4 to SiHCI3 is very sensitive to the assumed value of the standard
enthalpy of formation of SiHCT3. Indeed, this ratio is seen to vary
by nearly four arders o7 magnitude at 1000 K when bounded by the ex-
perimental>detarminations ot AH;(SfHC13, g, 298 K). Since the work of
Hunt and Sirtl (173] was published, two additional experimental in-
vestigations of the thermaodynamic properties of SiHC]3 have been per-
formed. Farber and Srivastava [177], from effusion-mass spectrometric
Meisurements, determined the reaction enthalpy for

SiCl,(g) + Hy(g) = SiHCI4(g) + HCI(q) C-42
Qver the tamperaturz range 1152 K to 1500 K. Employing the thermo-
dvnamic data listaed in Table C-6 and these rasults, a relative tamper-

atura insensitive third law value for AH;(SiHCI g, 298 K) = -119.30

39
+ 1.0 xcal/mole is obtained. Using both static and dynamic methods,
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Woi¥ and Teichmenn (1787 investigztad rezciion C-42 and the rezction
4S1HCI5(g) = 35iCl4(g) + Si(c) + 2H,(q) C-43

Third law values for AH;(SiHCI3, g, 298 K) were calculated from the

original results of these authors. The values obtained for reaction

C-43 and for the three data sets with reaction C-42were -119.47 =

0.4, -1719.83 £ 0.9, -112.28 £ 0.2 and -11%.50 + 0.6 kcz1/mole and the

rasuits are saen to be in gond agreement with the measurements of

Farber and Srivastava [177]. Sinca theszs values were nearly 3 kcai/mole

mors negative than thoses desveloped by Hunt and Sirtl [166], values of

AH;(STHCT » 9, 298 K) were calculatad for various experimental SiCl,/

[N ]

SiHCI3 ratios in a Tashion similar to Hunt and Sirtl. The experimental
datz consistad o7 & variety of feed mixtures (e.g. SfC14/H2, HZ/HCX,
SiHCIi/HZ) wiich were contactad with Si(c) at different~t3mperatures
during a depasition/etching procsss. Tne results of thege czlculations

Tor 14 data sets suggestad AH;(SiHCT g, 288 K) = -118.16 + 1.70 kezl/

3!
moie. Based on thesa rasults and the new experimental detzrminaticns,

the value adoptad was AH%(SiHCI g, 288 K) = -11¢2.5 + 1.5 kcal/mole.

31
Tne standard enthalpy of formation of the di-~ and mono-chlaro-

silanes was taken from the recant measurements of Farber and Srivastava

(177]. In order to obtain a consistent data sat, third law values of
these quantities were calculatad frcm the ariginal experimental data
unile using the data base adoptad hera. The adopted values wera

H:(STH,C1,, g, 298 K) = -75.5 ¥ 2 kcal/mole and LHZ(STHLCT, g, 298 K)

® -32.7 + 2.5 kcal/mole. .
No additicnel experimentil inTormatian on the thermcchemistry of
SiH4 and SiH exists and thus the JANAF tables reccmmendation was adoptad.

e standard enthalpy of formation of disilane was taken frocm the
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czicuiations of Potzinger et al. [179], AH;(SizHS, g, 298 K) = 17.1 +

3 kcal/mole and is compared with the calculztions of 0'Neal and Ring
(1761, AH;(STZHG, g, 298 K) = 12.1 kcal/mole and the value of 16.0 kcal/
mole obtained from the estimated enthalpy of formation for SiH3 (35
kcal/mole) and Si-Si (-S54 kcai/mole). The standard entropy and heat
capacity of Sisz were obtained by comparison with CZHE.

A summary of the selected thermochemical properties (with two
additional references [181, 182]) is presentsd in Table C-6. In or-
der that the stebility of the various species might easily be compared,
the standerd molar Gibds energies of formation are plottad in Figures

C-1 througnh C-5.
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RESULTS AND DISCUSSION

Chemiczl Eeuilibrium Investigation

Tne product of the equilibrium calculations was the composition
of the vapcr pnase in the presaences of excess condensed phases. The
composition was investigated as a3 function of temperature, pressure
and inlef gas composition. The usual procedurz was to vary one of
the operating conditions while holding the remaining cnes &t their
base values. The graphical reprasantation of these results jilustrates
the equilibrium vapor mole fraction of each of the species versus the
parametar varied. Since the primary objective of this study was to
examine unintantional Si incorporation levels, mole fractions are
shown typically down to a level of 10']0 (0.1 ppb). The Si species
wers always found to be below IO'S mole fraction. Tnhersfore, aonly
the Tower five orders of magnitude were shown in many cases unless the
Upper range was necassary to understand the resuits. A full parametric
analysis was performed and aver 160 plots wera generatad. In many
Cases, the rasults were similar to analogous system, thus, this chap-
tar includes only those graphs necassary for understanding the prin-
Cipal phencmena pradictad. I[n intarpreting these plots, it should be
r2alizad thas an axcass specie sarves t3 hold the activity of that
Stecie at a constant value. For example, wich solid SiOZ prasent, the

dctivity of Si0, is fixed at unity and therefgre the product of the Si
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and 02 partial pressures is aiso {ixed. Thus, changes -in operating
parametars that alter the 02 fugecity will alter the Si activity by
the same degrse in an inversa fTashion.

The GaAs Chloride Systam

The effect of tamperature on the species present in the GzAs
chioride system sourcs zene (100 kPa pressure, inlet composition:

% AsCly in Hz) is shown in Figures C~6 througnh C-9. Figures (-6 and
€-7 apply to the system which used a liquid group III sourcs, GaxAs.(_x
and Figures C-8 and C-9 reprasent the results for the system wnich em-
ployed GzAs(c) és the group I[II sourcs material. At low tesmperatures,

GaClz and GaCl, became relatively importznt gallium vapor species along

3
with GaCl in the solid sourcz system. In the Tiquid source system,
GaCl is the dominant gallium species over the entira tamperature range
examined (873 <T <1173 K). In both systams, As, was the dominant
arsanic species at low temperature while As2 beczme important at high

temperaturss. In contrast to previous studies (48-49 ], the trimer,

mole fraction was not negligible. In generzl, comparison of the

As3,
siTicoh activity for the two sourca zones revealed that the silicon
activity associated with the GaAs(c) source material.was much lower

than that wh%ch resulted wnen a liquid scurce material was employed.

The predcminant silicon species in the vapor phase of the system which
usad a solid sourca were the higner silicon chlorides in contrast to

the hydrcgen rich silicon species found in the systam wnich used a li-
quid sourca. An additional intsresting featurs is that the totzl mole
friction of silicon csmpounds in the vapor.for the svstam wnich emploved
a solid scurca was greatar than that for the system wnich emplioyed a
liguid sourca. At first glancz, this fact seems coniradictory to the

Tewer aobsaerved siliccon activity.
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ne voilowing rezciiaon egquations mey be written to describe the
formation of silicon chlorides, chlorosiianes and silane resulting
from reactions with the quartz reactor wall.

SiOz(c) + nHCI + (4-n)H: = ZHZO + SiH4_nCln n=0,1,2,3,4 C-34

kéioz(c) + kmECT + k(2-m/2)H, = 2ki,0 + 51,C1

2 k™ km

k=1,2 m=C,1,2,3 C-45
Reactions C-41 and C-42 represent a sat of independent formation reactions
which descrits the interplay between the dominant vapar phasa silicon
specias preseni in the system. Assuming ideal gas behavior, the equili-

brium consiants for thesa reactions are as follows:

2 4in n
1,n HZO S.HA.-GC] n r{z HCT T
and
2,k,m° ngo Isi c1 1-km/2 / k(2=m/2) K
2 Ky 2 k¥'km ' T .sz yHcl C-47

whers ¥;= vapor phase mole fraction of species 1
PT= systam total pressure ratio (total pressure/referencs
- state pressure)
The activity of silicon residing in a condensed phase which is at
equilibrium with the vapor phase may be calculated fram any reaction
using a vagor Si species reactﬁnt and solid Si product. For example,

consider the following reactions and subsequent equilibrium expressions

for the activity of Si(c)

. ; . _ IsiH
Si(e) + ‘HZ = SxH4 ac;® 4 C-48
K ¥q Pq
- 2
. y y2
Si(c) +# 4HCY = SxCl4 + ZHZ 3. = SxCI4 H2 c-49
Xg Yucr Pr
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equilibrium constant for reazction (i=S,5). Other equi-

Here Ki is th

valent relations may be written in order to calculata the condensad

[} ]

phase silicon activity but the models suggested in equations (C-47and
C-48 serve as convenient points of focus sincz either SiH4 or SiC14 is
usually a significant silicon vapor species in the systems studied.
In particular, Tor those systams using HZ as the carrier gas, the mole
fraction of Hz is neariy constant with a value close to unjty. There-
fore, ag; will track the SiH4 mole fraction and is inversealy propor-
tional to the system pressure. Both models of course yield identical
values for the silicon activity when applied to the same situation.. The
activity of Si presentad in these plots can be viewed as the value found
in a solid pnase in equilibrium with a vapor having the compositi
shown. In order to translate this into a solubility, the nature of the
solid phase must be considered (i.e. the activity coefTicient must be
known). DOue to the low degres of doping encountered in thess systems,
(e.g. typically < 1015 cm 3, wnich is <100 peb), the activity coeffi-
cient can be resprasanted by Henry's constant, which is invariant with
respect to composition. Therefdre, an incresase in Si activity corre-
spands ta an increase in solubility. Thus, the models provided by
equationsC-47 and C-48may be usad to predict the direction of change
in the silicon concentration based on the knawledge of the vapar phase
equilibrium composition.

The lower silicon activity associated with the solid GaAs source
can thereforz be viawed as due to a supprassad SiH4 concantration when
csmparad o the liquid sourcs (2quation C-47). In the scurcsz zone,
wnich employed solid GaAs, the presence of.primarily higner chlorides

and chlorgsilanes at the lgcwer scurce zone tamperaturss was a result

N
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of Tess gallium being present in the veépor phasa then was prasent wihen
a liquid source was employed. Sincs Ga wés in excess in both the 1li-
quid and solid source systems, the activity of Ga was constrzined with
the liquid source exhibiting 2 higher Gz activity. Thus, sufiicient
HC1 was available due to the decomposition of AsC13 and the absencz of
enough Ga to consume it to enhancs rezctions C-44 and C-45 for large k
and m values. Figure C-1Q wnich shows the chloride system pre-source
zone (1% AsCl3 in H,, no group III source material present), further
supports this analysis. The &bsencz of group III chlorides caused the
total amcunt of silicon in the vapor to increase above the level ob-
served in the solid sourca systam wnile the condeansad phase silicaon
dctivity decrezsad even further.

Table C-7 lists the enthalpy of formation at 298 K and the Gibbs
gnargy oF reaciion at ¢73 K for some of the vapor species described by
reactions C-44 and C-55. The large negative enthaipies oi formation are
indicative of strong interatomic bonds and thersfore stable species.
Sinca equilibrium reoresents the state having the lowest value for the
Gibds energy of the systam, species with a Tower Gibbs energy of re-
action are favorsd. Therefore, providing sufficient chlorine to react
with the silican species rasults in a higher total silicon concantration
in the vapor phase but, due to the stability of these species, a lower
activity of solid silicon in the condensad phase. The relative stability
of silican halides, when compared to silicon hydrides was also recog-
nized by Rai-Chouchury ([40].

-

ne outlat equiliarium comgesitions of the scurcs2 zenes using

-

salid or liquid source matarials at 973 K wera usad as input to the

Mixing zone and the effact of mixing zone tamperature was investigated.
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Tabie C-7

Enthaloies of Formation and Gibbs Eneraies of Reacticn

for Some Silican Vapar Scecies

H208K* A 258K
Vapor Specie (kcai/mole) (kcaT/mole)

SiC14 -158.4 51.4
STHC14 -119.5 60.5
SiC13 -83.3 632.8
Sin;lz -75.5 75.9
SiCTz -40.3 81.8
SiH3CT -32.7 4.0
SiH4 8.2 111.5
SiCl 47.4 129.8
Si2C15 -236.0 139.5

*Qefaranca stata:

Si(c), Clz(v), Hz(v) at 298 X and 100 kPa
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The system using & Yiquid scurcs metarizl displayed behavior which

was nearly identical to the saurcz zone behavior. This supports
Weiner's modal [ 58] wnich suggestad using the outlet compasition of
the scurcz zcne &s the inlet composition to the cdercesition zone. This

model is only applicable, of course, if the sourc2 and ‘mixing zones

ct
—te
~h

are operatad at the same tamperatura. Justificzticn for isothermal
operation ov the source and mixfng zanes comes from noting that the
condensad phasa silicon activity increases with tamperature. There-
fore, it is desirable to operate the mixing zone at the sourcz zone
tamgeraturs in order to minimize the silicon activity and at the same
time prsvent deposition oF GeAs in this zone.

The btehavicr o7 thea mixing zone, when Ted from & sources zone using
solid GeAs as the sourcz matzrial, differed from that of the sourca
zone aicna in that the mole fractions of all of the chlorinatad vapor
phasa silican species increzsed with temperature, as did the condensed
phesa silicon activity. Although the silicon activity in the mixing
Zone incraiased mores slowly with tamperature than it did in the sourcs

Zcne, the results of this analysis suggests operating the mixing zona

at a temperature equal to or less than that of the source zone, in or-

der tg attain the lowest paossible silicon activity.

The efTect of temperature on the deposition zone, wnich was fed
from sourcz and mixing zones using tamperatures of 973 K, prassures of
100 kPa, a liquid sourcsz material and 1% A5C13 in H2 as inlet into the
r2zctor, has shcwn GaCl and As4 to be the dominant group [II and V
species. A mezsure of the sugersaturation ¢f the vapar was defined

basad aqn the raaction

GaAs(c) = Ga(q) + As(aq) C-50




&

153

Using the equilibrium relationship, the saturaztien ratic, R..., is de-
—-~a .
fined as
: p.. P
Ga As
RSat = —_— C-51
KSat
ners . = exp(-G? -
wi o Kae exp( ern/RT) €-52

: .
Y at 773 K to

Tnis saturztion ratio wes obsarved to decrease from 4x10
700 at 973 K, wihich shows that the vapor phasa was hignhly supersaturated.
When Sioz(c) wés not included in the deposition zone, the condensad
pnasa silicon activity changed only slightly frem 9x10'3 at 773 X to
8x10°~ at 973 K. Including Sioz(c) in the deposition zone czlculation
resultad in the condensad pnasa silicon activity becoming a strong
function of temperature (due to reversal of r=actions C-44and C-4% with
the activity value at 973 K remaining unchanged and the 773 K value
falling to Sx107°.
When solid GaAs was used as the group II1 sourcs material, the
following resulis were obtazined for the deposition zone. The saturatian
ratig fell from a value of 200 at 773 K to the expectad value oF 1 at
873 K, thus revealing the system to be much less supersaturatad than
the 1iguid source material counterpart. Tnis lower deqree of super-
saturation was due to much Tess GaCl being present in the vapor. The

deminant group YV specie was As4, but GaCl, GaCl, and GaC13 wers all im-

2
portant contributors to the grodp [I1l vapor species. The condensad

pnase silican activity was found to increase with temperature from

7

9x1078 at 773 K to 7x107" at 973 K for the case wners SiOZ(c) was not

included in the depositidn zone. ‘When SiOZ(c) was included, the sili-

-Q
c€In dctivity at 773 K fail to 2x1Q ~. .
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The ef{sct of pressurz was investigztad cver the range of 1 to
1000 kPa (tamperaturs 973 K, inlst comgasition: 1% AsCl, in Hz) for
both the solid and liquid group IIT source meterials. Cver the en-
tire range studied €aCl was the dominant gqroup I[II vapar specie in
the system using a liquid sourcs matarial, wnhile Tor the system using
solid GaAs as the source matarial, GaCl became the dominant group III
specie at pressurss bslow 100 kPz, but competsd with GaCI2 and GaC13
at the hicher pressures. Thne dominant group V vapor specie was As4
at pressures cbove 10 kPz with Asz beceming important below this pres-
surs, in agreement with Gentner et al. (49], in both the liquid and solid
sQurcs syscams.

Figuras C-1land C-12show the lower {ive orders o7 mzgnitude in
moie Traction and the condensad phase silicon activities in the liquid
and saiid matarial sourcz zones. Tne silicon activity in the svstam,
which usad a liquid source matarial, reached s maximum at a pressure
of 4 kPa and then decrezsed with increasing pressure. Tnis behavior
has nat praviously been resariad in the litarature presumably due to
the constrained nature of previous equilibrium calculatiaons. Referring
to equation C-48reveals that the maximum in the silicon activity was
due to the Sit, mole fraction rising faster than Pr in the 1 to 10 kPa
range. Apolying equation C-46ta the specie SiH4 (6;0) and referring

to Figure C-1lshows that the SiH, mole fraction dependenca on prassure

4
deviates from linear behavior due to the H20 mole fraction changes in

)
changes in the total amcunt of SiOZ(c) which resictad with the vager.

this range (v, =1). The change in HZO mole fraction was due to

Reaction C-44was important in this system and, as the pressure in-

craased, causad mere SiOZ(c) to react which generatad rora H,0.
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ne dominant siiican vapor species prasent at the lew end o7 the
pressurs range was Si0 which was {ormed via the reaction

0 €c-53

with the corresponding equilitrium ralationship

2

= Yeia Yo Ps/ Y. _
3 $i0 hZO Hy C-54

K

Tnus, the observed minimum in the HZO mole fraction was due to the

intaraction between the decreasing mole fraction of S10 with the in-

0O

re

it}

sing systam pressura from rcaction C-50 alang with HZO generation
from rezcticn C-44. Reaction C445was.not important in this situation.

The scurca zone wnich used solid GaAs as the group LI sourcs
matarial showed a strictly decrsazsing condénsed'phasa silicon activity
with incréasing systam pressure and is best described via reactions. C-44
and C-45in csajunction with the silicon activity model provided by equa-
tionC-49. The decrazse in silicon éctivity was due to the 3 arder of
magnitude incrazse in SiCl4 mole fraction being offsat by an arder of
magnitude.fncreise in HCT mole fraction (asi="yﬁél) and the P%‘ depen-
dencs of the silicon activity. Oncz again, the activity of silicen in
the systsm using solid GaAs as a source matarial was much less than
the activity rasulting from using liquid GaxAsl_x as the group III
sourca matarial,

The mixiqg and depasiticn zones were studied using only the liquid
group [II sourcs matsrial ia the sbhrce zone. The mixing zone results
wera again essantially the same as those of the scurcz zone (operatad
2t the same tamceratura) and theraforz do nct raquire further discussion.
The desosition zone, shgwn in Figuraes C-13and C-14, exhiditad a

. . . . 3. . .
saturazicn raczio of aporoximataly 2x!107 &t & prassure of 1 %P3 rising

N

wy
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to aporoximataly ZxIO4 &t 10CC kPa. Tnus, the deposition zone was
suparsaturatad gver the entire pressure ringe investigated.

Tne meximum value of the condensed pnase silicon activity ob-
served Tor the source and mixing zones was not prevalent in the de-
position zone sincz Sioz(c) was not included in the deposition zone
model. ThereTors, the silicen activity decrszsed with increzsing
prassure in accord with equation C-48.

The mole fraction of AsC'l3 present in the feed stresam wes varied
from 0.15 to 10% in orcer to detarmine iis effect on the condensad
phase silicon activity. For the sourcz zone utilizing a liquid group
[I] sourcs material most of the chiorine atoms provided by the decom-
position of AsC13 wera usad to gesnerzts GaCl. Theréfore, the condensed
phase silicon activity was not appreciably atffected gntil large concan-
trations ov AsC13 wera razched. Tne silicon activity was Tound to de-

3

crazse from 7x1077 at 0.1% AsCl, to 5x1073 at 1% AsCl; and finally to

- -4 - . : : .
7x10 7 az 10% AsCl,. Tnesa rasults agree qualitatively with preavious
. 3 g q Y

calculations (39, 40] and aobservaticns [36,37,38,41].

A very marked efvect on the silicon activity was obsarved as the
AsCT3 inlet concentration was varied in the systam using solid GaAs as
the group [II sourcz material. Since less GaCl was generatad in this

systsm wnen compared to the systam using a liquid group [II source,

mora HC1 was available from the decomposition of AsCI3 to react with the

silicon vapor species. Thus, the condensad phase silicon activity was
S

found to decrzzsa wnifermly from 9x10° ° at 0.1% AsCl3‘to I.Sxio's at
102 AsCl, iniet concantration.
The razson less GaCl was generatad in the system using solid GaAs

as the group [l scurcz is expiained by the follewing reactions.
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GaAs{c) + BCI(g) = GeCl(g) =+ Z-As4(c) 2(g) C-55
1 , . 1 1-
% GaAsy_ (1) + HCI(g) = GaCl(g) + 5 2( ) + 4= % Asg(a) C-56
Reactian reters to the systam using the solid sourcs and, at 973 K,

has a2 Gibbs energy change o7 3.2 kcal/mole while rsaction C-56, reore-
seanting the systsm with a Tiquid sourca, undercoes a Gibos energy change

of -12.5 kcal/mole. The negative Gibbs energy change of rezction C-56
causas the products of the reaction to be Tavored.

The inTluence of temperature and pressure on the vapor phase [II/V
ratio for solid end liquid group III sourcas is shown in Figurs C-15.

When a liquid sourcz is used, the III/V ratio is limitad to & maximum

o7 3. Tnis is due to most of the Ga being transpcrtad as GaCl and the

3 to 1 ratio of Cl atoms to As &dtems in AsCI3. Increzsing tzmperatures
causa the III/Y ratio to decreass when a Iiduid source is used due to
the increzsed amount of As present in the liquid. Tne III/V ratio in-
crazses with increasing temperzture {or solid sourcas due to a lowering
ov the Gitobs enerqy (due to entropic effects) of reaction C-55. In-
crazsing pressura causas a decreasa in the [II/Y ratio for both the
solid and liquid sourcz systsms due to reversal of reactions C-55 and
C-56.

The sourca zone rasults were carried through the mixing zone and
desositicn zdne for the system using a liquid group [II sourca. The ,
mixing zone yielded the same results as did the sourca zone (both zones
operating at a temperature of 973 K) and the deposition zane showed the
seme trends as werz obsarved in the sourc2 and mixing zones excapt that
the vaiues of silican activity were slighdy hignher due to the lower

depasizion zone tamgeraturzs (373 K).

RN
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A very effactive wey to recucs the siiican activity in sysiams
using a liquid greup III sourcs is to add HC1 (or AsC13) downstrezm

o7 the source zone. Tnis allows the chlorine atoms to react with the

(%]
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enerzting additional GaCl.

-ty

Figure C-16 shows the

m

Tect of adding smell quantities of HCl
to the mixing zone on the condensed pnase silicon activity in the
dangsition zone (basis: 1 mole of vapcr in the mixing zone). The
initial HC! mole fraction in the desosition zone prior to the addi-
tion of any HCl was 4.5x10'5. In accord with rezctions C-44 C45, C-48
and C-49 the silicon compounds shiftad Trom being hydrogen rich to
chlorine rich and the silicon activity decrazased markedly. The addi-
ticn of AsCl3 nad the seme etvect excant that‘the activity decrazse
is sligntly moreipronouncad sinc2 there ars thrze chiorine atoms per
molecule of AsCl, compared to one for HCI. '
Another method of decreasing the condensad phase silicon activity
is tg add HZO to the systam. This causes a decrzase in the total amount
o7 silicon in the vapaor by shifting reactions C-44 and (-45in favar of
SiOZ(c). “This effect is demonstratad in Figure C-17 for small addi-
tions of HZO to the mixing zone (basis: 1 mole of vapor in the mixing
zone) wnere the mole fraction of HZO prior to the additions was S.leo'g.
This effact was predictad by Rai-Choudhury [40] and obsarved by Palm
et al. [45]. ’
Renlacing the hydrogen carrier gas with an inert gas is yet
anather method of raducing the ccndensed pnase si]jcon activity. Thnis
meince @155 racucas the tctal emcunt of silicsn in the vapor by shift-
ing raicticns C-44 and C-45 in favor of Sioz(c) as shown in Figure (C-18

Reducticn af silicza incorgoration using an inert to ra2placs HZ was
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studied ty Sski st al. [46] znd obsarved by Ozeki ez al. [47

()
—t

. 1ne
curvature in the silicon activity is best undarstood by referring to
reaction C-48. As the hydragen carrier gas is renlacad by an inert,
the mole fractions o7 H2 and SiH4 decrazse. The competing nature of
these two mole 7Tractions causes a maximum fn the condensed phzse sili-

can zctivity to occur at approximztely 2Q0% inerts after which the si-

lane mole {raction rapidly gees to zero and the silicon activity de-
creases to a very small value. The silicon activity will never reach
zero as predictad by C49 since reactions C-44, C-45 C-48 and C-49 are not
valid models in systsms devoid of hydrogen. Instazd, small concen-
trations oF Si(g), Si0(¢), etc. will remain in the vapor to provide a
nonzers but very small candensad phase ;iTiccn activity.

The use o7 solid GaAs as the group IIl sourcs matsrial appears to
offer en acvantzge over the Tiquid group III sourcs in that lcwer con-
dansed pnass silicon activities wers praedicted by these thermadynamic
models. [t must be empnasized, however, that the solid GeAs sourcs
was assumed to be purs (i.e. devoid of Si and other contaminants) and,
from a thermodynamic point of view, that the purity of an epnitaxial

layer can be no better than that of the source matarial unless methods

ara employed to improve the purity (e.g. additions of HC1, H,0, etc.)

2
guring the CYD process.

Tne GaAs Hvdride Svstam

ne eftect of temperature on the silicon species presant in the

grzup [II and group Y source zones of the GaAs hydride system is shcwn

[

n 7Ficuras C-19 and (-20. The condensed phase silicon activity for the

group Y saurcea zone was essantially the same as that which would be

gbsarved in the aroup V pra-scurcs zane (AsH3 absent) sinca arsine did
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20t compeiz with silicon for any atoms in ‘the vapor other than hydro-
gen. Tne group [Il source zcne snowed a much greater silicon activity

than the group I[II pre-scurcz zone (Ga(l) absent), shown in Figure C-21,

wi

ince the liquid gallium sourcs reacted strongcly with HC1 to form GeCl.
Tnis forcad the silicon species to be rich in hydrogen and therefore

the ccndensad pnese silicon activity was larger. AsAcan be seen from
Figures C-19 and C-20, the group V scurcs zone was primarily responsible
Tfor the silicon activity at low tamperatﬁres wnile at high temperaturss,
the group III sourca2 zone contribution to the silicon activity also
beczme importanit. As was obsarved in the chloride systam for the 1i-

quid GaxAs source, the dominant group [II vapor species was GaCl

1-x
with A54 being the deminant grouo V vapor species at temperatures below
1073 K and Asz dominant abave this tsmperature.

Tne rasults of thesa group [1I and Y sourcs zone calculations at
973 K were then combined and the effect of temperature in the mixing
Zone was investigatad. Figure C-22 shows this effect on the silican
dctivity and species in the lower five orders of maegnitude in mole
fractiod. The silicon activity and silane mole fraction wers found
to be lower than the values for the éroup V source zone alone at low
témperaturas due to the dilution effect of adding the twa saqurces zone
streams together (equal molar fiowrates were assumed in each sourca
zone). Sinca the silane mole fraction, and therefors the silicon
dctivity, in each source zone was approximataly the same at 1173 K,
the rasulting silicon activity in the mixing zone was the same as that
4T the cutiat ¢f efther scurcs zcne.

Using tre results frem the mixing zene at 973 K, the desosition

Icne was studied in the absencs of SiOz(c). The saturation ratio, as
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defined by equaticn C-51,was Tound to dscrszse frem 2107 &t 773 K

to 100 at ¢73 K, indicating thet the vapor wes supersaturatsd over

the entirs temperaturz range. Tne condensed phase silicon activity

. R . . - PR R, 1A
varied only sligntiyv, increasing frem Z2x10 ~ at 773 K to 2x10

\D

72 K, which is consistent with the etf{acts aobserved in the chloride

systzm using & licuid GaxAs group III sourca. The lesser degrse

1-x
ov supersaturztion found for the hydride svstam, when compared to the
chloride system, was due to the lesser amounts o7 group III and V
species present in the vapor. The dilution efiect of adding the two
sourcz zone strezms togeiher causes the group V vapor species to be
one-ha17 the molie fraction obsarved in the chloride systam. The use
¢7 HC1 ccuoled with this dilution effact reducad the ameunt of group
[II species transport to one-sixth of that in the ;thride systam.

Tne grcup [II and V sourc2 zones were inQestigated as a function
07 prassura at a temperaturs of 273 K. The silicon activity in the
group V sources zone ramained constant to 10 kPa then f2i1 from a value

-2

- - -4 - el
of 3x10 © to 4x10" " at 1C00 kPa. The group III sourcs zone exhibitad

-h

& maximum in the condensed pnasa silicon activity at a pressurs of 4
kPa, as did the chloride system sourcz and mixing zones using a Tiquid
aroup IIl scurcz. Upon combining the two hydride systam sourcs zones
and pé?fcrming the mixing zone equilibrium calculation, the silicen
activity in the mixing zone became a decreasing function of prassure.
The efiact of praessura on the deoosition zone of the hydride

System very closely metched that of the chioride system. Tnis rasult
was exgectad sincz the scurc2 Ztnes 97 the two svstams ar2 the only
difiareacas betwean the two and aonc2 dcwnstirzam of the source zones,
the ecuilibrium chemisiry of the hydride and chlaoride systams aras the

same.,
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The canczntraticn ot AsH3 in the ¥esd gas stream of the group
V sourc2 zcne was tound o have.no effact on the condensad phasz sili-
con activity. This was due to the silicon species being rich in hydro-
gen and, in the presencs of & lérge fraciion of hydrogen carrier gas
(> 90%), the hydrogen atoms relszsed from the decompasition oF AsHg did
not contributs significantly to the overall system hydrogen cantent.
Therefora, the silane mole fraciion was not signivicantly afiectad. In

contrast, Pogge and Kemiage [65] found that increasad AsH, concentra-

0.

tions decrezsed the frea carrier concantrations in enitaxial GaAs.
They cit2d kinetic efi2cis, however, not thermodynemic limitations a&s
the rezson or their cbsarvatiens.

Incrazsing the concsntration of HC1 in the ¥eed stirezm to the

’

group III sourcz considerably decrszsed the condensed .phase silicon

activity by forming chiorine rich, as opposed fo hvdrogan rich, silicon
sgecies. Tnus, one methad of decreasing the silican activity winile
maintaining a constant vapor ITI/V ratio is to increase both the HCI
&nd AsH3 mole {rzctions in the fesd strezms to each scurca zcne to-
gether. This effact is demonstratad for the deposition zone in

Figure C-23. Additionally, if various III/Y ratios are desired, it

is advisable to cperats the systam with a large HC1 concentration in
arder tg rezlize a low silican activity and vary the AsH3 concentra-
tion until the aporaopriate [I1/V ratio is attained.

As was discussad for the chloride system, a very eifective method
for r_<uciag the silicen activity is to make small additions of HCl or
H.Q tg the mixing zene. This prasarves the systam [[I/Y ratio frem
the nydride sysiam scurca zzones and shifts reactions C-44and C-451in

ivar of SiOZ(c). The rasulss for the hvdride system were essantially




Ti‘

Y

 ®

Effect o

tlole Fraction

175
-5
10
{
1079
— \aS]
~
N
AN
7 \

10 r—-

10‘8 )

10

2107

Adding HCl1 on the GaAs Hvdride System Qesosition Zcne

P
1
Percent HC1 and AsH

Fiqura C-23

3

107!

1072

A3

-4

10

10

Silicon Activity (---)




176

the same as thos2 ottained for the chleride systzm and will not be
discussed further.
Reolacament of the hydrogen carrier gas by an inert gas was less

etiective in the hydride systam than it was in the chloride systam
b

(1]

sincs hydrogen was providsd by the decompasition of HC1 and AsH3.

Figure C-24 shows this efi2¢ct for the hydride systzm depasition zone.

Although a very sharp bend is observed in the silicon activity even

wnen all of the hydrogen was replaczd by inerts, the condensed phase
5

silicon activity was eporoximetaiy 4x10 °. Therefore, renlacing the

hydrogen carrier gés by an inert gas was not an accsntable method to

n

-

achieve low silicon activities. The addition of small amounts of HC]
or HZO to the mixing zons appears to be the most promising methcd of
attaining very low silicon activities in the hydride system.

The InP Calaride System

Tne [nP chloride systzm was investiigatad under the same conditions
ds the GeAs chloride systam and was found to behave similarly in meny

respects. Tne source zone using liquid InxP] « s the group III sourcs

matarial was quits similar to the GaAs system in that InCl and §4 wersa
the dominant group IIl and V vapor species. One difference absarved @
was that P2 was not as significant in the InP systam as As2 was in the |
GéAs systzm. This may be due, however, to the equilibrium calculation
being constrained as a result of the lack of a thermodynamic data sat *

for the species P The condensed phase silicon activities for the

3
GeAs and [P systams were Found to be essantially the same. Thesa same ‘

|

- . s P - 3 |
Ccmments a,s¢ acgiy to the mixing zcocne wnich was fad frem this scurca i
|
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Consistant with the calculational tachniqua employed for the
GaAs chioride systsm, the vapor pnase inlet composition to the depo-

sition zone was detarmined by the equiiibrium composition of the mixing

m
—
—
o
3
—
[=
3

zone. The mixing zone inlet composition was detarmined by the equil

source zone composition. The deposition zone of the InP chloride system

)

with a vapor inlst compasitian oF 1% PC]3 in HZ._ The saurce and mixing

was studied for a source zone using a liquid group IIT sourca (InxP]_x
Zone tzmperatures were both 973 K and the pressures in the source,
mixing and deposition zones were 100 kPa.

The deposition zone, shown in Figures C-25 and C-26 for the sit-
uation wherse SiOZ(c) was not included in the calculation, demcnstrates
saveral difierencas between the GaAs and InP éhloride.systams. First,
the saturation ratio for the InP systam, defined in analogy with equa-
tions C-50 and C-51, was much smaller than that of the GaAds systzm. This
is due to the Gibbs energy change for reaction C-50at 873K being 95.2
kcal/mole for GaAs while the Ribbs  eneragy change for the analogous InP
system is only 62.5 kcal/mole. The value of the eguilibrium constant
for the [nP systam is, thereforz, much larger than that for the GaAs
systam. Thus, larger vapor phase In and P partial pressures must be
present in order to attain egqual deqrees of supersaturation in the two
systams. Sinca the saturation ratio definition is indepsendent of the
pracass teo wnich it is applied, it is expected that the I[nP hydride sys-
tem will also show a lesser degree of supersaturation than the GaAs hvdride
svstam, Tnesa resulis are consistant wita those of Shaw [51] who also
found, thrcugn thermedvnamic calculaticns, that [nP systams are less super-

Saturatad than GaAds svstams.




B et

Mole Fraction

179

107 I 30°

1078} — _hat
InCl] R —
L :
1677 |~ —ho® o
T
o
Py =
S
\ b
108 = —i0? £
~ PH, 3

E

{ac

-
-

Temperature (X)

Figure C-25
of Temperature on the [nP Chloride System QOeposition Zone




tiole Fraction

10

-3

180

107!

Silicon Activity (---)

773 - 873 973

Temperature (K)

Figure C-26
t of Temperature on the InP Chloride System Deposition Zone




v—rTT

&

181

Tne ccnéensed phess siticon activity {or the InP systzm was

sligntly lower than that of the Ga&A

wn

system, due to the lower SiH4
mole {raction, but increasad sligntly with temperature. Recall that
the silican activity in the GaAs systam displayed a slight decrease

in tamperature when Sioz(c) was not included in the calculaticn.

Tne InP sourcs zcne using solid InP as the group II1 source
meterial is shown in Figures C-27 and C-28. The benavior of this
systzm was markedly difTerent than that o7 the analogous GaAs system
in that [nCl was ciearly the dominant group [I1 vapor specie due to the
Tavorzbie Gibbs energy changs (-8 kcal/mole at 973 K) of the following
rezction when ccmpared to rezction C-55 (3.2 kcal/moie at 973 K).

[P (c) + HC1(g) = InCl(g) + g Pyla) + ‘? H,(q) C-57

The formation of a larger amount of group [II monochloride consumed much

o7 the HCl initially presant in the systam and causad the vapor phase

silicon species to be hicher in hydrogen content than thosa species in
the analogous GeAs systzm. As a rasult, théa condensed phase silicon
activity in the InP chloride systam, using solid InP in the soufca zone,
was found to be much larger than that of the GaAs systam. These same
ccmments also apply to the mixing and depasition zones ot the InP sys-
tam wnich follow the source zone using solid InP as the group III source
matarial.

The effect of prassure on the [nP chloride system followed closaly
that observed for the GaAs system, relative to the previous discussed

di

Farencas. Thus, for the systa. employing licuid InxPI_x as the group

(1]

&

irc

[

Q

-
“wy

. the ccncensad phase silicon activity in ezch zone was
slign:zly lower than that of the GaAs system and the InP saturation ratio

in the dezcsiticn zcne was much less than that of the GaAs systam. As

N
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in the GzAs systsm, mexima wers otszrved in the condensad pnase
silicon activities at 4 kPz in the sourca and mixing zones. Tne
chloride system, using solid [nP as the group III sourca, also dis-
piayed a prassure dependenc2 wnich was simiiar to that of the anal-
ogcus GeAs system. The major divferances being that InCl was clearly
the dominant group III species and the condensad phase silicon acti-
vity was much higher in the InP system, due to reasons pravicusly
discussed Tor GaAs.

The inTluencz ot PCl3 inlet concantration on the InP systam was
similer t¢ that of AsCT3 in the GeAs system with the following differ-
encas. When liquid InxPI-x was usad as the group III sourcz matarial,
the condensed pnhasa silicon activity was always 20% to S0% less than
that o7 the corrzsponding GaAs sysfam. This was dua to InC'l3 being
prasant in a smaller amount in the InP systam than GaC]3 was in the
GaAs systam. Thus, more chlorine was available to react with the sili-
con vapar species. When solid InP was used as the group IIl source
matarial, the silicon activity in the InP system was greaater then
that oF the corresponding GaAs systam due to fhe large amount of InCl
formed.

The reolacsment of the hydrogen carrier gas by an inert gas was
also investigated in the [nP system with the results following the
same trends as did the'ana10§ous GaAs systam. The differencss be-
tween the systems were consistant with the pravious discussions, i.e.
the ccndensed phasae silicon activity for the [nP systam using solid

[nP for a scurce was larger than the GaAs systam and the liquid source
{nP systzm showed a slightly reducad silican activity in the degasition

zzre ra2iative o the GaAs systam.
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Additions of Wll,

1

20 anc PC13 to the mixing zons of the In?
systam were also studied. Tne trends observed were the same as thcse
in the GeAs systesm.

The InP Hvdrids Svstzm

Tne results of a parameiric enalysis of the InP hydrice systam

n

were similar to thoses of the GaAs hydrids systam discussed previousliy.
The condansad pnasa silicon activity in the InP syst=m wes fTound to
be consistantly less than thzt in the GzAs systam under all analogous
conditions. At very low inlet HC1 conczatraticns (~0.1%) the silicon
activities waras neariy the same while at large inlet concsntrztions
(~10%), the InP systzm exhibited silicon activities which wers half
the vaius o7 those in the GeAs systsm. Tnis was primarily due to the
more necative Gibbs snergy of formation of GaCl (-41.5 kcai/mole at
873 K), wnich causdd a grezter praduction of GaCl via resaction C-56,
than IrCl in the znalcgous rsaction where In is the group III species.

ne di

farancas in the Gibbs energy of formation at 973 K for Ga(1) and
[n(1) wers not significznt. Thus, more HCl was availeble in the InP
systam to form chiorine rich silicon vapor species via rezction C-44
which in turn lowersd the ccndensed phase silicoa activity relative
to the GaAs systam.

Ficuras C-29 and C-30 show the effact of tamperaturs on the de-
Position zone of the InP system. As observed in the chloride systams,
the satyration ratio for InP was much smaller than that for GaAs. The

hydride systam sacwed thet, for the sourc2 zone conditions, shown in

the

-n

i

[Ye]

uras, the [nP systzm did not beczme supersaturatad untii the

temperatura was Selow 860 K. Altarnatively, supersaturaticn at 873 K

C3n be achiavad By {ncr2asing the systam pressure Trem 100 kPa to
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200 kPa or by increasing the FH3 and HC1 inlet compositions. These results
are in contrast to those observed in the InP chloride system and both GaAs
systems which displayed supersaturated conditions in the deposition zone

under all situations studied.
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APPENDIX D

Chemical Equilibrium Analysis of Ga, In,__As
Chemical Vapor Deposition

The group IIIA elements Al, Ga, and In combine with the
group VA elements P, As, and Sb to form a class of semiconductors
appropriately termed III-V compounds. These "second generation"
semiconductor materials are isoelectronic analogous to the "first
generation™ group IV elemental semiconductors (e.g., Si) and
offer distinct advantages for sclid state device applications.
For devices which require high operating speeds or frequencies,
several III-V materials offer a significantly larger electron
mobility than Si. Beqause of the more complex native point
defect structure of these materials compared to Si, most III-V
compounds can be made semi-insulating by controlled processing.
In integrated circuits this results in lower power
consumption and reduced parasitic capacitance. Perhaps the most
important property of III-V materials is the ability to form
completely miscible Qolid solutions for most of the
multicomponent systems. This is accomplished either by the
substitution of an atom on the group III sublattice, e.g., Ga, by
another gréuﬁ III element, e.g. In, or by the substitution of an
atom on the group V sublattice by another group V element. By
the variation of the solid solution composition, the electrical
properties of the s2lid are affected. Thnis affords the devics
designer the ability to tune the electrical properties of the
solid to fit the particular device requirements.

In most applications, the designer will specify the bandgap
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energy to give the desired electrical chgracteristics and the
lattice parameter to permit the growth of device quality
epitaxial layers. To independently vary both of these material
parameters often requires a quaternary system. Primarily because
of simpler processing, certain group III-V ternary solid
compositions have received attention. The example reported here
is the Ga.u71n.53As ternary material which has a lattice
parameter that is matched to the available substrate InpP

(bandgap energy corresponds to wavelengths important in optical communi-
caticns). The energy bandgap is direct at this composition and the elec-
tron mobility is more than ten times greater than that in Si. These
properties have suggested the ternary system be used in microwave device
applications.

One of the most successful techniques for the growth of
epltaxial films has been chemical vapor deposition (CVD). The
major advantages of CVD are relatively fast growth rates, the
availability of a variety of source gases, and the ease in which
dopants may be changed during the deposition procesa. The

hydride process i{s an important technique in the CVD of GaxIn1_

xAs. The process is made up of three zones: source, mixing and

depo;ition. The source zone consists of three mass transfer
isolated inlets, two of which are for the group III species (one
for Ga and one for In), and one for the group V species (As).
Hydrogen 1s used as a carrier gas in all three inlets. HCl 1is
contacted Wwith the group IIT species and generates volatile

species predominantly by the following reaction:




41

v“-ﬁ.,vgrﬁv
>

N

.

L a

191

v

1C1 + III(L) = 1/2 H, + IIICIL D-1

Arsine is added separately and allowed to decompose, primarily to
the elemental dimer and tetramer. The resulting gases are mixed
in the mixing zone where epitaxial growth occurs at the substrate

primarily by the following overall reaction:
ITIC1 + 1/4% Asy + 1/2 Hy = IIIAs + HCl D-2

The hydride process s generally operated with an
equilibrium group III source boat so that more reproducible
transport rates are achieved. In.a similar manner, equilibrium
conversion of arsine (s desirable from a reproducibility point of
view, though the reaction efficiency of AsH3 versus As, in the
deposition process is not clear. The decomposition of arsine is
discussed in Appendik A and is a function of the flow rate, tube
diameter, surface condition, temperature and reactor length. As
suggested in Appendix A, the elemental reactions (e.g.,

+ 1

L —
2 2 Il
concentrations should only be a function of temperature if

As As

) are rapid and thus the elemental species
decomposition of arsine is complete. Under typical deposition
conditions the deposition process i{s limited by chemical reaction
though the specific limiting reaction(s) is not clear (adsorption
of the group III chloride has been suggested though tne limiting
reaction can easily cnange with different operating

cgnditions). Operating with reaction limitations insures growth

rates wnich are uniform.




Despite the fact that the source zone can have mass trensfer
and reaction limitations and the deposition process is rezction
limited, equilibrim calculations for this process have shown
qualitative agreement with experimental results. Reported here
zre the results of complex chemical equilibrium calculations on
the deposition of GaxIn1_xAs. The calculational procedure and
equilibrium model are the same as that described iA Appendix C.
First, the use of an alloy source boat for the generation of
volatile In and Ga species is examined, Next the effect of
addition of HCl to the mixing zone on the solid composition is
studied. Finally, the influence of inlet AsH3 partial pressure

on the deposited film composition is discussed.

Alloy Source

The value of the Gibbs energy of formation of GaAs from the
chloride 1Is more negative than the coéresponding value for
InAs. This differential stability requirés that the In transport
rate be approximately a factor of 10 greater than the Ga
transport rate. Since the total transport rate is small,
extreme v fine control of the HCl flowrate over the Ga source
boat i{s required, The required flow control approaches the limit
of practical operation, even Qhen dilute HCl sources are used.
Primarily for this reason, a single source boat containing an
alloy of Ga and In is sometimes used (183-185) , GaCl 1is
s1ightly more st%able than InCl but thne value of the difference in
Gibbs energy of formation between these two chlorides is smaller

than that between GaAs and InAs. Thus the value of the
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coapositicn rztio btetween the sclid solution and the liquid
source boat is smaller than the value of the ratio between the
solid solution and the gas phase composition. This fact and the
ability to precisely fix the alloy composition promise better
process control. The major drawback witnhn the alloy source is thne
batch nature, with inherent changes in composition as reaction
takes place.

Complex chemical equilibrium calculations were performed on
the operation of the alloy source boat, The main control
variable is the gas phase composition., Figure D-1 shows the
variation of the gas phase species mole fraction as a function of
the source boat composition. The temperature and pressure were
fixed at typical operating values of 1073 K and 1 atm, The inlet
gas stream_contains H2 and HCl and since the solubility of H and,
tc a lesser extent, Cl species in the alloy is small, the total H
and C1 atoms in the equilibrium gas phase is identical to the
inlet amounts. Thus a convenient variable to fix is the C1l/H
ratio and this variable was fixed at 0.0023 in the calculation.
The c¢nlorides of Ga and In are only slightly soluble in the
liquid metals and should not affect the calculated compositions
since the Ga and In activities will change very 1itg}e. The
results in Figure D-1 show that the wmonochlorides of Ga and In
are the dominant species and reflect the slightly higher
stability of GaCl over IncCl. This figure also shows tnat the

-

eosnversion of HCl to transportabdle species is large (79

Vol

%2). The
limits of x = Q0 and 1 represent thne pure sources and the HCL

conversion is higher for Ga than for In.
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The results of thnese calculations are shown in a different
manner in Figure D-2 where the Ga/(Ga + In) ratio in the vapor
pnase is plotted versus the alloy composition. The vapor phase
Ga mole fraction is always larger than the liquid phase mole,
fraction because of the higher stability of GaCl. The figure
shows the results for two different solution molels for the
alloy, an ideal solution and a simple solution which reflects the
slight positive deviations from ideal behavior in the melt. The
curves are seen to intersect at x = 0.5 because of the symetric
nature of the simple solution model. For In-rich solutions, the
positive deviations give higher Ga vapor phase mole fractions
than tne ideal solution assumption, wnich would require lower Ga
melt compositions to give the same transport rate. For Ca-ricn
solutions the opposite behavior is seen.

The effect of source temperature, Cl/H ratio and pressure
were 31so investigated. Increasing the temperature produced a
slight increase in the conversion of HCl but the vapor phase
composition changed slightly. This was expected since the
standard entropy of formation of GaCl and InCl are almost
identical., 1Increasing the Cl/H ratio produce a small c¢hange in
the resulting vapor phase composition, though the amount of
transportable Ga and In species increased in almost direct
proportion (slight decrease from direct proportionality because

o~

of increased nignher cnloride production). Pressure also had a
small effezt until pressures greater then 1000 kPa wsre
reacned, wnere the Ga/(Ga + In) ra"io increased with increasing

pressure, These pressures are outside the range of practical

reactor operation.
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Figure D-2 Ga Vapor phase mole fraction versus liquid alloy
L composition at Ci/H = 0.0023, T = 1073 K and P = 1 atm:
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Influence of HCLl Addition in the Mixing Zone

The addition of HCl to the mixing zone i{n a hydride process
has several advantages. As suggested in Appendix C, increasing
the Cl content will shift Si vapor phase species to the more
stable chlorides and thus lower Si unintentional doping levels.
Addition of HCl also serves as an etchant which can reduce
extraneous deposits and lower the growth rate. The lower growth
rate can lead to improved surface morphologies. Shown in Figure
D-3 is a plot of the sqlid solution composition as a function of
the HC1l added, expressed as a partial pressure. In this
calculation, the group III species were generated from an alloy
source boat of  composition x5, = 0.118 by passing U4.473 moles of
Hy, + HCl over it (Pycy = 2.3 x 1073 atm). The inlet AsHj and

additional HCl amounts were determined such that the inlet

partial pressure of AsH3 was 10_2 atm and the mixing zone partial
pressure varied from the equilibrium value at the source zone
with no added HCl to the prescribed value in the Figure. The
deposi.ion temperature was 948.2 K while the source temperature
was 1073 K. The pressure in all calculations was 1 atm. The
solid solution was modeled as a single solution. As HCl is added
to the mixing ;one, the solid composition increased in Ga content
at a significant rate. This is a result of the higher stability
of GaAs versus InAs relative to their cnhnlorides so that

additiscnal HCLl will preferentially keep In in the vapor phass.

Alsoc shown in Figure D-3 are the results of experimental solid

compositions with added HCl (186). These results also show an

| i
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inerezse in Ga content initially, with the Ga content saturating
as more HCl was added. The equilibrium calculzations could not be
extended into this region because convergence problems were
encountered and the deposition rate was approaching zero at the

last converged calculation.

Influence of A5H37Addition on the Solld Solution Composition

The III-V ratio is very important in determining the
electrical properties of films grown by CVD. This quantity
essentially controls the defect chemistry of the growing
material. A first observation might suggest that the amount AsH3
in the inlet to the reactor should not effect the solid
composition since the ternary compound has no degrees of freedom
on the V sublattice and no vapor phase compounds are formed
between Ga and As or In and As. Figure D-U4 shows the variation
of the solid solution composition with the inlet AsH3 partial
pressure. In'this calculation, two source boats were used to
generace the group III vapor phase species. The source zone

temperature was fixed at 1123.2 K and the deposition =zone

temperature at 973.2 K. The In source was equilibrated with 2.0
moles of H,/HCl at P;Cl= 3.5 x 10-3 atm and the Ga source boat
also with 2.0 moles of H,/HCl at P&Cl' 10 x 10_3 atm. The arsine

inlet partial pressure was varied over 4 orders of magnitude and
produced a 35% change 1in the solid composition; decreasing Ga
content Wwith increasing AsH3 partial pressure.

As the arsine partial pressure was increased the deposition

extent also increased, simply because the deposition reaction was
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solid solution composition at a deposition temper-
ature of 973.2 K.
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snifted to more solid, particularly at these relatively hign
III/V ratios. The increase in the amount deposited also depletes
the group III amounts in the v#por phase which increases the HC1
content of the vapor phase and serves to moderate the amount of
increased deposition. Since the amount of In in the vapor Is
greater than the amount of Ga and nearly equal amounts of each
element are being deposited, the effect of increased deposition
is stronger on the Ga vapor phase content and produces more
extensive Ga depletion which is compensated by increased In

content in the solid solution.

Comparison with Experimental Results

Table D-1 summarizes the influence of process variables on
the solid solution composition as determined by several
investigators. The deposition temperature {s reported to have no
influence or to cause a slight increase in the Ga content and is
in agreement with equilibrium calculations (183). The deposition
rate, however, increases with temperature suggesting a kinetic
process controlling the deposition. Since the composition does
not cnange, the limiting reaction(s) would not ianvolve Ga or In
alone. This suggests that either another species is involved in
the 1limiting reaction (e.g., HCl desorption, AsH3 decomposition)
or the remote possibility of two limiting reactions, one each
involving Ga and In, with the same activation energy.

As the AsH3 partial pressure is increased the two

experimental observations show opposite behavior. The
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composition, x, in GaxIn1_xAs.

»

202

T E T T Ty e —r— o 0,

Influence of process variables on the solid solution

Tdeposition P°A5H3 P%Hel Tsouch> XGe Phea #runs
(mixing) (alloy)|(alloy)| (alloy)

Effect X(184) |slight | T(1g¢) T(184)| x(1841|=11gnt
on x slight T T(lB?) J(184)
(185,188) | 4 * X(185)

K.P. Quinlan

X no effect

T‘ increases X with value of variable {necreasing

¢ decreases X with value of variable decreasing
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thermodynamic results of this study suggest a decrease in the Ca
composition with a corresponding increase in growth rate. Also,
as discussed previously, the thermodynamic model éives increased
Ga content with Iincreasing HCl addition and agrees with the
experimental observation. The saturation phenomena reported has
been explained with kinetic arguments. The growth rate variation
with time reported in ref. 186 might possibly be explained with
transient processes occurring in the source boat. 1Initially, HCl
1s added to both the mixing 2one and sou;ce boats. However, a
10-20 minute transient has been reported (187) in the liquid
metal source boat which glives an initial deposition miiture that
is at etching conditions. Again at shutdown, the HCl is turned
off in both zones, but the source boats méy degas during cool-
down with A3H3 flow to give deposition conditions,.

According to equilibrium calculations, the source zone
temperature shouid have a small influence on the solid solution
composition_and this is in agreement with the experimental
Eesults of ref. 185, An increase in the Ga content with
lncreasing source temperature was reported in ref. 188 and was
attributed to kinetic effects in the In source boat. Increasing
the temperature should {ncrease the approach to equilibrium and
thus the HCl conversion efficiency. However, increasing the
vapor phase In content would also increase the solid solution
composition, in contrast to the reported result,

Increasing the alloy source boat composition gives increased
solid solution composition and (s in agreement with

experiments. Likewise, increasing the P°HC1 produced no change
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in the solid solution cémpo§ition and an identical result is
given by equilibrium considerations, Increasing the source P°uq-,
is reported to effect the growth rate (184); - the growth rate
exhiblting a maximum with increasing P°HC1’ The increase in
growth rate at low P°HC1 is due to increase transport rates zs
suggested by equilibrium considerations. At large P°y.;, the
growth rate decrease is probably due to kinetic effects.

The alloy Eomposition required for lattice matched growth of
Ga,In,_,As and InP is reported at x = 0.07 (185) and x = 0.122
(184). Comparing the experimental growtnh conditions of these two
studies, the lower composition was used with a much lower source
temperature and a slightly increased P°HC1 (shows a neglible
influence on solid composition). The lower operating temperature
might imply non-equilibrium source operation (the source area and
geometry were not reported in ref. 185). If this is assumed to
be the reason for lower required melt composition, increasing the
melt temperature should require more Ga-rich melts to agree with
the results of ref 184. Assuming a constant transport rate of Ga
and In {s required to give the lattice-matched composition, this
implies that increasing the temperature of the source bdoat (i.e.,
approaching equilibrium) at constant source composition should

’
increase the In flux relative to the Ga flux, which would
increase the In content of solid solution. To return to the
lattice matcned composition at higher temperature, the Ga melt
mole fraction would have to be {necreased., Thus the kinetic
limitation must be more severe on InCl generation than on GacCl

generation. The presence of a diffusion limitation in the melt
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(i.e., the flux of Ga into the vap~r rslative to In is greater
than the relative melt composition, can be eliminated since the
solid composition does not vary with time, the flux due to
reaction is smaller than the characteristic diffusion flux (this
problem is cnalogous to the problem examined in Appendik E,) anad,
if equal diffucion coefficients are assumed, the surface would be
depleted in Ga to give increased In flux whieh Is opposite of
that required. It is also known that Ga-In melts show surface
segregation, with the In concentration being greater at the
surface than in the back me.t. This would also suggest an
increased In flux during non-eq:ilibrium operation, again
opposite to that observed. The ex3ict nature of the kinetic
limitatiorn is not c¢lear, but future s-udies with the modulated
molecular beam mass spectrometer should charify this point.

In summary, the equilibrium calculations presented here are
in qualitative agrezment with the available esxperimental
results., The operaticn of an alloy source boat has been
characterized. The additioﬁ of HCl to the mixing zone leads to
an increase in the Ga composition of the solid solution, while

inereasing the AsH3 input produces the opposite effect.
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Appendix E

Steady State Analysis of the Scurce Zone in the Hydride Process

In the interests of reproducibility it is highly desirable to achieve near

equilibrium conversions of+vHC1 to IIIC]x such that changes in process variables such

as liquid Tevel height and exposed surface area do not affect the gas phase
compositicn and such that the composition is easily determined as a functicn
of partial pressurs and vclumetric flowrate (via an equilibrium calculatien).
The ctvicus soluticn te this reactor design problem, given the cocmmen con-
straints asscciated with beat lengths and flowrates, is the use of either a
bukbler arrancement or turbulent flcw system. Hcwever, the laminar flow tubu-
lar reactor still remains the accepted scurce bcat design. In the interests
of evaluating the conversion cf these conventional scurce designs an initial
analytical scluticn was sought. The first medel develecped assumed the
licuid-cas intarface wes at eguilibrium ané the rate limiting process was Gif-
fusicn of the HCl to the liquid surface. Furthermore, a rectangular shaped
source zéne and flat velecity profile were required for the achieveéent cf an
analytical solution and axial dispersicn (back diffusion) was neglected. The
nature cf these assumpticns lead to a predicticn of conversicns for a given
beat length that is conservative (i.e. less ceonversicn predicted than actually
occurs) . Subsequently, two of these assumptions were relaxed.

First the axial dispersicn term can be impertant, particularly at low veleci-
ties. This situaticn is cbvicus by the experimental cbkservation of a IIIClx
condensaticn groduct in the ccld segment of the reactor upstream of the scurce
zcre. In additicn the rectangular gecmetry solution shculd centain the prin-
cipal phencmena cccurring during the process, excapt that the height ¢f the
rectarcle (liguicd metal is lccated cn the bettom cf the rectangular channel)
is nct the aprrceriate maximum diffusicn length. Using gecmetrical arcuments,
an eguivalent rectangle height was determined fcr the case of a rectangular

pcat lccated in a cylindrical tube.
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As a test of the wodel, a correlation of the mass spectroscopy
data of Ban [189] for the Ga~HCl system was attempted. However, it
was discovered that the correct functionality was not present. The
form of the data suggested that the equilibrium boundary condition
was not a true description and therefore some kinetiec process at or
near the interface must also be important. A variety of mechanisms
can be postulated which lead to pseudo first order kinetics as an
appropriate boundary condition. Thus, an analytical solution was
determined for a kinetic boundary condition at the liquid surface

and was found to correlate the results of Ban [189].

In dimensicnless form, the convective-diffusion equaticn is

- "2 2 .
oX 1 o)f+3}f2 £
X

oz Pe_ 3z )

1

* %* B .
Here, the dimensicnless variables z , x , X and Pe are defined by:

- E-2
2 R,
dP‘m
x* = x/d E'3'
o
cC -C
X = ——— £-4
c® -
v_d
- a
Pe = o E-5

where z is the distance alcng the bcat, x is the distance atcve the beat, C is

. . - . . Clo g L .
tne ceoncentraticn of either ECL or GaCl, CT= is the eguilibrium cconversicn
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concsntraticn, C is the inlet cocncentraticn, v, 1S the cas velcecity, ¢ is the
heignt cf the rectangle and D is the diffusicn ccefiicient. The beundary ccn-

ditions used include:

1) At the liquid-gas interface the flux is preoperticnal tc the ccnversieon,

X:

x =0 -2 S k—g (1-%) E-6

¥*
ax

where k is the propertionality constant.

2) Thers is ne flux at the gas-reactor wall interface

* X

x =1 + =0 E-7
ax.

3) There is no conversicn at the inlet and ccmplete cenversicen for infinite

contacting length.

Z = X=1 E-9

An analytical solution to the elliptic partial differential equaticn was
Cetarmined. The cocnversicn was evaluated at the exit of the boat of lencth L

(z=L) ard integrated cver the cross sectiocnal area to give

a;
- 1l - + 'P—e—r; R
X, = X(z=L) =1~ [b eo - z E-10
n=1 l/Pem

Fere A are the eigenvalues ancd are determined by the transcencental equaticn:
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Aq tzn A = k/(D/E) = ¢ E-11
and
. 2
4 sin )\
b n E-12

n o .2 - 2

2xn +Ap S0 g
Thus the ccnversicn is a functicn of the follewing four design variables: (1)
The scurce zcne length, 1, (2) the velccity of the z-directicn convective

flew, Ve (3) the velccity of the vertical diffusive flew, D/d, ard (4) the

rate of reac-icn at the interface, An cr k.

In order to arply this result to the typical scurce zcne design an
equivalent diffusicn length for a cylindrical tube of cross secticnal arez,
A, with a liquid rectancular beat of width, W, and height, at, is defined

accerding to

heq/dl = [ACSN] 2/3

These dimensicns are given in Figuref-1and the result was verified by campar-

ing an analytical soluticn develcped for a hemi-circular gecmetry.

Ban (192) measured the conversion of HCl in a liquid Ga source boat as
a function of temperature and velocity for a given geometry. Taking the
values of DHCl—H estimated by Gurchenok (190) the only remaining parameter

2
in Equation E-10 is the proportionality coastant, k. Shown in Figure E-2 is

the value of lnk as a function of 1/T(K) for the three velocities by Ban (192).

Empirically k is found to be given by
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heq =04

Acs ® = shape facto

2/3

Ass [
¥ ¥ed

Figure E-1. Geometry used to calculate shape factor.
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L{e) 45 em/sec -
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~
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10 /T(K)
Figure E-2. First order constant vs 1/T calculated from

results of Ban [189].
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r = ~ (=T
k =K, exp ( _a/RT)

Iy

As can be seen the value of k has the range 10 < k < 40 (cm/sec) wnhile the
correspending values of D/heq has the range 2.2 < o/m®9 < 3.2 cm/sec. Thus .
gas phase diffusicn limitaticn is camparable in magnitude to the kinetic

effect at the licuid-gas interface.

Glven the reacticn temperature and gecmetry (h®9), the ccnversicn of EC1
can be calculated as a functicn of reactor length and flowrate. Since it is
desirable for equilibrium ccnversicn tc be achieved, the design criteria to
reach 99% ccnversicn were examined. FigureB-3shcws a plot of dimensicnless
boat lencth, L/hPem, versus the mass Peclet number, Pem with X, = 0.99. The
term in the dencminatcer, hPem, is simply the volumetric flcw rate divided by
the diifusicn ccefficienc, which is essentially constant. Thus the cordinate
is propertional to the bcat length and inversely prcportional to the
velumetric flew rate. The dimensicnless guantity a is a ratio of the rezcticn
velccity to the diffusive .velocit; and Figureb-3 shows the result fcr three
different values of &. As ¢ + = the reacticn rate beccmes extremely fast and
the liquid-gas interface can be assumed tc be in equilibrium. The term Fe_ is
a measure of the importance cof the axial dispersion cor back mixing in the sys-

tem. The impertance of this term beccmes small for values of Pe 2 5.

*
Plotted in Figure E-4 is the dimensionless length, 2z
£ 4

sionless parameter & for X, fixed ta 0.99 and for 3 different values of Pem.

, versus the dimen-

Using the values of DHCl—Hz

the data of Ban (189), o is seen to be largely determined by the height above
the liquid, h. Two conclusions can be made about the conventional boat design.

First, the dimensionless length is often on the order of 0.2 to 2 in

estimated and the values for k determined by fitting
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Figure E-3. Dimensionless reactor length versus Pe_ for various
values of the CVD number at 99% conversion.
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velue while a is cn the crder cf 2 tc 10 and thus eguilirrivm ccnversicn is
cften nct rzached under ncrmal cperaticn.. This will increase the HCl ccneen-
traticn in the source zcne and interact with impurity incerporaticn and dego-
sition rates. Seccndly, the recuired length is seen to be a strong functicn
of & in this range. Alternatively, for fixed boat length, the ccnversien
derends strengly upen the height, h. Thus, the conversion from.run to run as

h changes can change significantly.

Calculations such as these should be helpful in designing future source
bcats and in interpreting results cbtained from CVD systems emplcying nen-
ecuilibrium scurce bcat designs. Research directions should now preceed to
letting nature calculate the ccnversicns. The modulated molecular beam mass
spectremeter will be used to verify this model for In, Ga and the alloy
interactions with HCl. 1In addition, an analysis of the transient behavior of

the system will be addressed and is important for both startup and formaticn

of abrupt junctions.
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Appendix F

An ESD (Electron Stizulated Desorption) Studv of the Interactioa of
E,, D, and 0, with Gais (100)

I. Introduction

The interaction between GazAs and hydrogen is an important topic which
has been discussed in relatively few studies. Studies of this interaction
may provide information which is useful in the growth of epilayers or passi-
vating layers on semiconductor surfaces. It is possible that the presence
of surface and/or bulk hydrogen alters the electrical properties of III-V
semiconducting materials. Studies of this type are particularly important
with regard to the growth of GaAs films using molecular beam epitaxy (MBE)
(191) and chemical vapor dgposition (CVD). In the CVD process, hydrogen is
typically present either as a carrier gas (193) or in the compounds used to

form the GaAs (194-196); i.e. AsH GaH3 or Ga(CH3)3, etc. It has also been

32
shown that exposures of GaAs surfaces to hydrogen plasmas provides an eifective
means of removing contamination (197-199). For these reasons the role of
hydrogen in the formation and preparation of GaAs and its effects on the
properties of GaAs should be considered.

An early study by Pretzer and Hafgstrum (200) used ion neutralization
spectroscopy (INS) to study the (111), (111) and (110) GaAs surfaces before
and after a room temperature exposure to different gases including 02, Nz,
HZ and CO. A 3 x lO5 L exposure of a clean GaAs surface to H2 causes no
change in the INS spectrum. The authors conclude that molecular hydrogen does
not adsorb at significant rates at room temperature on GaAs surfaces.

This finding was reaffirmed in the UPS study of Gregory and Spicer

(201) who investigated the adsorption of 02, CO and H2 on
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n~ and p-type, single crystal, cleaned GaAs (110) surfzces. They
find that atomie hydrogen readily adsorbs on p-type surfaces at
room temperature causing a large change in the electron energy
distribution curve (EDC) between 1.6 and 5.5 eV below the valence
band maximum. For low exposures, this adsorption is reversible
in that heating the sample to about 235°C results in an EDC which
is quite simiiar to that of clean GaAs (110). By comparing these
spectra with results of a study of Cs-cov:red GaAs (119,202), the
authors assert that adsorbed atomic hydrogen behaves like an
alkali metal adsorbed on GaAs. Although room temperature adsorp-
tion of molecular hydrogen is not observed, a 3 x 107 L exposure
to H, with tr=2 sample heated to about 415°C results in
adsorption. UPS shows that this adsorbed hydrogen is different
than the atomically adsorbed hydrogen. Heating the sample to
about 700°C does not result in an EDC equivalent to an EDC from a
clean surface. Gregory and Spicer (201,202) suggest that a chemical
compound may form or that hydrogen diffuses into the GaAs.

Luth and Matyz (203)used high reSOlution electron energy loss
spectroscopy (HREELS) to study atomically adsorbed hydrogen and
deuterium on both n- and p-type GaAs (110). They assign loss
features to H and D bonded to both Ga annd As atoms and were able
to construct Morse functions which adequately describe the elec-
tronic potential energy curves and a rate expression which
describes thermal desorption of molecular hydrogen. Another
HREELS study by Dubois and Schwartz (204) also identifies hydrogen
atoms bonded to both Ga and As atoms on a (100)surface of

chromium-doped GaAs. A lengthy anneal forms a Ga-rich surface,
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énd the HAEEZLS peck due to H bonded to As disappears. An
electron energy loss spectroscopy (ELS) study by Bartels,
Surkamp, Clemens and Monch (205) and Monch (206) finds that hydrogen
atoms initially bond to the As. Several studies (201,203,205,206)
acree that a dipole or depletion layer forms at these surfaces
upon adsorption of atomic hydrcgen.

The polar (100) surface of GaAs is more complex than the
(110) cleavage surface because it reconstructs in numerous ways
resulting in a variable ratio of surface Ga-to-As atoms. The
relationship between structure and composition has been
examined (207,208) finding that the As coverage varies from about
0.27 to 1.00 as the surface reconstructs with LEED patterns: (4 x
6), (1 x 6), c(8 x 2), c(2 x 8) and c¢(4 x 4), Bringans and
Bachrach (209-211) have used angle-resolved UPS to study atomically
adsorbed hydrogen on GaAs (100) and (111). They find that the
hydride surface always exhibits the same LEED pattern regardless
of the original structure of the clean GaAs(100) and (111)
surface before adsbrption. The hydrided structure of GaAs(100)
lies between the c(4 x 4) and c(2 x 8) structurés, and-annealing
always yields the c(2 x 8) pattern. The GaAs (TTT) reverts to a
1 x 1) symmetry after saturation exposure to hydrogen. The
authors conclude that atomically adsorbed hydrogen on a GaAs(100)
surface results {n an As-rich surface which does not agree with
the results of Dubois and Schwartz (204), The UPS results show
tnat adsorption of atomic hydrogen removes stetes from near the
top of the valence band and introduces new states 4.3 to 5.2 eV

lower. A surface state exists on this surface, and the fact that
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it does not disperse in the Q T X direction suggests that it does
not participate in bonding with the hydrogen.

Friedel, Demay and Gourrier (197) demonstrated that exposing a
GaAs surface to a hydrogen plasma is an effective way to remove
carbon and nitrogen contamination but is somewhat less effective
for removing oxygen. Chang and Darack(l198)have shown that a high
frequency hydrogen plasma can easily,etch GaAs at a rate of about
20A/sec and that this rate is proportional to both the hydrogen
pressure and the Qf power of the discharge. A surface study of
the effects of exposing a Gaas (001) surface to a hydrogen plasma
has been reported by Freidel, Larsen, Gourrier, Cabanie and
Gerits (199). In this study variations in the surface structure,
high lying core levels of As and Ga and valeﬁce band were
examined using angle-resoclved UPS and reflective high energy
electron diffraction (RHEED) as a function of exposure to the
plasma. By curve resolving the As 3d and Ga 3d levels, they find
that hydrogen induces a new peak on the Ga spectrum and possibly
two on the As speétrum. " They also belieye that hydrogen
initially bonds to the As atoms and then to the Ga atoms at
higher exposures. The Ga/As ratio increases with plasma
exposure, and the surface becomes more disordered.

Many surface techniques including ESCA, UPS, AES, ELS and
fon scattering spectroscopy (ISS) are relatively insensitive to
hydrogen cor can observe hydrogen only indirectly through its
influences on other spectral features. This is usually due to
its small cross sections, light mass or lack of core-level elec-

trons. HREELS is an example of a techniques in which features




due specifically to hydrogen are observed. Techniques which rel

upon a mass spectrometric determination of hydrogen are also
directly sensitive to hydrogen. In this study the usefulness of
electron stimulated desortion (ESD) in studying the interacticn
of hydrogen with GaAs(100) and oxidized GaAs(100) is
investigated. This represents an initial attempt at using ESD
to examine hydrogen on GaAs surfaces in which the following ques-
tions are considered. Under what conditions does hydrogen adsorb
on GaAs surfaces? Can ESD provide a measure of the amount of
adsorbed hydrogen? It {t possible to distinguish between
different adsorbed states of hydrogen using Esp? The preliminary
results presented here demonstrate that ESD is a wuseful

technique for studying the interaction of hygrogen with GaAs angag

most likely with other III-V maierials.

II. Experimental

A. Sample

A cut and polished, undoped single crystal GaAs sample fur-
nished by MACOM was used in this study. It was produced using
the Czschralski crystal growth method and the liquid
encapsulation technique. A room temperature chemical etch with a
weak sodium hypochlorite solution was used to produce a mirror
finisn of the (100) surface. After solvent cleaning the sample
in an ultrasonic bath of electronic grade acetone followed by

trichlorethylene and then methanol, the sample (10 x 1610.5mm)

was mechanically supported by a copper holder. A 0.5mm diameter
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tungsten filzment was mounted behind the sample for radiant heat-
ing. The teamperature of the sample was measured using an iron-
constantan thermocouple, which was mechanically pressed against
the sample, and an optical pyrometer over the range of 230 to
560°C. After inserting the sample the vacuum system was baked
for 24 hours at 200°C and pumped down to a base pressure of 2 x
10-10 Torr. The sample wWwas cleaned using cycles of room temper-
ature, argon-ion bombardment followed by annealing (iba).
Specific conditions used were an Ar-ion sputter at a beam energy
of 1.0 KeV at a beam current of 1 uA over an area of approximate-
ly 2mm diameter for 15 minutes; a S-minute anneal at 500°C; an
Ar~lon sputter at a beam energy of 1.0 KeV and a current Qf 1.5
uA for 30 minutes concluding with a 500°C anneal for 5 minutes.
This procedure resulted iA a clean surface as determined by

AES. AES spectra taken from the contaminated and clean sample

are shown in FigureF-]aand Klbrespectively.

B. Equipment and Procedures

The vacuum system used in these experiments has been
described previously (213), AES and ESD were performed using a
double-pass cylindrical mirror analyzer (CMA)(PHI Model 15-255%5
GAR) with an internal coaxial electron gun and a moveable
aperture., AES spectra were taken in the nonretarding mode using
an oscillation of G.5 Vpp, a primary beam energy of 3 KeV and a
current of 25 uA over a spot size of approximately O.1mm in dia-

meter.,
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Figure F-la. AES spectrum of contaminated GaAs (100) contaminated
- taken after solvent cleaning and (b) AES spectrum
taken after the iba cleaning procedure.




ESD data were taken using the CMA as a time-of-flight mass
spectrometer as discussed by Traum and Woodruff (214), Electronic
control and data collection wWere performed using a PDP 11/02
computer system and a computer-interfaced, digital pulse counting
circuit (215). In these experiments energy analysis'of low energy
(<20 eV) positive ions was accomplished by operating the CMA in
the retarding mode with a pass energy of 50 eV, The ions were
first accelerated by a negative potential placed on the 2nd grid
and inner cylinder. The outer cylinder was maintained at a more
positive potential (but negative potential with respect to
ground) than the inner cylinder. The complete set of operating
voltages has been published previously (216). For mass analysis
the electron beam was pulsed onto the sample for 300 ns using the
electron gun deflector plates on the CMA. After an appropriate
delay period (4.2 us for H', 5.8 us for D' or 16.8 us for 07)
pulses were counted for a 300 ns period. A primary beam energy
of 140 eV and primary beam current of about 500 nA were used.

The sample was biased at -10.0 V. It was mounted at an angle of

45e with respect to the slectron beam, and ions desorbing in the

direction normal Eo the sample were selected with the moveable

aperture, ;
Three different types of ESD spectra were taken in this

study. A mass spectrum of the desorbing ions was obtained by

selecting an ion kinetic energy and scanning the delay time. An

ion energy distribution (ESDIED spectrum) was obtained by select-

ing a delay time appropriate for the ion of interest and scanning

kinetic energy with the CMA. The total lon energy distribution

was obtained by scanning ion kinetic energy without time gating.
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In ESD electrons impact a surface creating localized excita-
tions which can decay causing desorption of ions, neutrals and
metastadles. Thus ESD is a destructive process in that it aléers
the composition and structure of the surface. Beam exposures
were minimized in these experiments to reduce surface damage
whnile still obtaining reasonable S/N ratios. In many cases a
second scan was taken, and since these duplicated the initial
scan, it is assumed that effects due to beam damage are
negligible.

ESD is a complicated technique in that it can be performed
in many different ways to obtain various types of information
about bonding at a surface and/or the mechanism of excitation and
desorption. These topics have been discussed in several review
articles (216-227) and are only considered when they are directly
related to the results presented here. Several points regarding
ESD which do relate to this study are its surface sensitivity,
the isotope effect and cross section determination.

In ESD a low energy ion can desorbd only from the top
monolayer, Ions which are created below the top monolayer have a
nearly 100% probability of being neutralized during the
desorption process, However, excitations created beneath the
surface can emit secondary electrons which can create excitations
at the surface and then cause emission of ions (228). Thus ESD is
nighly (cutermcst monolayer) sensitive with respect to the
emitted ionic signal but not so surface specific with respect to

the primary electron beam.

h .
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The E3D mass épectrum shown in Figurer-2wzs taken from the
contaminated surface corresponding to FisureFJa. The peak at 4.2
us reveals the presence of hydrogen, but ESD peaks due to
positive ions containing carbon or oxygen do not appear although
the surface is heavily contaminated with these species. After
iba cleaning the ESD mass spectrum appears the same except that
the total counts due to H' is reduced by a2 factor of 8 using the
same scan parameters. This indicates that hydrogen is present zas
a surface species even on a "clean" GaAs surface. Dravwing an
analogy between GaAs and Si, which readily chemisorbs hydrogen
and forms a hydride, may be useful in understanding the interac-
tion between hydrogen and GaAs. GaAs is both isocelectronic and
isostructural with Si except GaAs has a slignhtly larger lattice
constant and its bonding structure is lessAcovalent. These facts
suggest that a hydride of GaAs may form and support the
suggestion of Gregory and Splicer (201) that hydrogen diffuses into
GaAs forming a compound. The changes in the chemical and
electrical properties of GaAs due to the incorporation of
ﬁydrogen have not been thoroughly investigated.

The surface concentration of hydrogen present in these
experiments i3 not known. In order to determine the surface
concentraticn of hydrbgen using ESD, it is necessary to know the
total cross ection for desorption. ESD cross sections of
adsorbed species vary over a large range but generally are orders
of magnitude smaller than the corresponding gas phase cross
secton due tc a hign reneutralization probability of the escaping

ion. However, an independent measurement of the surface concen-
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Figure F-2. ESD mass spectrum taken from the contaminated surface
of Figure E-la. ﬁ
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tration is required to determine the ESD cross secticn. AS
pointed out above, this is difficdlt with hydrogen. An attempt
was made to use temperature programmed desorption Lo estimate the
amount of hydrogen and deuterium present, but the sample mount
was too massive to perform high quality TPD. A very crude esti-
mate from the TPD results suggest that tenths of a monolayer of
deuterium were adsorbed during dosing. Efforts are being made to
improve the quantification of these results.

Regardless of the c¢leaning procedure used, hydrogen is
always present on the surface. It is possible that the surface
hydrogen originally present is not completely removed, that the
surface adsorbs background hydrogen during the cleaning process
or that hydrogen in the bulk diffuses to<the surface during
annealing. In order to distinguish between surface hydrogen
Wwhich 1s always present and hydrogen which is adsorbed under
particular conditions, deuterium was used in these experiments,
It was verified tha: molecular deuterium does not adsorb on Gaas
at significardt rates at room temperature. A hot tungsten
filament was used to radiantly heat the sample. It {s known that
this dissociates deuterium which effuses to the surface even
though the filament is not in line-of-sight of the surface (211).
It is assumed in these studies khat the adsorbed deuterium is due
to adsorption of dissociated deuterium but the adsorption of some
molecular deuterium cannot be ruled out. The dose rate of
ceuterium atoms in these studies is only known in a relative

sense.
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TigureF-3 shows an ESD mass ;pectrum after exposing the clezn
surface to a 2000 L dose of D2 wnhile maintaining the szmple =zt
200¢°C, In addition to the H' peak, which is the typical heignt
from a clean surface, a peak due to p* appears at a flight time
of 5.8 us. Determining the relative amounts of adsorbed hydrogzen
and deuterium from this data is not straightforward beczuse ESD
exhibits an isotope effect which is particularly large for hydro-
gen. The desorption cross section is proportional to exp(-c(M)

where ¢ is a constant and M is the .ass of the desorbing
ion (226). An isotopic ion of higher mass leaves the surface with
approximately the same kinetic energy as a lower mass isotopic
ion. Thus, the heavier ion desorbs with a lower velocity and has
a greater probability for reneutralization. This has been
verified expefimentially. The ratio of the ionic desorption
cross sections for H' and D desorbing from a W surface is above
100:1 (229,231). By this reascning Figure F-3suggests that the
surface concentration of deuterium is greater than the surface
concentration of hydrogen by a factor of approximately 50.

The total ion energy spectrum and ESDIED spectra of H' and

& D* are shown in Figuresp-4a,b and ¢ respectively. Due to the
similarities of b and ¢, it is believed that hydrogen and
deuterium are desorbing ffom the same adsorbed state by the same

y

;‘ mechanism. Unfortunately, it is not known if hydrogen desorbed

g {rom states bound to Ga or As atoms or both. The spectra were

! taxkxen in order: c,b:a. (Comparing the high energy talls of these

8 spectira suggests that with increased exposure to the primary
beam, a higher kinetic energy state may become important. This

}l
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Figure F-3. ESD mass spectrum taken after exposing the clean KGaAs
surface shown in Figure F-1b to a 2000L dose of 02 while
heating the sample at 200°C. H
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is seen most readily by comparing the widths of the " and D7
spectra with the width of the total ion spectrum. This second
state would have a lower desorption cross section than the more
prominent state, and it would require a larger beam exposure to
build up a significant count.

Following the 2000 L D, dose at 200°C, the sample was heated
to 500°C for 10 minutes. ESDIED scans taken before and after
heating are quite similar in shape. However, after heating the
" signal of the ESD mass spectrum is reduced by a factor of 2
with respect to the HY signal which essentially remains
unchanged. This result agrees with the results of Gregory and
Spicer (201)in which adsorbed hydrogen could not be totally
removed from the surface after a 3 x 107 L exposure to molecular
hydrogen with the sample heated to UWi15°C. As stated above, % is
possible that deuterium adsorbed from both atomic and molecular
states during dosing at elevated temperatures in this study . It
was also found that dosing the sample at 400°C rather than 200°C
results in speétra identical to those shown in Figures FF3and F4,

In order to examine the influence of surface oxygen on the
interaction between hydrogen and GaAs, the c¢lean surface was
oxidized b? dosing with 12,000 L of 02 at room temperature. The
resulting AES spectrum is shown in Figﬁrefii Again, an ESD mass
spectrum taken after a 2,000 L dose of 02 at room temperature
snows no evidence of deuterium adsorption. However, heating the
sample above 200°C causes adsorption of deuterium. The H" and D°
counts are abtout 50% greater from the oxidized surface than from

the clean surface and the ratio of D' to HY is similar for both
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Figure F-5. AES spectrum taken from GaAs (100) after a 12,000 L
’ dose of 02 at room temperature,
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surfzces. It was also found that deuterium adscrbts more readily
on a fresnly oxidiized surface than on a vacuum-&ged (1 week at
10-1°Torr) oxidized surface. Also, the normalized E' counts from
a vacuum-aged surface Is 3 times as large as the counts from a
freshly oxidized surface. A possible explanation fer this
behavior (s that an oxidized surface adsorbs water molecu}es
during a long exposure to the background gas in the UHV system,

ESDIED spectra of the oxided surface after exposure to 2000
L of D2 while heating the surface at 200°C are shown in figure
6. The total ion energy spectrum shown in Figure FSaclearly
reveals the presence of a high kinetic energy shoulder. The
presence of twWo states is also exibited by FiguresF-6b and ¢ for
H" and D" respectively., However, the relative ratios of ions
from the two states are different for hydrogen and deuterium.
ESD mass spectra taken at ion kinetic energies of 0.8 and 2.7 eV
are shown in FiguresF-7aand b respectively and are summarized in

Table F-1., The surface concentration ratio (D/

y) for ions desorb-
ing at 0.8 ev is 33 while it is 20 for ions desorbing at 2.7
eV, This assumes that the c¢ross section for H* desorption by a
factor of 100. The large difference in concentration ratios is
consistent with the interpretation that at least two different
binding states cf hydrogen are present., The precise nature of
these states remains to be investigated,

Vasquez, Lewis and Grunthaner (2232) have suggested that
hydroxyl groups on Gads surfaces decompose according to the rezc-

tion
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Figure F-6. (a) Total ion (H+ and D+) egergy distrjbution spectrum
and ESDIED spectra of (b) H and (c) D taken after
exposing the oxided surface shown in Figure F-5 to 2000L
of D2 while heating the sample at 200°C.
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Figure F-7. ESD mass spectra corresponding to the ESDIED spectra
shown in Figure F-6. (a) is at an ion kinetic energy
of 0.8 eV and (b} is at an ion kinetic energy of 2.7 ev.
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Table I

mass spectra shown in FigurefF-1

Normalized Counts

Cone Ratio

36
12
72
15

33

20
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at high temperature thereby reducing the oxygen content in the
surface region. This was considered in this study. Firstly, it
was found that heating the deuterated and oxide-covered surface
to 500°C results in a very large decrease in the ESD 0t signal.
Secondly, monitoring the desorbing species with a quadrupole mass
spectrometer while increasing the sample temperature shows that
DZ' HD and H2 desorb and that no HZO or other oxygen-containing
species desorbd, If hydroxyl groups form under the dosing condi-
tions used in this stu*y, then heating causes them to form mole-
cular hydrogen leaving the oxygen on the surface. This
observation is also consistent with the fact that surface cxygen
on GaAs is more resistant to removal by a hydrogen plasma (197)

than the contaminants.

Conclusion

AES and ESD have been used to study the interaction between
deuterium and both clean and oxided GaAs (100). Cleaning was

performed using iba cycles, but it was not possible to remove the

-—
-—

surface hydrogen completely. Molecular deuterium does not adsorbd
on either surface at significant rates at room temperature, but
neating the samples radiantly between 200 and 400°C with a hot
filament causes adsorption of deuterium. A partially successful
attempt to use TPD to quantify the amounts of adsorbed deutefium
indicates that a few tenths of a monolayer probably adsorb during

the dosing period. Taking the ESD isotope effect into account,
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it is estimated that the amount of adsorped deuterium is about 50
times the amount of residual hydrogen. &Energy analysis of the
desorbing ions indicates that one and possibly two adsorbded
states are present on the clean GaAs (100) surface, but the
nature of the adsorption states is not known. Heating the sample
at 500°C causes most of the adsorbed deuterium to desorb, but
some mey diffuse into the bulk.

The ESD H® and D* signals from the oxided surface are about
50% greater than from the clean surface after dosing under the
same conditions. ESDIED clearly demonstrates that at least two
adsorption states of hydrogen are present on the oxided
surface. Heating the sample to 500°C causes desorpticn of DZ' HD
and HZ, but no oxygen or oxygen-containing species desorb from
the deuterium-dosed, oxided GaAs (100) surface.

Although much remains to be done in characterizing the
interactibn of hydrogen with GaAs surfaces and, more generally,
II1-Y semiconductor surfaces, the results presented in this paper
demonstrate that ESD provides a very'useful techniques for this
type of study. It is now important to quantify the ESD results
more accurately and to characterize the adsorbed states of hydro-
gen. Both are possible through the combined use of other surfacs

tecnnigues witnhn ESD.
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