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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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CHEMICAL VAPOR DEPOSITION OF GaAsl_xPx

REACTOR DESIGN AND GROWTH KINETICS -
Saleem A. Shaikh
Inorganic Materials Research Division, LawrencevBerkeley Laboratory

and Department of Chemical Engineering; University of California
Berkeley, California

ABSTRACT

The chemical vapor deposition of GaAsl_xPx from Ga(l), PH3, AsH3,

HC1 and H2 source chemicals is studied, both theoretically and experi-

.mentally in a research reactor, in terms of reactor design, thermo-

dynamics of phase equilibria and diffusion limited deposition kinetics.
Reaction processes for the chemical vapor deposition of GaAsl-xPx
are reviewed, and basic principles in the design.of research and com-
mercial reactors are discussed with respect to optimum performance,
efficiency and production yield. Thermodynamics of phase equilibiia in
the Ga-As-P-Cl-H system are examined for each zone of the reactor, and
aﬁalytical procedures developed for calculatingveqﬁilibria in terms of
reduced variables. Deposition rates and efficiencies are estimated
assuming diffusion controlled kinetics and boundary layer models.

Deposition rates and alloy composition were studied as a function

of reactor conditions in an experimental reactor utilizing design

-principles. Experimentally obtained alloy compositions agree well

with the predicted ones but the experimental growth rates are too low.



I. GENERAL INTRODUCTION

The production of GaAs xPx by‘chemical vapof‘depOSition (CVD)has become

1~
very important in the recent years.1 The chief use of these compounds
is in the electronic industry where the compositions of commercial ap~- ‘k
plications are x = 0.6 and 0.19. The first composition is required in
the manﬁfacfure of light emitting diodes2 and second in solid staﬁe hetero-
junctién 1asérs.3 The expansion of commercial applications;of GaAsl_xPx
crystals and epitaxial thin films has been so great in recent years that
the supply has become the limiting factor.4 The main reason why this
compound is preferred over other classes of electronic materials lies in
its relatively easy and low cost of synthesis and epitaxial growth om a
suppofting substrate. The industrial applications of epitaxial III-V
compound alloys has established a need for better designs of chemical
vapor deposition apparatus for increased efficiency and uniformity of
product. This requireé a better understanding of the overall process. The
purpose:of this work is to proVide a comprehensive étudy of'thé growth
process, thermodynamics of the system and reactor design.

Although many experimental studies of III-V alloy growth by chemical

vapor deposition have been reported, only recently has this process been the

subject of theoretical study. For example the growth process for GaAs has

been studied ih great detail following the inspiring work of Newman5 in

1961. Reactorswith varying designs were employed in these experimental

studies. However the théoretical aspects of thé gtowth process were not
étudied.until 1966 when Hurle and Mullin6 outlined a general approach td.
the‘calculation of phase equilibria'in the Ga—As—H—Cl system on the basis

of which the feasibility of the reaction could be assessed from thermo-
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) dynamic data. - Seki7’8 used a simila: approach td solve the system
Ga-P-H-Cl. Later studies extended these calculations to phase equilibria
involving'GaAsl_xPx.g;lo Kirwan11 and others hafé éi&gd.these calculationé
by measufing the'equilibrium constants for reactions which can take'place
-in thé Cé—As—P—C1~H system. | |

| Thevdiffusion controlled growth process has 5é§@~studied in depth by
Goettler12 whdse approach coupled the thermo&ynamic_constréint-witﬁudifﬁhsion
proéesses in the deposition zone to obtain the grOwth rate for the process.

Chemical Qapor deposition of'GaAsl_xPx alloys is achieved by processés

analogous to that of GaAs and it is anticipated thatvfuture work will con-
centrate on analyzing more and more complex systems after sufficient ex-
perimental work has been reported.

13

‘The first study of GaAs xPx growth was repbrted by Finch and Mehal

1~

in 1964 and since then many expérimentalists have grown this alloy in all

compositions. However the thermodynamics of the_sysfem were only recently

aﬁalyzed by Manabe14 and by Bleicher.15

These tﬁo workers, however,

neglected the growth process itself and concentrated more on ﬁhase equili-

bria in the reactor. Further analysis of chemical vépor deposition is

essentialvif:the optimum efficiency and produét uniformitf is to be achieved 

commercialiy; where the primafy interest is on lower cost and higher yield. 
Tﬁe,present study examines the overall chemical vapor deposition

process in three parts: 1In the first part, the reactor design is dis-

cussed after a survey of various reactors used in research and industry.

An effort is made to analyze the problem f:om the standpoint of efficiency

and productibn yield. The second part consists of a thermodynamic study

of phase equilibria. A simplified approach is used to correctly predict
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‘the véfioug'equilibrium.properties of the system. This part is also

aimed at“pfédicting the driving forces available.for=the deposition process.
In the third part, deposition kinetics are studiéd based on awmbde1 fo:.
diffusion controlled growth. Experimental data are}obtained from an

experimental reactor operated at different degrees of departure from

‘equilibrium. The experimental and theoretically predicted deposition rates

and product composition are compared,
These three parts give a comprehensive picture'of the chemical

vapor deposition of GaAsl_xPx through fundamental analysis of reactor de-

sign, phase équilibria and diffusion controlled growth. The results of the

study should provide techniques for better reactor design, better control

and greater uniformity of the deposition of the alloys as well as of the

-pure compounds.
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IT. REACTOR DESIGN

A, Iﬁtroduétién

Progeéses for the growth of epitaxial layers of GaAs, GaP and
GaAsl_x?#_Byvchemical vapor deposition (CVD) have béen knoﬁn siﬁpe the
eafly 1960's, and are essentially ihe same for eithgf_of the two pure
compounds or their alloy, but different chemicalsréactions are involved.
Many of these processes utilize chemicai transpoff reactions as developed
by Schéeffer,1 but‘many of the consequences apply to chemical yapér
depositién as well. When the desired product is also the source of
transported'components the temperature of the deposition zone must be
higher than that of the source for transport reactions with a positive
ehtroéy change. The temperature of the source and deposition zones is
usually loﬁer than that of the copnecting zone to prevent undesired
deposition. For high.crystallographic'perfectioﬁ 6fﬂthe deposit, the
driving force as measured by the temperature difference between.the source
and subétrate must not be too large or an unevén depbéit 1s.produced. If:
the driving force 1is too sméil the growth is slow, and therefore a tempéra~
ture difference of 15-30°C is most often used.

A basic‘transport process consists of reacting liquid gallium (soﬁrce)
with an oxidizing agent to form a volatile compoﬁnd of éallium which 1is
‘miXed'with a volatile form of arsenic and/or phdsphoréus and transported
to a zone where the gas ph#se is supersaturated with respect to the solid.
Growth takes place at surfaces where the gases rehcf to éondense the
III-V compound. Bec#use the number éf'volatile combounds is large, as

is the number of pqssible ways of reacting them, many reactor designs

have been developed to explore this process.
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Owing to the high costs of reactants for the chemical vapor deposition

'of GaAsi_

be carried out in the diffusion-controlled regime. Hot wall reactors are

xPx—-and for other III-V compounds--the deposition reaction must

used for III-V compbund deposition in order to prevent condensation of
GaCl which is volatile only at high temperatures. This chéice is contrary
to reactors used for silicon where the silane transport species are rela-
tivel& more volatile at lower temperatures and cold wall, heated sub--
stfaté7coﬁditions can be used.

'Eésenﬁially.all of the GaAs, GaP or GaAsl_xPx reactors are open flow
typeé (éongtént pressure). A sealed tube reactor (constant-volume) is
not usual due to the large number of reactants involved and difficulty in
contfolling the gfowth. The open flow. reactors ére semi-cbntinuous batch
type in which a number of substrates can be placed for epitaxial growth

with an infinite choice of conditioms.

' B. Survey of Research Reactors

Schematic diagrams of the various reactors which have been proposed

1
- used both arsenic and gallium in the solid form as starting materials but

for growing GaAs, GaP and GaAs ;xPx a_re. shown in Fig. 1. Early reactors
later AsH3‘or AsCl3 replaced solid arsenic as a transport species. Attempts
Awere made to use other oxidizing agents besides the halides, and principal-
ly chlorides. HZO was used for oxidizing galliuﬁrto Ga20 in a process
called ﬁhe wet-hydrogen process.g | |
Figure la shows the flbw—through reactor used by Newman3 and by

Mindené for GaAs in 1961. They simply chlorinated arsenic and gallium

and deposited the solids on a GaAs substrate. The feactor was a hori-

zontal type with three temperature regions. Goldsmith5 modified this



reactor ;nd'flaéed'the'subétrété in the middle of fhé:arsenicvand-gailium
sources,‘ﬁhe substrates beiﬁg placed in a side tubé;' This design used
._GaCI3 as‘thé_stafciﬁémateriai, The reason why ;hi#:étud§u§ed sugh'a
low¥tem§erAthre fér the Ga(2) is notAapparent. Possiﬁly_the GaC15 re-
Aacted_wittha(z) to form the GaCl fransport species. However, according

to the dafa:published by KirWén6 at a much later déte, GaC13 is the most
stable chloride of gallium at lower temperaturés;:énd only at temperatures
of 606°C-dpes GaCl‘become important. Ami¢k7 and‘.Miche‘litsch8 used HCl

3 in essentially the same process ésiused by Goldsmith,

instead of GaCl
aﬁa the reactor temperatures were also the same. In 1965, Effef’modified..
ﬁhelkmmmn-ﬁinAénversion of the reactor by using.A.sC13 #s starting material
for arsenic instead of pure arsenic (Fig. 1d). |

Thg advantages of introducing a gaseous species'ac the input inétead

of a'solid-ag a source of arsenic are so gréat in terms of ease and con-
trollability.thét few subsequent reactor studies have used arsenic in
the solid form. In the liquid forn Ag¢13

sources, and also the rate of vapbrization can be controlled more easily

is safer than other arsenic

than can colid arsenic. Once theiadvantages of uéing a gaseuous arsenic
source were realized other sources besides A3013 were exploited. ‘AsC13
still had the disadvantage that because it is a_liqﬁid, hydrogen has to
‘be bubbled through it with great care to prevent-vériations in AsCl3
vapor pfeséﬁre. ﬁowever, AsH3 is a gas at standatd.temperature and
pressure and can be introduced at precise flow rates. Therefore control
of the growth process is much easier and precise.'fTéitj-enl2 first used

AsH3vas a source of arsenic in 1966 and reacted gallium with HC1l to form
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GaCl and GaCl,. Shaw'> in 1968 employed As (solid) again in 1970 but

3
" subsequently modified his reactor to the form used earlier by Tietjen
and others.

.. The reactors fqr_GaP are essentially the same as those for the
-:depositioﬁ of GaAs. However, becausé GaP was explored much later as
a poténtiéli electronic device material, the reactors studies élacgd
more emphésis on deposition uniformity and its depéndeﬁée on:the orienta-
tion of the substrate holder. The work of 'Lutherlé is a very good
example and the design of the substrate holder is treated in great detail.

He showed that if liquid N, is passed under the substrate to cool it,

2
the growth is faster and planar because the gradientvin teﬁperature on
the growing surface does not allow constitutional supercooling which
causes_the planar érowing surface to become unstable with respect to.
protfusions. In his reéctor‘the substrate is plaCed at an angle to the
gas flow'diréction as shown in Fig. 11. Goettler17 designed a vertical -
reactor in 1970 in thch the substrate is again at an angle rather théﬁ ,
being parallel to the flow direction. 1In silicon reactors and iater_ |

studies of GaAs -xPx deposition the substrates are usually placed at

1
an angle to, or normal to the flow direction rather than parallel to

the flow direction as used by all earlier studies. The reactants for
GaAs, P _ and the reactor itself are essentially the same as for GaAs

1
~and GaP. This is apparent from the studies made by Ban,18 Manabe',l9

and Bleicher.20
The substrate placement in the reactor is an'important aspect of the

reactor design itself since the velocity distribution for gases flowing

over the substrate controls the uniformity of the growth rate, and this
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is 1nf1uenced by the direction of flow. The flow properties of the gases '

and the geometry of the system also affect the growth rate uniformity.‘

'C. Design Problems

‘There are numerous»problems associated with the optimal design of
- CVD reactors. . Basically the reactor must have a}gallium saturationbzone
where a volatile compound of gallium is generated;;a.depoeition zonei
containing the substrates where deposition takes place and a central zone
where the various gaseous species mix and react to produce a high tempera-
ture equilibrium between Asa, 4° etc. We will call these zones the
saturation deposition and reaction zones respectively. It has been
found . that gallium metal is the best starting material for gallium and
is available in 99.9999% purity but for arsenic and phosphorous the
chemical purity is not as high. Gaseous forms of arsenic and phosphorous
are preferred'over’liouid forms or solid arsenic and phosphorous.
Gaseous formeeare'theihalides at high temperature,‘e;g. the chloride or
hydride.

Other variables in reactor vdesig.n which: canibe raised ‘are: v
1. A horizoﬁtal versus a vertical reactor orientation,
2. the source compounds for arsenic and phosphorous,
3. the structure of the gallium saturator, o
4. _the flow geometry and its control for uniform deposition .
5. the choice of substrate in the reactor and
6. the choice of containment and support materiale.within the reactor.

In order to assess these variables, several Wiil'be examined in

greater deteil_in thetfollowing sections.
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1. Horiz;htal and Vertical Reactors

Both horizontal and vertical reactors have been used in GaAs, GaP,
and G3A81~xpx deposition processes. The vertical rééctor was developed
by Goettler4 in 1970. It has advantages over the horizontal type. The y
gases»used«in.the growth process using group V halidés and Hcl/H2 over
liquid gailium are carried by hydrogen which is a very light gas. The
‘typical flow regime in the reactor is laminar whicﬁ.means that mixing is
slow. The gases which take part in thevdeposition:equilibrium i.e.,
GaCl, GaC13, HC1, As,, As,, P, and P, in the Ga-As-P-H-C1 system are
much heavier. Therefo:e, in a gravitational field; if the reactor is of
a horizontal type, the reactants will tend to concentrate on the bottom
wall which will give rise to an uneven distribution and poor efficienéy
of the reaction. In the vertical type reactor, the heavy gases can be.
more easily directed toward the substrates. Of course, turbulent mixing
of transportvgaaes can improve gas uniformity of either type. ‘ _ ;

Anbther disadvantage of horizontal flow reactor is that the gases
will tend to create backflow due to any difference ip temperature between
the top wall and substrate whereas in the vertical reactor, this effect
is negligible. |

Therefore it is suggested that a vertical reactor is better than a
horizontai-type for growth of GaAs P’.

1-x"x

2. Source Compounds for Arsenic and Phosphorous

" The two preferred source compounds for arsenic (or phosphorous) are »
AsCl3 (PCl3) and AsH3(PH3). As was seen in the survey of previous reactors
the chloride normally is passed over gallium to obtain GaCl and GaCl3.

The combined gases are then transported to the substrate for deposition.
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The reaction'of the chloridé on gallium surfaceswié'ﬁot controllable
precisely, because GaAs or GaP is formed on the surface of the liquid
gallium. ”fhe rate of formation of surface coatiﬁg§;s unknown |

and a good cdntrol of growth is not possible. Oniﬁhe othe:‘hand the hy-
dride deéoﬁposes to arsenic and phosphorous and reacts with gallium only
on the surface of fhe substrate. The decomposition of the hydride is
almost complete (see Chapter III) at high temperature (~ 900°C). So the
érsenic or phosphorous in the elemental form reacts with the major species,
GaCl, on the surface of the substrate.

Another reason for preferance for the hydride éver the chloride is
that the chioride is in liquid form at standard témperature and pressure,
and must Be volatilized to be introduced into the reéctor. For the |
hydride no such problem exists because it is alread} in gaseous form and
can be easily metered through a metering value and{flowmeter.

Theréfore,‘the hydrides (AsH3 and PH3) are preferred as starting
naterials over other types. This choice is suppbrted by the increased
purity and availability of arsine and phosphine for electronics
materials applications.

3. Gallium Saturator

In all\of the recenﬁ reactor designs, HCl has been used in the
chlorinatioh of gallium. This is partially due to the fact that HC1 is’
found in the gaseous form. Another good reason is that it reacts almosf
completely with the gallium to form GaCl insteaé of GaCla. According
to recent siudies GaCl is the reacting species which is mechanically
responsible for growing GaAsl_xPx. A previously held contention that -
is the major réécting species was shown by Kirwan6 and others,

GaCl3
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to be incorrect. The maiﬁ ﬁroblems in design of the saturator is ﬁo

assure good contact of HCl with gallium to achieve equilibrium in the
saturator. Although the problem involves simultaneous mass transfer

and chemical reaction, it has not been studied in detail by earlier
workers. Banlsshows that about 80% of HCL is converted to GaCl at 850°C

by HCi gas flowing over an open gallium boat. Goettler achieved essentially
complete equilibrium in a toroidal saturator. Thermodynamic equilibria
suggests that 99.9% HCl should be converted to GaCl at 850°C.

In order to approach equilibrium at the gallium contactor (boat)
the HCl should have sufficient contact time to equiiibrate. The gallium
contactor can be of three types:

1. HCl/H2 gas flowing over the liquid gallium in laminar flow,

2. Gas impinging on liquid gallium in turbulent flow,

3. Gas bubbling through 1iquid gallium. |

The tﬁird process is fhe most efficient means of mass transfer of the
three types. h |

For a gas bubbler, the gas bubbles should be reduced to small sizes
by passing them thrbugh abjet or dispenser to increése the surface area
for reaction and hence the conversion efficiently. The reactor designed
by Goettler%7uses such é liquid gallium buﬁbier.

4, Mixing of Gases

Before the gases reach the substrate for deposition, they should be
well mixed and given a uniform velocity profile. Therefore a mixing
region is hgcessary after the gallium saturator ione where arsenic and
phosphorous in the elemental form can mix with the effluent stream from

the gallium boat. In this region nearly complete decomposition of
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As H3 and PH3

sufficient residence time here. These objectiveé may be achieved by

also takes place. Therefore the gases should have a

increasing turbulance in a mixing region and by restricting the flow to
the deposition zone. Mixing can be done by providing a nozzle or orifice

in the reactor between the gallium saturation and deposition zome. To

‘make the flow of gases over the substrate as uniform as possible however,

the gases should be allowed to pass through a sieve or allowed to flow
at low Reynolds number through a calming length in the reactor.

5. Substrate Positioning

For a uniform deposition thickness over a substrate which isvrequired
for electronic grade materials, the gases should have a uniform composition
and they should contact the substrate with uniform velocities. But due

to the diffusion controlled kinetics at high tempefatures a boundary layer

is formed over the substrate by the incoming gases. Theé thickness of the

boundary layer may vary from one part to another; which in turn affects.
the deposition rafe uniformity. This problem can be decreased by a

proper positioning of the substrate. For flow parallel to the flow direc- .
tion of the gases, the laminar boundary layer will increase in thiﬁkness

from the point where gases first reach the substrate_throughoutvthe length

- of the substrate. Temperature variations along the substrate will also

affect fhé rate of reaction. For flow normai to the substrate, the
boundary layer thickness will decrease towards the édges of the substrate,
and the honuniformity of the 1aye: will cause a nonupiform growth.

When flow is at an angle to the substrate, the bbundary layer will have

a structure between the two above cases. This positiohing has been used

in many recent studies.
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In éoﬁe fesearch reactors and in commercial réagtors, the substrate
is totate&;and because of the slight turbulemnce paﬁsed by the rotation,
1thé‘b6un&éfy layer becomes more uniform. A comﬁletefsolution of this
pfoblem ié nét yet found. The best arrangement séems to be the rotation

of the substrate at an angle to the flow of the gases.
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D. Commercial Applications

Dévelopment of commercial reactors for CVD of GaAsl-xPx has been
reported by the Monsanto'Research Corporation 21 and Applied Materials
Technology.22 | |

Monsanto Research Corporation carried out an extensive study of the
manufacturing methods for eptaxial growth of GaAs and GaP in 1968, in-

cluding_ﬁhe'study of various reactor designs. They used both horizontal

~and vertical reactors employing PH3, AsH3, HC1 and Ga(2) in this process.

Both turbulent and laminar flows of reactant gaées across the substrate
were explored. Their study showed that a vertical reactor with laminar
gas flow 1s best suited for the growth of GaAé or GaP by chemical vapor
deposition.

The Monsanto study included the design of gallium-HCl reaction
vessels énd substrate.holders, employing various designs for flowing
HCl—H2 gases over liquid gallium, gases impinging on gallium through. a
jet, or bubbling through gallium. They found that a bubbler is best
suited for maximum efficiencies of conversion but‘a>cover over ﬁhe
ggllium container is required in order to keep gallium from spilling
out of the container. Their design of the gallium saturator is shown
in Fig. 2(a). Also this study concluded that a rotéting pyramid sub-
strate holder (5-40 rpm) produces the best conditions for a uniform
deposition. The gases flow oblique to the substrate‘and the boundary
layer is compressed, becoming mere uniform. .The rotation speed of the
substrate holder can be varied according to the deposition desired. The
schematic of the pyramidal substrate holder is also shown in Fig. 2(a).

The pyramid has eight sides and can hold up to eight substrates.
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Additional HC1l gas can be introduce& to prevent Aepoéition on reactor
walls. Extensive data have also been published for diverse conditions
of growth.

The GaAsl_xPx reactor manufactured by Applied Materials Technology
is shown in Fig. 2(b). This.reactor developed in 1971—72 is also a hot

wall reactor but fits within a bell jar. Its essential features are:

1. Vertical flow of the gases downward across oblidge}y'held substrates.

2. A GaCl generator in which HC1 bubbles through 1iquid gallium
contained in a cylindrical boat.

3. Substrate holdef of a truncated pyramidal shabe which can be
rotated at any desired speed, and able to hold up to eighﬁ
substrates. (The holder 1s coated with silicon'carbide)’

4, Uses AsH3 and PH3 as starting materials for arsenicvand phosphorous.
A very good feature of this reactor is that purge gases enter the

bell jar at critical points near the reactor walls to avoid any deposi-

tion there and to‘prevenﬁ contamination when the bell jar is opened.

The only seal that is broken between the runs is between the bell jar and

its base plate, keeping leakage to a minimum and increasing the ease of

handling of the reactor.
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Figure Captions

Research reactors for chemical vapor depoéition of GaAs, GaP

and GaAs, P .
1-x'x

Industrial reactors for epitaxial deposition of GaAsl_xPx.

a. Monsanto reactor b. AMT reactor
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I1I, THERMODYNAMICS OF PHASE EQUILIBRIA FOR
CHEMICAL VAPOR DEPOSITION OF GaAs P

1-x'x
A. Introduction

Thermodynamic conditions of phase equilibri#iplay an important role
in the chemical vapor deposition process setting limits on phase stability,
and the direction of chemical reactions. Multiphase equilibria coﬁstrain
the reaction processes in the gallium saturator and deposition zone: of
the GaAél_XPx reactor, while a gas phase equilibrium is established in the
gas phase reaction zone of the reactor. The overall feasibility and
ultimate efficiency of the chemical vapor depositién process depend on
the correctness and availability of thermochemical data for chemical
species known to participate in the reactions..'

The principles of analysis of multicomponent multiphase equilibria
were established early in the development of chemical thermodynamics.
J. Willard Gibbs developed a fundamental differential form of the com—
bined first and second laws, known as '"Gibbs equafion 97,"l and also,
the celebréted Gibbs phase rule. Equilibria in high temperature gases
over solids or liquids have been studied extensively by process metallur-
gists who developed techniques to establish limits for processes such
as the heat treatment of stéel.2

Lever3 applied these techniques to equilibria ih the Si-H-Cl system
important to semiconductor processing. A general_analysis of the Ga-As-
H-Cl system important in the growth of GaAs from the gas phase was later
outlined bj_Hurle and Mullin.4 This approach was followed by Seki and

Arakis’6 to calculate equilibrium properties of the Ga-P-H-Cl system.

Goettler7 has also calculated the equilibrium properties of the G-As-H-Cl
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system, but calculated diffusion limited growth rates as well. More
recently Manabe et a1.8 and Bleicher9 have followed this basic method of
analysis to compute equiiibria in the Ga-As-P-H-Cl system, important for

the growth of GaAs

1_xPx'alloys by chemical vapor deposition.

In this section the conditions of gas-liquid, gas phase and gas-solid
equilibria occurring in the deposition of GaAsl_xPx from Ga(l), PH3(g) and
AsH3(g) precursors will be analyzed using a simplified approach and without
losing accuracy to establish criteria of efficiency and feasibility of
deposition.

B. Reaction Equilibria in the Ga-As-P-H-Cl System

Chemical reactions equilibria in the Ga-As-~P-H-Cl system known to
take place in the gas phase and with Ga(R) and GaAsl_xPX(s) alloys are
summarized in Table I along with equilibrium comstants, K; and the |
reactor zoﬁe where the equilibrium is expected to apply. The magnitude
of log Ki for these reactions is shown in Fig. 1 over the temperature
range ekpected in the reactor for each of the three reactor zones.

A schematic of thewGa'Asl_xPX reactgr.ué;ng?AsH3, PH3 and Ga(%)/HC1
as reactants in a H2 carrier gas is shown in Fig. 2. When HCl in H2
is introduced into a liquid gallium saturator, and the products mixed
with AsH, and PH

3 3°

chemical reaction are shown in Fig. 2 for each of the reactor zones.

the gas phase species appearing as a result of

By a comparison of the relative magnitudes of the equilibrium constants,
the following species can be eliminated at the temperature of interest:
a. Cil, Cl2 in the gallium saturator zone

b. Cl, Cl,, AsCl,,

c. Cl, C12’ AsClB,

PC13, in the''reaction zone

PC13, AsH3, PH. in the deposition zone.

3



~24-

(p23eInoTED)

21 uot3Tsodag 1% T°T+L/0Tx98" 449" T2~ Cior eyenz 7 .M+Aumom 1
(pa23eInoTed) o (s) vy
9T €T ZI uor3rsodaq Hmnoaxmm.o+a\moaxmﬂ.o+~o.q- m<mo+.m<dm+ﬁavmu 0T
(po3eInoTeD) € 7. € b
CTeT 2T uor30Eey LUy L§°0H+L/,0Tx9L T+8T"9- 105V CTo 2+ Tsv L 6
(pe3enOoTED) L ¢-0Tx9'0+ g
STUET 2T uoy3oRey 19y 0°T-1/ 01x25"L-69"€ ( vmmﬁfwmm+ ﬁ%m 8
(P23ETNOTED) | | 3 3
T GTYET ' uOT3IOEIY I uy mq.ona\qo?omé -9°11 ( vmmﬁ Bhgy L
GRE SuoTriodELa
wmoxy -oTed uoF3eINIES LUy 26°0-1/ 0Tx8S"6-56"€T TOHZ+TO®D « ‘u+tT0®D 9
(p@3eTNOTED) : (8)
. Z2T UoT3jBIN]ES Iuy 1 oua\moaxom “46.°C TOH Twaum + Nm % S
(1Te3usuriadxa) 3
(p@ieInoed) 3)
1T uotjeinies Luy om.o+a\¢oﬁxnw.a+ﬁm.wn ' $1089 « 1o+ €
(p@3eINOTED) (8
T uorieinieg Iuy (T .ona\qoaxmm *7+96° I- vmaomw « N.ﬁo.m +(¥)®d [4
(pe3BTNOTED) | ) :
ST 4T eT 2T uoT3RINIES Luy [4°0-1/g0Tx69"€+9%"9 1029 “10 L +(1)%0 1
laqunu
ChICRER N auoz (satun wje) HMoawoa uoT3oesay uoT3oReIY

wa3sks [D-H-d-SV-BH 92Ul UT BTIQITINDS UOT3IOBaY I 91qer



-25-~

%T¢g] suorioeax

moij pejeTnoTey  UOTATSOdeq 1y £0°O0+L/ OTXSST'L+80°9- TOH+d®D « Nmm%m m.iomu 12
9T™® 6T SuoTjoeaa € : Y. 1
Wo13 paIBTNITED uot3Tsodaq 1uy 86°0+1/ qoax?.m._,oq.om- TOBI+d®IT « d£+T10®D¢ 0t
I8 8T suorioeaa z vz
WOl PIaJBTNOTB) uot3Tsodaq L uy mo.o+a\m3xmm.m+oo.w7 T0+de9T « d7+10897 6T
LTR T suorioesx . . v b
wWol3 paJeINOTE) uotitsodaq I uy ma.ona\moaxwm.?éq.mn d®9 « " T +80 8T
Aﬂwucwaﬂumaxmv -
0z uotatsodaq a\moHXH¢.$om.mu d®9 « "d T +%D LT
(pa3eTnOTED) ¢
6T° 9T ET uot3oBOY 197 §7°0+1/, 0Tx6L " T+IZ *9- 10d « %10 mtﬁm 91
(p@3eTnOoTED) . ¢ . y
6T°€T uor3oeey 1w 7' T-1/ 0TxLy"T+88" Y Hd «m m+¢ 2 T
(pe3eInOTED) . z v
6T°¢T uoT30BdY 1uy 6'0-1/,0TxT2 15 1T az « ‘a vat
(TejusmTIadXa) Lc.0TxGE " O+ .2 b %
8T  uorarsodsq 1U% 22" 0+L/ 0Tx66"9+%0" 8- TOR+SVED « "H +7SV = +10¥D €1
(Telusmriadxa)- - L g-0TxL O+ (s) v .
. LT  uorirsodaqg L uy q.?y?oaxom.ui.om- C1oe0+ % syenz sy miomcm ZT
, , Jaqunu
30Ud193I9Y Jauoyz (831Uun wW3e) ﬂMOHwOA uoT30edYy uoT3oeay

(peanutjuod) °I mﬁﬁmy



|
\O
N

1

¢R¢ Suofioeax

wox3y pejernoTey  UOFIBIN3ES wu\mx %y g+t 1089  ToRZHTORD 9z
G3T SuoTloeax ¢ 1 <z 7.7
wWol13j paIBINITE) uor3eINlES A/ =" mm.ﬁumwfﬁomiavmu ¥4
€ € ¢.C
— uoT3IOBdY pauTwialsp jou dSV + d"8V« 'd7'SVe %t
- uor3oedy pauTwialap jou dSVZ « Calsy 134
o ¢y Cp 0
- TIoeay pauTWwIalsp jou. d"SV « “d+"sv A4
. T | Iaqunu
32UdIII Y auo7y - (s3tun w3e) .Moawoa uoT3oedy uotloesy

(panurjuod) ‘T o1qEl



-27-

There is cﬁ;rently insufficient data to determine the equilibria with
polymers of arsenic and phosphorous. However Ban's studylo'showed that
.the polymers AsP, ASZPZ’ As3P, AsP3 are present. The total concentration
of these poiymers is about 10420%vof.thé total of arsenic and phosphorous
combined, and should become significant at high.femperatures. These
bpolymeré are excluded in the present analysis, since in the deposition
zone the total componeﬁt partial pressures of arsenic and phosphorous
present do not change significantly during the déposition process.

The gaiculation of phase equilibria requiréd'in the Ga-As-P-H-Cl
system requires knowledge of important reacting species, appropriate'
reaction cbnétants, and conditions for conservatibn of mass. A measure
of the number of system constraints required for equilibrium is the
Gibbs phase rule which relates the number of degréés of freedom of a
mglticomponent, multiphase equilibrium, v, to the number of restrictioms
r,-and the variance n

v=n+2-r V (1)
The variaﬁée is the number of variables whose values'must be assigned in
order to specify completely the state of the system. Thus, for the five
components Ga, As, P, H and Cl, and two phases (gallium liquid and vapor,
or GaAsl_xPx solid and vapor), v = 5. If temperature and pressure are
two of the variables held constant, then three additionai variables must
be constant for equilibrium. If equilibrium in the gas phase alone is
considered, v = 6, and four constraints are needed in addition to T and
P. System propertieé can then be defined as a function of T, P and the
constraints, q - . Then for any system property we have,

system property = f(P,T,ql,'-~q ). (2)

v-2
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The constraints can be deduced by requiring conservation of mass for

each of the component elements. If m, denotes the moles of component i

while nj denotes the moles of species j, then for I components and J

species the comnservation conditions are

m, = }E: aijnj’ i=1,2---1 3
i=1 '

whereaijisthe stoichiometric number of components i in species j.

Additional constraints are supplied by the_reaction equilibria. These .

are expressed in terms of partial pressures of species i, Pi,-or in

terms of numbers of moles, by

-1 ' .
Pj =an ; nj (4)

K= £(p) or K = £(n,) | (5)

and, therefore,

Finally, the system constraints can be defined on the basis of a fixed

total moles by the ratios,

q; = my EE; m, i=1,2,+00v-2 (6)

In systems where one component, n., is in excess, an alternate definition

can be made

9 = (7)

L‘-‘l:’
Lon B { g

The definition of 95 in terms of a species molar ratio has been used

in equilibria involving III-V compounds where H2 is in excess.
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To convert to a partial pressure basis, Eqs. (3) and (4) can be

combined to give

J -1 J 3 |
m, P E n, = E a, P, (3'
1) 4 3 135 )
j=l - J=1
The total system moles, I n,, can be specified by fixing the total
j=1 .

system volume V, or alternately for an open system, the total volumetric
flow rate, and assuming\phe ideal gas law as the equation of state for

the gas phase. Therefore
J -
- PV '
Z: "5 T ORI (8)

j=1

The following composition parameters can then be introduced:

, 3 R
- Pyc1 * Pgact * Peac1y _ - HAL
b P’ AsH
pAs P ]
= 4 + ASZ + LI Y = .__—3-
as - p‘ (10)
[.’pP + Z?P G e ’H P . :
@ = 42 -3 av
P P

"It will be seen later that these quantities are comserved throyghout the
gallium saturation and reaction zones. However a more useful
parameter, which is independent of the deposition reaction can be deduced

from the above three expressions
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anASP = an—qu-—qP (12)

This parameter is very useful in determining the equilibria in the
deposition zone as this is satisfied by the material balance of species

Ga, As and P in the formation of GaAsl_xPx.

A general solution to an equilibrium problem in terms of Eqé. (3),

(4), and (5), utilizes:the following procedure:

1. After eliminating the species which are not present in any great
exteht relative to majority species, the system's five degrees of
freedom can be completely specified by fixing temperature, pressure
and flow rates (composition parameters) of AsHs, PH3 and HCl1 relative
to that of HZ'

2. The system of equations for the equilibrium can be solved by assuﬁing

| reactions 1, 5 in the gallium saturator zone, reactions 7, 8, 14,

15 in the reaction zone, reactions 3, 7, 13, 14, 21 in the deposition

zone (besides the reactions for combination of GaAs and GaP).

C. Gallium Saturation Equilibria

In the saturation zone Ga(f) reacts with HCl and H, gas to form

2
volatile gallium compounds, principally GaCl and GaC13. The species
present in this éone are Ga, Cl and H, and for Ga(%) —vapor phase
equilibrium the Gibbs phase rule requires three constraiﬁts for equilib-
rium e.g., T, P and 901 A typical value for the input 90y 0 denoted

by qal is 0.01 corresponding to an HCl partial pressure in the

range of 10-2—10-3 atm in H,. The majority speciesvpresent at equilib-

2

rium in this zone are GaCl, GaCl

3 HC1 and HZ' Therefore, in addition
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to K reactions 1, 2, and 5 in Table I and the total pressure con-

straint (here P=1 atm) are sufficient to specify the equilibrium. The

resulting system of equations for equilibrium are then

91 T Puer * Feaca *
1 = Poacr ¥ PGaCl3
o 1
Ga(R)+ HC1 = GaCl + 3 H,,
‘Ga(2)+3HCI = GaCl +'2 H
3 73 Hys

e

- .0
3PGaCl3 =91 T “Hca
+ B+ Py

2 .
1/2
K PGaClPﬂé
Ks Pac1
3/2
P P
EZ.= GaCl3 H2
3 3 ‘
K5 Puc1

(13)

(14)

(15)

(16)

A very good approximation is to assume that the partial pressure of

hydrogen is 1 atm. This is a very sound assumption in the region of

interest since pﬁCl ~ 10“2-10-'3

equilibrium become,

kg
Puct ~ EI Peac1
GaCl3 KS- HC1 K3 GaCl
5 1
and
9c K

atm. The simplified expressions for

@an

(18)

(19)
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These three equations can be combined to give a single equation in the

variable Pcacl

3

g =0 | 20
Peact ¥ €1 Pgac1 * €279¢1 = O | (20)

On solving this equation by iteration, one finds at 850°C the fol-

lowing magnitudes for Pgac1® Pcaci and Pycl in equilibrium for

3
Pyc1 = 0.01 atm,’
. ° o -2
Pgact = 0.995 Pyc1 = 10 atm
Py = 0-005 pﬁCI =5X 107 atm : (21)
- "6 o - "8
pGaCl3_ ;0 . X Puc1 = 10 atm
and therefore
pH2 = 0.99 atm,

These sample calculations show that virtually all of the HC1 fed

into this zone is converted to GaCl and that GaCl, is only present at

3
many orders of magnitude less than GaCll. This is a strong proof that
GaCl is the primary gallium compound reacting in the deposition process.
Another conclusion which can be drawn here is that the HCl con-
version at equilibrium is essentially 100%; thus, with a properly designed
saturator, all the HCl can be utilized for growth in the form of GaCl.

Excess HCl can be introduced, however, by designing a saturator with

fractional efficiency, or introduced separately beyond the saturator.
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Anofher great advantage of designing the séturaior to produce
equilibrium is that the conversion of HCl to GaCl'is independent of temp-
erature in the range of 750-900°C. Therefore the saturator temperature
does not affect the confersion efficiency to any gféat extent and the
temperature of gallium boat need not be regulate&‘thany great precision.
This fact is véry important for a large gallium saturator since it is
difficult to maintain a uniform temperature over a ldng distance without

costly furnace design.

D. Reaction Zone Equilibria

In the reaction zone the output from the saturator is mixed with an

input PH ASH3, H, mixture, and three events take place:

3? 2
1. Heating bf the arsine-phosphine-hydrogen stream and the gallium
‘saturator output stream to the reaction tempera;ﬁre,
2. ‘deéomposition,of arsine and phosphine
3. mixing of the decomposition products by turbulent flow through
orifices.
The temperature in this zone is higher than that of the saturation
zone so that the equilibrium for products of the gallium saturator will

10 have indicated that no

change only slightly. Earlier studies
reaction takes place between GaCl and arsenic or'phosphorous in this
region possibly due to the absence of any nucleafing surface. Therefore,
the oﬁly reactions taking place in the reaction:zone are reactions 7, 8,
14 and 15'in;Tab1e I.

The gaseous species existing in this zone are GaCl, GaC13, AsH3, HZ,HCl,

and for gas phase equilibria the Gibbs phase rule

PH,, P,, P,, As,, As,
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requires that four composition variaﬁles, one for each of the gas phase
species, be specified in addition to T and P,
The polymer species AsP , As3P,-AsP$ and Assz should also be
taken into account, but the lack of sufficient thermodynamic data prevents
" this. However, it can bé estimated that the.comﬁined entroples of reaction
for reactionms 22,.23 and 24 in Table I are near zero since the number
of bonds brokén on one side of each reaction equation equals the number
of bonds formed on the other, and since the vibrational and rotational
mode energigs for the tetramers is only slightly less than that of the
~dimers. The polymers reactidn equilibria should therefore change slowly
with temperature in the gas phase. This contention‘is supported by the
similar reactions 2P2 = P4 and 2As2 = As4 whose reéction copétants
(Klé and K7 respectively in Table I) change slowiy with temperature.
The significant gaseous species, neglecting As-P polymers, are HCl,
AsH,, PH,, P;‘, P, As,, As,, H,, GaCl and GaCl,. For ten unknowns,
we require ten equations. These are obtained from reactions 7, 8, 14,

15 in Table I,from the composition constraints, Qpgs 9pr dgu0 and 901

and the total pressure constraints. The solving equations are then,
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K, PGaCl3PH
GaCl+2HCL = GaCl+i, 22 = 2 32 2 (22)
K Ks PgaciPucl
1 ps + 3 0. = AsH K, = Pas’s ‘n
TR B A 8 1/4 _3/2 (23)
Py D
As, "H,
P
PH
1 34 2 . 3
7 P, + 5 Hy = PHy, K5 Y : (24)
P, PH,
N
| PAs
As, = 2as, K, = - (25)
hs,
2
PPZ v
_PA = 2P, K4 ;:—- (26)
?,
q,. = Piy =P +4p, +2p 27)
as ~ PasH, ~ PasH, as, As,
Q, = Ppy = P + 4p, + 2p (28)
P PH, ~ PPH, P, P,
Aga = 04993 Pyep = Pgaca t PGaCl, (29)
9c1 = Puci = Puc1 T Peaca t 2pGac13 (30)
and
(31)

1= PAsH3+PPH3+pP4+pP2+pA34+pAs2+pGaCl+pGaCl3+pHC1+pH2'

It can be shown from these equations that arsenic and phosphorous
equilibria are totally independent of each other and hence separately solv-

able.
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Arsenic equilibria, can be calculated from Egqs. 23, 25 and 27. Upon

combining these equations, and simplifying, we obtain

K1/2 K : ‘
7 1/2 . "8 _1/4 _ 1 -
pAs4 + 2 pAs4 + 4 pAs4 4 qu =0 (32)

from which it follows that, at 900°C,

= 1

Pas, = % s

4

1 -

Ppe = 3, X107 (33)

59
P = q, X 10”7
AsH, As .

From this calculation, it is apparent that most of the arsine is con-

verted to As,, the tetramer rather than the dimer.

4?
Phosphorous equilibria is calculable from Egs. 29, 26, 28. The
equations are combined in a similar manner to that for arsenic to solve

for a single partial pressure unknown. At 900°C, the partial pressures

of phosphorous polymers are,

=1
Pp =3 qp X 0.99
4
_1 -2
pP2 2 qp X 10
4

= X 10~
pPH3 qp 10

Again the tetramer is the majority phosphorous component. Although the

magnitude of P2 and PH3 are higher than those of As2 and AsH3 they are

- safely negligible at this temperature.
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In conclusion, virtually all of arsine is converted to A54 in the
reaction zone and all phosphine converted to P4. The ﬁnassessed partial
pressure of Assz should Be similar, be large compared to that of AsP.
Therefore, in spite of the large number of group V polymers, only the‘
tetramers enter the deposition zone making the solution of gas phase
équilibria in that zone easier. These majbrity gas species leaving the

reaction zone are then H2’ GaCl, As4, P4, and probably AsZPZ.
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E. Deposition Zone Equilibria

This is by far the most important phase equilibrium in the reactor,
and also the most difficult to calculate. The analysis of equilibria in
the gallium saturation zone and the reactor zone shéw that only certain
gaseous species enter this zonme. Once in contact with solid GaAsl_iPx,

however, other species can appear in quantities which can affect the rate

of deposition of solid, as will be shown in Chapter IV. The analysis of -

equilibria at the solid-gas interface will enable us to predict the
| driving forces for deposition, the composition of the alloy solid and
the effects of various parameters on the growth rates, e.g. température
and flow rates of input gases.

As shown earlier, the gases entering this,zéne ére principally H2,
GaCl,'As4, P4 and traces of other species. But once the gases come into
contact with the solid substrate, the gas phase cbmﬁosition changes by
selective evaporation of the solid, or condensation. It will be shown
that the possible gaseous species which exist in this region

are be H,, HCl, GaCl, GaC13, As4, Asz, P4, PZ’ besides the polymers of

2°
arsenic and phosphorous, neglected here.

The Gibbs phase rule for species Ga, As, P, Cl and H, and for
vapor and solid phases gives a variance of five, requiring that T, P,
and three composition functions be held constant for equilibrium. The
veight unknowns, however, require eight equations to solve the equilibrium
probleﬁ. An additional unknown is x in the compound GaAsl—xPx’ requiring

a ninth equation. The required equations ére glven by reactions 7, 14,

13, 21, 3 in Table I, the composition parameters 90 and 9GaAsP® the
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ratio of phosphorus to arsenic in the gas phase, Ppypg and an independent
expressidn for x deduced from the activities of the group V elements in

the solid, a and a The required set of equations are then,

GaAs GaP*
B 2 -1
Py = 2Py, 14 = Pp " Pp, 3%
B 2 -1
As, = 24s,, K7 = Pas, Pas (36)
2 88, ~
GaCi+2HC1 = GaCl_+H K,/K 2 =p | P p_1 p“2 (37)
3ty 3/%s Gac1,PH, Peac1Pucl
1 1, _ -1 -1/4 -1/2
CaCltyhs,+ 5H, = Gahs  y+HCl K3 PHc1PGac1Pas, PH, (38)
coctate +lu o a1 -1/4 -1/2
GaCl+ 4P4+2H2 GaP(S) +HC1 K21 = pHClpGaclpP4 pHZ (39)
c1 = Pucr < Peacy T 3pGaCl3 * Pucy (40)
- ° ) — O
Ugansp = 0-99° Py pAsn3 pPH3 (41)
= Pgac1tP =4p, —4p,  -2p, -2p
cacl'Pcac1, "Pp, " "Pas, ~Pp, " “Pas,
o S
Ppy “pp +2pp *Pp
_ 3 4 2 %2)

Poy P, 4(py +p,. )H2(p, +p,. )tpotpS
PH3 AsH3 P4 As4 P2 A52 P FAs

where p; and pzs are defined as the partial pressures of phosphorous and
arsenic equivalent to the amount of these components in the solid

GaASl-xPx' The expression for x can be deduced from reactions

13 and 21 in Table I, and the activities a and a

GaAs GaP" If the fraction
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x of reaction 21 is added to the fraction (1-x) of reaction 13, the
following reqction equation’results:

GaCl + 7 P, + 1% 4, 421

Wt 4 * 5 Hy = xCaP + (1-x)Gahs + HC1

AF

xXAF 1 + (1-x)AF

) (43)

13 °*

where AFi = -RT fn Ki the free energy change for the reaction. To this

equation must be added the free energy of mixing of the alloy

xGaP + (1-x)Galds = GaAs, _P

lfx x?

(44)

AF ]

RT[x &n a,. +(1-x)n a

GaP GaAs
Since the alloys of III-V compounds are known to be regular, the activities

can be expressed in terms of x by a regular solution model:

acp = X exp[a(l—x)z/RT]
(45)

8coAs— (1-x) exp[aleRT].

The heat of mixing coefficient o has been calculated by Hubef11 (Bleicher,
Ref. #15) to be 1 kcal/mole, and consequently the ratio a/RT << 1, for
temperatures near 100°C. The equilibrium constant for the sum of reactions

"given in Eqs. 43 and 44 is

a* al—x P
x (1-x)_ GaP GaAs“HCl '
K3 7 o XA O-o/4 177 (46)
GaCl P4 As4 H2
And finally, the implicit expression for x is
-1 -1/4
jm"|:K13 ®cassPuc1Pcac1®,  p 1/2 ]
S92 Hz (47)
X = - '
K12 3Gcaas, PPy 1/4
o | (g )(a ) )
13 %ap  Pag,
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A very good assumption for initial estimates is to neglect the

gaseous species GaCl, altogether and set P, .. = 0. The pressure of
3 GaLl3

GaCl3 doés not exceed ].0--6 atm at typical conditions whereas the pres-

sures of GaCl and arsenic, etc., are on the order of 10--2 atm. By
substituting PGaCl3‘= 0 and eliminating pAsz’ Pp > Pp from Eqs.

4 2
in Eq. 41 , the following equation is obtained: '

K | K, .\2
. . 13 1/2,.1/2f 13 1/2
q = p -4 11 +(— P -2 | K;' 7K _ P
GaAsP GaCl KZl As4 7 14 K21 As4
(48)
Alternately this equation can be written as
: _ ‘ _ 1/2
96aasP ~ Pgact T 4 Pas 4 B Pas, | (49)
where
i NEA S
A=411 + i—-—
21
B =2 LK:;/Z + Kil{z(‘——KlE}) ] .
21
1/2 :
Then solving Eq. 49 for P, » We obtain :
4 N
1/2 1 2
= - - . 0
Pas, " 2A ;\,B 4 Adgapsp® 4PPgac1 B& (50
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A simple equation in P is finally obtained by substituting Eq. 50

GaCl
in Eq. 38 and simplifying with the help of Eq. 40 :

1/2 ,
12 V2A '
= + — - ———— -
£ pGaClI:_VB 440 asp T4 Poa0 B] + K, ("cam qu) (51)

Equation 51 ‘can now be solved iteratively for pGaCi'

A and D are functions of temperature which is held constant, as are
only 90 and qGéAsP’ which are determined by the iniFial conditions of
gas flow to the reactor. |

‘The equilibria of gases.as well as value of x can now be determined
from Poacl by substitution. This approach allows a direct solution which
is easier to calculate than a simultaneous set of nbn-linear'equations,
yet the accuracy of the calculation is maintained. One parameter can
be varied at a time with the others kept constant to examine its effects
on the equilibrium..

A set of sample calculations is givén in the Appendix 1. Once the
values of major species concentrations are known,‘those of minor species
are calculated easily to provide a basis for iterative calculation of the
major species. However only oné iteration is necessary as the effect of

minor éomponents is not greater than 1 percent om major species.
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F. Results and Discussion

The conditions for phase equilibria and methods of calculation out-
lined above permit an assessment of equilibrium partial pressures of the

gas phase species throughout the GaAs, P reactor utilizing arsine,

1-x x
phosphine and liquid gallium as source chemicals, When H2 carrier gas
is the majority species, the halide reactant HCl is almost completely

converted to GaCl in the gallium saturator. Therefore, unless additional

'HC1 gas is added after the saturator, the reaction zone will contain

principally H,, GaCl and the arsine and phosphine decomposition products

2’

As, and P,, and in addition the minor species HCI, P2, Asz, GaCl3 and

4 4’
other group V compounds. By far, the most complex equilibrium is the
gas—solid equilibrium in the deposition zone, and the depositionkrate and
efficiency will depend strongly on this equilibrium in relation to the
simpler rgaction zone equilibrium. Consequently it is important to ex-
amine the gas-solid eéuilibrium in detail.

Figures 3 to 7 summarize the results of the computational method
outlined invsection E above for the gas solid equilibrium with GaAsl_xPx.

In Figs. 3a,b,c the partial pressures of gas phase species in equilibrium

with the solid are plotted versus temperature for a fixed value of 40y

corresponding to the conditions 9GaAsP? less than, equal to and greater
than zero. These figures show the following:

1. Pp is always less than Pp at these conditions whereas in the
4 2
reaction zone gases P4 is by far the majority species.

2. The initial partial pressure sz required to maintain Pz: becomes
4 ' 4

larger than 0.01 at temperatures above 850°C.
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- o 0 o eq °
37 When pp .y > (pAsH3 + pPH3)’ pAs4 is less than pA54
range of temperature than when pﬁ01

for a larger

- o o
= pPH3 + PASH3 and this allowed
temperature range is still larger than for the case when

[+] - o (-]
Pyc1 © pPH3 + pASH3'

From this information, we conclude that it is better to operate in

the range where‘paCl for a greater control of alloy

> po + po
PH3 AsH3
composition; otherwise the alloy is simply GaP since no deposition of

arsenic can occur. This conélusidn is also reached by the fact that the

eq
As

p;q when p; and sz
4 v 4 4 4
order of magnitude. The main reason for this behavior is that K13 > K21

is very low as compared to p have the same

and the ratio to the fourth .power is taken in equilibrium calculationms.
Thus, the difference between arsenic and phosphorous partial pressures
can be up to 2-3 orders of magnitude. Since phosphorous tends to react

more completely with gallium than arsenic. It is preferable to hold

o s o . . o o
pPH3 pASH3 e.8.5 9y p < 0.2. This conclusion agrees with that

reached by Bleicherlofor GaAs xPx deposition from group V chlorides.

1~
Figure 4 shows the effect of temperature on x, where x is the
fraction of phosphorous in the alloy GaASl-xPx’ through Eq. 47. Curves

in the figure correspond to the three cases 9GaAsP less than, equal to

and greater than zero. Clearly, is less than zero a

when qg.psp
slower increase in x is obtained with temperature than with the other
two cases. It is also seen that at temperatureé below 750°C, there is
not much change in x with changing gas phase composition. This is a

very important property if the temperatures of operation can be chosen

in that range. It will be shown later, however, that for maximizing
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growth rates, ;he temperature must be near 800°C where the change in x
with a change in gas composition is much larger. |

Another importént result obtained from Fig. 4 is that a very precise
control over the substrate temperature is required in order to produce
deposited layers of uniform composition. This is a vefy critical prob-
lem of current chemical vapor deposition technology.t

The requirement of precise temperature control camn be circumvented.

Consider the dependence of x on the parameter as shown in Figs. 5a,b,
| 9asp

These figures further strengthen the conclusion that a very rapid change
in the alloy composition takes place with a slight change in temperature

or in the ratio of arsine to phosphine. However the change with arsine

C.

to phosphine ratio is not large for x < 0.2, and particularly for tempera-

tures between 800 and 850°C. This is a very important conclusion as one
alloy comﬁosition important in device applications is x = 0.19. For this
particular composition, slight changes in flow rates of incoming gases

or temperature of the substrate do not significantly affect the coﬁposi-_
tion of the alloy.

Another ﬁointvof interest brought out by these figures is that for
an alloy gomposition of x = 0.2, dpsp = 0,1. This again indicates that
the.arsine flow should always be in excess of the stoichiometric amount
for a pérticular composition of the ailoys;

Lastly for 9GaAsP increasing from negative to positive values, the
composition of the alloy becomes more sensitive to temperature and gas
compos;tion dependence of pﬁCl' Thps, GaCl should always be in excess
of the stoichiometric amount required to react with arsenic and

phosphorous to form the alloy GaAsl_xPx.
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Anothef interesting aspect of the thermodynaﬁic analysis is the
determination of the excess HCl required over the theoretical amount
required for equilibrium for fixed T and dpgp* Figufes 6a,b,c summarize
the results of these calculations and show the effect of 90, dependence
of equilibrium partial pressures of the gas phase on 401 for fixed values
of arsine and phosphine inlet flows at 750, 800, 850°C respectively.

As can be seen from these plots, the equilibrium pressures of
arsenic (both tetramer and dimer) and phosphorous (both tetrameter of
dimer) reach a minimum at a value of 91 which incfeases with increasing
temperature. This behavior of the equilibrium preséures is significant
in affecting the efficiency of the deposition frém the gas phase and cén
be explained through the properties of Eq. (51). The first term in this
equation has positive and negative rdoﬁs. The positive root is required
for the solution at lower values of 901 but as 401 increases B2 = 8A.qGaAsP
becomes negative and hence the negative root is required in this-range.
As the transition takes place from one root to the'other, the function
passes through a minimum. The minimum value of Piq at a given tempera-
ture for a certain 901 corresponds to maximum efficiency of deposition
for the group V species. This value of 901 is terme§ qu(max)’ aﬁd
shown plottéd against temperature of the substrate. (Fig. 7). The
figure provides a means for estimating the inlet flow rates of HC1 geeded
to obtain maximum deposition at a certain temperature.

For the particular case plotted, i.e. = 0.008 atm and

(]
pAsH3
(-] = -
pPH3 0.002 atm, the qu(max) increases greatly between temperatures

750-800°C. It is seen that the excess of HCl required is at least 100%

(at 700°C) and increases to about 500% at 850°C. This result is
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supported by the fact that experimentalists have emphasized the require-

well as commercial reactors.

ment that HCl be in excess of the stoichiometric amounts in research, as

10,12

In summary, the following conclusions can be made for the phase

equilibrium properties of the GaAsl_xPx reactor:

1.

Temperature variations of the substrate, and changes in flow rates
of the_gases will greatly affect the composition of the alloy

deposited.

The HCl flow to the gallium saturator should be used in excess of

the stoichiometric amount required for reacting with arsine and

phosphine for efficient utilization of the group V components.

" The exact excess can be estimated at various temperatures, but

varies greatly with the temperature of the substrate.

Temperatures above 850°C will result in the growth of GaP for

As

due to the high value of P°Y  above that
3 4 :

Pac1 ~ P:xsu3 + Ppy
temperature.
Arsine should always be in excess of the arsenide fraction desired
in the alloy solid, i.e. for x = 0.2 quP'should be nearly 0.1.
The presence of the minority species (i.e., GsClB, Cc1, Clz)

do not significantly affect the equilibrium’calculétions of phase

equilibria.
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Figpre Captions

Fig. 1. Dependence of reaction equilibrium constants in the Ga-As-P-Cl-H
system on temperature.

Fig. 2. Schematic of the GaAs P reactor utilizing arsine, phosphine

1-x"x
and gallium source chemicals with HCl/H2 transport. Major
- gaseous species are shown in each zone.

Fig. 3. Partial pressures of gaseous species in equilibrium with

GaAsl_xPx as a function of temperature.

a) 9cy = 0.01, 9Gansp = 0.002, q;/p+As = 0.250
:b) qc; = 9.01, Agaasp = 2670, qp/P+As = 0.200
c) qcp = 0.01, dGaasp = -0.002, qp/P+As = 0.167

Fig. 4. Dependence of x in GaAsl_xPx on temperature.

. -] o o
Fig. 5. Dependence‘of x in GaAs; P on pPH3/pPH3+ pAsH3’ for fixed
temperature and a) 901 = 0.01, 9GaAsP = 0.002,
b) qgy = 0.01, q¢, =0 ) qy = 0.01, q,_, - = -0.002.

Fig. 6. Partial pressures of gaseous species in equilibrium with
GaAsl_‘_'xPx as a function of the input HCl partial pressure at
q;/P+As = 0.20 a) T=750° b) T =800°C <c) T = 850°C.

Fig. 7. Dependence of the input partial pressures of HCl corresponding

to maximum efficiency of group V elements deposition on

temperature.
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IV. DEPOSITION KINETICS

Af Introduction

The growth kinetics of GaAsl-xPx from the gas phase system
Ga-As-P-H-Cl is a complex process involving a large number of gaseous
spgcies and multiple reaction equilibria. Calculations of equilibrium
either in the gas phase or at the gas;solid Interface are insufficient
to describe the deposition rate because the transport.of reactants
species‘to the solid, and product species away, requires a chemical
potential gradient. Even when chemical equilibrium is assumed through-
out the gas phase, the growth rate of the solid is controlled by the
rétes of diffusion through the gas, and by the reaction rates of adsorbed:
species on the surface to form the alloy solid. |

Recent data by Shawl indicates that the deposition reaction for
GaAs is diffusion controlled for T > 800°C.. Shaeffefz_also reports that
surface reaction controlled growth by chemical transport becomes dominant
only at temperatures below about 500°C. Since the group V elementg As
and P are expected to exhibit similar reactivity, the gas-solid déposition
reaction for GaAsl_xPx alloys is also expected to be at e§uilibrium at
high temperatures. Consequently diffusion controlled kinetics should
prevail in the temperature range from 800-900°C. Goettler3 has shown
that the thermodynamics and mass transfer'equationsvcan be combined to

allow calculation of the growth rate of GaAs, when the kinetics are

diffusion controlled, or mixed diffusion and interface reaction controlled.

In this section the basic principles of mass and heat transfer are applied

to predict'the deposition rates of GaAs xPx resulting from the driving

1~

forces of concentrations of various gaseous species and temperatures.
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B. Theory of Diffusion Limited Kineﬁics

For diffusion controlled kinetics the rate of solid phase deposition
from the gas phase is governed by the diffusion of species to and away
from the substrate within a laminar boundary layer with molar flux of
the ith component toward the solid surface given by

d n,/n
_ i" T 2
Ni N CDi P , [moles/cm sec] &D)

when there is no fluid velocity normal to the substrate

where

(@}
It

molar density of the gas, [moles/cmS]

gas phase diffusion coefficient for species i, [cmzlsec]

Di =
n./nT = molar fraction of species i
z = normal distance from the solid surface.

The mole fraction basis can be converted to partial pressure by the
relation

Pi
P

n
i

—- (2)

P

for a gas of ideal behavior. For a fixed diffusion length 6 the molar

flux is simply

Ni = ki.Api (3)
where the mass transfer coefficient is

and

is the difference between partial pressure outside the boundary layer, pi,

and that at the solid surface, Py
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Since the gas phase diffusion and deposition reaction are assumed
to be equilibrium processes, the equilibrium reactions described in

Chapter III apply:

As4 é 2As2 4
P, = 2P, _ : (4)
GaCl+2HC1L = GaCl_+H

3 72

The molar flux equations for each component j must apply everywhere in

Ny =D ag, Ny =0 | (5)

the gas phase:

where the sum is taken over all species containing stoichiometric numbers

- a of component j. At the solid-liquid interface, however, Eqs. 4 apply

in addition to the deposition reaction,

. 1-x 1. _
GaCl + xP4 + A As4 + EHZ = GaAsl—xPx + HC1. (6)
The molar flux Eqs. 5 apply for all components which do not appear in the
GaASl-xPx product, i.e. H, Cl. The molar flux equations for Ga, As and

P depend on the deposition rate however.

Neac1 = Ngaas, »
l-x"x
4NAS = (l—x)NGaAS P @))
4 1-x"x
4N = xN
P4 GaAsl_xPx
N 4+ N = 0

GaCl HC1
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Provided that the driving forces for the components Ga, As and P are in
balance according tovK. 7 the growth rate can be calculated from thé
molar flﬁx of GaCl alone.

An example of the gas phase partial pressures within a laminar
boundary is shown in Fig. 1. The well mixed gas.is assumed to have a
homégéneous composition outside the layer of thicknéss §. The temperature
change through a distance § has an effect on the equilibrium constants,
and should also be included in the calculationms.

The precise caiculation of the multicomponent diffusion-equilibrium
problem is difficult in the general case. First, the properties of flow
past the solid usually cause the diffusion length through the boundary
layer, §, to vary spatially. Also, the degree to which equilibrium is
maintained should decrease with increasing gas flow rate. The equilibrium
conditions in the gas phase and at the interface calculated in Chapter III

can be used in the calculation of the deposition rate.

C. Boundary Layer Models

The properties of the deposition surface boundary layer, across which
the gradients in component partial pressures are sustained, and consequent-
ly the diffusion length &, depend on the direction of incident gas flow
and on the geometry of the solid surface. Frequéntly encountered in
epltaxial reactors are incident gas flows parallel,:normal and at an
oblique angle to the planar solid surface.

The gas phase coﬁposition can be most easily calculated within the
surface boundary layer from boundary layer models. - Three basic models
are available which can be applied to this problem fé describe properties
of the boundary layer: 1) the film model, 2) the Léveque model, and 3)

the laminar boundary layer model.
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The film theory model assumes a uniform thickness of film formed by
the flowing gases over the substrate. This theory is mainly used in
systems where the flow is in turbulent regime. The mass transfer coef-

ficient is given by the expression

k, = 5= (8)

where 6 is the thickness of the film. It is very difficult to estimate
the value of §. However, a precise knowledge of the process geometry
can help to indicate its magnitude.

The Leveque boundary layer model assumes that the concentration
varies linearly with distance normal to the surface. This assumption is
applicable only in the laminar flow regime and no edge effects are taken

into account when the flow is fully developed. The mass transfer

coefficient is given by

co, V2 4 \1/3
kC = 0.810(—-1-;- '(?) : (9)

where a is a constant relating the change in flow velocity with distance
and r is a lehgth variable.

” For tﬁe laminar boundary layer model, the gases velocity profile
(or concentration profile) is parabolic over the solid surface. This
theory can be applied to any system in which the flow is laminar, i.e.
when the gases flow parallel to the substrate, normal to the substrate
or when the substrate is rotating. The mass transfer coefficlent is

given by the expression
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CDi ui 1/6
ki = 0.684 5 (10)
v '3
where u = bulk velocity of the gas
v = kinematic viscosity of the bulk of the gas
r = distance along the surface from the edge, or disk center.

The average kc can be found from this expression by integrating the ex-
pression fromr = 0 to r = L This model is applicable to the systemsz.
where the flow is in ‘the laminar regime and is not fully developed, i.e.
where edge effects are taken into account.

Schematics of the flow structures assumed for these three models

are given in Fig. 2. Most of the Gals xPx deposition systems have very

1-
low flow rates because of -the high costs of the starting gases. For
silicaon deposition on the other hand, the flow rates are high and the
deposition takes place with surface reaction limited kinetics at lower
temperatufes. For the GaAsl—xPx reactor a lamiﬁar flow rather than a
turbulent flow model is appropriate, whereas for silicon a turbulent flow
model is best suited. Thus, for the present problem the film model
allows a simplified calculation of the gas phase transport, but the

laminar boundary layer model seems to be most appropriate to describe the

gas flow properties.
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D. Calculation of Deposition Rates

It was established above that the laminar bbundary layer model is

applicéble to the deposition of GaAsl_xPx. In this section the growth

rates are calculated based on the basic equation, ~

N

GaAs k (11)

1-xFx = Neacl = ¥cac1®Peac1

However, we need to correct this expression to take into consideration
the change in gas temperature through the boundary layer since both

kGaCl and ApGaCl depend on the temperature drop across this layer. If

kGaCl is evaluated at the reaction zone temperature, then Eq. 11 can be

written in the form,

N=k (temperature correction term) (12)

cac1*Pgac1
Although it is very difficult to deduce the correction term, theoretically,
it has been estimated empirically for various systems. For the deposition
of GaAsl-xPx (or.GaAs,GaP) no data for any empirical correlation is yet
available. However Kuznetsov b has shown by a laminar boundary layer
approach,_tﬁat for chemical vapor deposition of silicon and germanium

the correction factor for non-isothermal systems is (Ts/Tg)—o'11 where

subscripts g and s refer to reaction zone gas and solid respectively.

He has also summarized exact relationships for calculation of deposition

rates for various geometries (i.e., parallel flow, normal flow) using a | R

laminar boundary layer model and basing his calculations on the similarity
between mass, momentum and heat transfer (i.e., Pr = Sc = Le = 1.0)

which is a very reasonable assumption for laminaf flow. These relationships
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require that a mass transfer parameter 'b' appear instead of Api in

Eq. 12. This parameter is

o__€q
b = P-p (13)
1 - peq

and the deposition rate is

N, = Cou_b-Sy- Sub (14)

1

Here S, is the Stanton number, which for normal flow is

T
u_ x/ 1/2 _
6y = 0.47 <____) 723
T Vv r

where x/2 = half width of the solid surface or substrate, i.e. radius
of a disk substrate.

Equation 14 1s basically the same as the one obtained by the sipple
laminar boundary layer model. The mass transfer parameter b can be

simplified to APGaCl as both piq and pz are much less than unity,

(piq ~ 0.005 atm). The expression for the growth rate is finally,
. -0.11
N ( oles/cmz—sec) =.Cu_ A ‘EEEE S.. (15)
Gaasp B “MUe “Pgacl T, | T

From the above expression the deposition rates of GaAsl__xPx can be

easily estimated once the driving force and the flow properties of the

system are known. A good initial approximation for physical properties

of the gas phase is based on the fact that the gas is 987 hydrogen.
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The deposition rate in gmoles cm2—sed can be converted to a linear
rate, e.g. u/min, for lattice parameter measurements for the alloy, which

has been. reported by Rubenstein5 and-Pizzarello.6

E. Results and Discussion

The deposition rate of GaAsl—xPx alloys was calculated from Eq. 15
for various temperatures of the substrate and a fixed temperature of the

gases flowing to it. The calculated rates are functions of AP d

Gacl 2

T .
of Cfg), both of which depend on T Results of the calculations are

g S

shown in Figs. -3 in which the value of NGaAsP obtained for fixed initial

conditions is plotted versus T In Fig. 4 is shown the calculated

g*
growth rates in u/min vs T for various input conditions for a constant
Tg = 900°C.

The results summarized in Figs. 3 and . 4 show that the deposition
‘rates decrease drastically with increase in the substrate temperature.
This decrease can be expected because the gas temperature affects the
driving force for the deposition process.

Figure 3 shows that there are three approximate regions for the
deposition pfocess. When ;i = (.88, the growth rate curves show an
inflection point. This probably is due to the fact that the temperature
correction factor includes the effect of interface kinetics in the dif-
fusion controlled regime well below 750°C. 1In the‘temperature interval -
from 750 to 850°C, the curves are almost linearly decreasing with tempera-
ture. Above 850°C the slope decreases rapidly..

Another result which can be deduced from Figs. 3 and 4 is that the

growth rate does not depend significantly on 9GaAsp’ especially when
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9GaasP

growth rates are higher for positive 9GaAsP cqrresponding to an excess

is equal to or less than zero. The figures also show that

‘of‘GaCl. Hoﬁever; these plots do not give any indication for a maximum
growth rate with decreasing substrate temperature;:yet the maximum is
expected siﬂce'surface kinetic control dominates at low temperatures.
Growth rates calculated by a different model by Goettler3 for GaAs.
also show that the growth rates increase when either partial pressure

of GaCl or that of As, is increased over that in equilibrium with the

4
substrate as expected. Goettler's experimental measurements of deposition
kinetics for GaAs show, however, that a change in kinetics from diffusion
control to interface reaction control occurs at about 750°C. A similar

change should be expected for GaAs —xPx alloys, and the growth rate does

1

not increase linearly with decreasing temperature, in agreement with the

model on which Figs. 3 and 4 are based.
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Figure Captions

Dependence of component partial pressures on position in
GéASl_xPx reactor. - | | |
Boundary layer models for parallel, oblique and normal gas
flow to a planar surface of finite length.

Dependence of growth rate of GaAsl_xPx in gmoles/cmzsec on

- substrate temperature for different values of 9 AsP"

Dependence of growth rate of GaAsl_xPx in u/min on substrate

temperature for different values of 9GaAsP"
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V. EXPERIMENTAL STUDY OF GaASl—xPx CHEMICAL VAPOR DEPOSITION

A. Introduction

An expérimental study of the chemical vapor deposition process was
undertaken to test the gas-solid equilibrium and to measure kinetic
parameters from the deposition rates. The study encompassed the following
steps: 1) design and construction of a reactor and gas flow system,land

2) operation of the system. These will be discussed in this chapter.

B. Reactor and Gas Flow System

A reactor was designed taking into consideration the conclusioﬁs
reached in Chapter II. The reactor contained three zones. In the first
gallium is contacted with incoming HCl to form GaCl. In the second, the
reaction zone, gallium chloride, phosphorous and arsenic are mixed and
reacted. In the third zone, called the deposition zone, deposition of
GaAsl_xPx'(ér GaAs, GaP) occurs over a substrate which is normal to the
flow of the gases.

The overall réactor is shown schematically in Fig. 1. The reactor

is made entirely of fused silica including the substrate holder.

In the gallium saturation zone, a 1/4 in. (6 mm) tube carries HC1

in H2 to the liquid gallium, contained in a 3 cm X 2 cm diameter crucible, .

The 1/4 in. tube is tapered at the end making a jet through which the
gas enters a liquid gallium column about 2 cm high. The bubble size is
approximately 1 mm dia, giving the HCl bubbles time to equilibrate with
the gallium by forming gallium chloride. The reaction of gallium with
HC1l to form GaCl is virtually 100% at equilibrium}' A thermocouple well

sits adjacent to the HCl input tube in the gallium crucible. The gallium
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contactor is sealed to the reactor tube by a ground glass joint to
facilitate loading and unloading of gallium. |
Output'gases from the gallium contactor pass through an orifice to
mix with incoming afsine and phosphine in H2. Tﬁe orifice prevents the
flow of arsine and phosphine into the gallium saturator zone. A second
orifice is provided at the middle of the reactor zone to thoroughly mix
the gases by turbulent flow, and to thoroughly equilibrate the gaseé at
the reaction temperatufe. The gases pass through a multi-orifice sieve
platgvat the end of the reactionAzone; this creates a uniform velocity
profile in the gases entering the deposition zone. The total length
of the reéction zone is about 10 cm which is sufficient to give residence
times of 2-5 sec for a typical 1 &/sec flow rate;‘ The distance between

the second orifice to the sieve plate is nearly 6 cm.

In the deposition zone, the substrate is held on the substrate holder

with a thermocouple placed just below the substrate. The position of the
substrate @an be varied up and down in the reactor with the support rod
secured by a Wilson seal. The maximum size of the substrate which can
be placed on the substrate holder is 30 mm.

The effluent gases leave the reactor through a 1/4 in. tube below
the subétrate holder and pass through a trap containing a solution of
KOH bebore entering a vent.

The reactor was heated by a Kanthal A wound three zone furnace with
‘independent controlvof the temperature in each zone. A proportional
controller and an on-off controller were used to control the temperature
in the gallium zone and deposition zone respectively; The reaction zone

.temperature_was unregulated. A typical temperature profile in the
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furnace is shown in Fig. 2. .The temperature gradieﬁt in the deposition
zone required a correction of *5°C to the temperature of the thermo-
couple bélow the substrate. The tempefature of the gallium crucible
varied 15°C over its length but this does not affeét the conversion of
HC1l to GaCl, as shown in Chapter ITI. Typical tempefatures employed
were 850°C for the gallium saturation, 900°C for reaction zone and 830°C
for the substrate.

The flow éystem for gases is shown in Fig. 2. The gases used were
of ultrahigh pufity 99.999% or better, except for HCl which was of
electronic grade. The gases, regulators valuesuand flow meters, were
obtained from the Matheson Co.

Argon was used as a purge gas. The gases were métered through high
accuracy needle valves. Flows up to 2 ml/min wefé metered through Type
600 flow meters, and Type 602 meters were used for higher flow rétes.
Vacuum va]vés were used in the system wherever needed. All tubing to the
reactor was 1/4 in. or 1/8 in. type 304 stainless‘steel. ‘A 2 in. diffusion
pumped vacuum system was used to initially purge the system, since it is
essential for growth of good quality alloys that no impurities be present

in the system.

C. Operation of the System

In a typical operation,'the gallium saturator loaded with gallium and
a substrate &gs placed on the substrate holder. Then the system was argon
purged and evacuated. After the desiréd vacuum is reached (below 10 torr)
the systeﬁ is filled with hydrogen and heating is started. When the
average temperature reaches about 700°C, the flows of arsine and phosphine

are started at very low values (Goettler).2 After the desired values of

4]
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temberature are reached, the flow of HCl is started with gsimultaneous

increase in flows of AsH3 and PH3 and Hz. Typical flow rates are

3, . :
RHCl = 10-15 cm” /min, STP

_ 3
RAsH3 = 8-10 cm™ /min, STP
RPH = 0-5 cm?/min, STP
3
Ry = 1000 cm3/min, STP
5 Rl

After the deposition process had run for a-deSited period of time
‘the furnace power and HCl flow were turned off, thé AsH3'and PH3 flows
‘reduced to very low levels and the H2 flow decreaééd, The substrate
was lowered into a cool zone to quench the sample. When the reactor
témﬁerature had fallen below 700°C the H2 flow raﬁe was further reduced
and'the AsH3 and‘PH3vflows stopped. The substrate was removed only after

the reactor had cooled to room temperature and purged with argon to

pre#ént oxidation of the gallium.
A sample calculation of the reactor conditions is produced in

Appendikvil. The complete partial pressure equilibria are obtained from

the equilibriun data of Chapter III.

D. Results and'Discussion

Extensive experimental data on CVD of GaAsl_xPx were not obtained
due to initial difficulties in operating the system. Layers of GaAs,

GaP and Gals -xPx were grown on both silicon and germanium substrates.

1
[100] orientation, n-type silicon substrates were obtained from the
Monsanto Co. These were lapped and polished by the supplier. Germanium

wafers with [100] orientation were cut from single crystal germanium bars



-84~

grown from high purity Ge by the Czochralski method, then polished and

etched in a 3:1:1 solution of HNO,, HF and HNO3 (red.fuming). The solu-.

3°
tion was boiled for five minutes with the wafer in it which resulted in
etching. Only wafers with dislocatiéns aﬁpeared étched.

Table I shows the results obtained in succéséful runs. As can be
seen from it, usually polycr&stalline growth took place due to‘the high
density of nuclei on both Si and Ge substrates. It is known that Si is
very susceﬁﬁibie to oxidation in the presence of ox&gen and the oxide pre-
vents epitaxy and increases the nuclei ﬂensity treméndohsly. Ge, though
less susceptible, 15 also oxidized Bf oxygen at high temperatures. This
shows that the system was not clean enough and better procedure is re-
quired to purge the system to. avoid the presence of oxygen. Another ré-
sult of presence of oxygen (i.e. oxidation of Si to SiOZ) was that the
deposited GaAsl_xPx did not adhere to the surface of the substrate in
spite of the little difference in their lattice parameters and coefficients
of thermal expansion.

Another important result was that the experiméﬁtal growth rates were
much'lower'than the predictéd ones. This could be due to many reasons.
First, as pointed out earlier, due to the presence of oxfgen the thermo-
dynamic equilibria might have shifted. Secondlf; it could be caused by
the incomplete conversion of HCl to GaCl due to high flow rate of gases
in ﬁhe gallium-contéiner and hence not sufficient time for equilibration.

Another reason can be the large kinetic barrier for growing GaAs, GaP

P on Ge or Si.
1-x"x

and GaAs
There was less growth on the edges of the substrate than at the

center. This was caused by the substrate holder wall. The wall is
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higher than the substrate which causes the gases to flow over the edges
without equilibrating with the substrate. This-result supports the sup-
position that the flow is laminar over the substrate, as turbulence would

promote uniform growth.

Characteristics of the GaAs xPx deposits are shown in Figs. 3-5.

1~
Iﬁ Fig. 3a'is shown the results of GgAs deposited.on,a Ge substrate;
the crystallite density is high and orientation appears partly random.
.The nucléation rate was probably very low since somé of the crystallites
have grown to larger size than have others. Most of ﬁhe growing crystals
have. [100] orientation. ' .

Figure 3b shows nuclei of GaP on.a [100] and substrate, deposited
under a very low driving force. Thé crystallites have [100] orientation.

GaASO.4fO.6 was deposiﬁed on a Si substrate under a high driving
force. Figure 4a shows that the growth of this composition was uniform,
but the crystallites do not have a [100] orientation. Figure 4b shows
the structure df a detached section of the deposit; as observed in a
JEOL-1000 SEM. The height of various crystallités is more clearly seen
here. Again the randomness appears in orientation of the grown crystal-
lites. Figﬁre 5a shows the edge effect caused by the substrate holder,
showing the very little deposition taking place here as compared to that
on the rest of the substrate. Figure 5b shows én‘enlarged view of one
of the layer crystallites in the GaASO.4P0.6 sample. The edges and
boundaries are very clearly delineated. A very définite [111] orienta-
tion of the growth direction is evident.

The composition of the deposit in Exp. 1l was determined from the

lattice parameter measured by x-ray diffraction using a Picker
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diffractometer, and by assuming Vegard's law for the alloy. The measured

composition GaAs with x = 0.60 + 0.02 agrees well with the

0.4%0.6
theoretically predicted value of x = 0.64 obtained from Fig. 5¢ in
Chaptef I1T. |

The measured growth rate for Exp. 11 with'0;35 p/min. Tﬁié corre~
sponds ﬁo a molar flux of GaAso‘4Pb;6 equal to 14.1><1o"'8 molés/min, where-
as the theoretical molar flux based on the flux of gallium, NGa’ was
9f3 x 10-? moles/min. The ratio of experimental'td theoretical growth
rates for other experiments are shown in Table I. The low ratios for

Exps. 6 and 9 indicate a low nucleation rate, and corresponding timé

lag before linear growth rates occur.
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Table I

Experimental parameters and results in GaAsl_

xPx growth.

X
Xexp theo

Variable Exp. 6 Ekp. 9 Exp. 11
HCL flow, cc/min 10 10 10
AsH, flow, cc/min 10 0 8
PH3 flow, ¢c/min 0 10 2
H, flow with HCl, cc/min 500 500 500
H2 flow with AsHB,'PH3 500 | 500 -500
Gallium saturator Temp (°C) 880 860 860
Reaction temﬁerature 900 875 900
Substrate temperature 860 , 875 855
Deposition time (min) 30 30 60
Substrate Ge Si Si

Res;lts Exp. 6 Exp. 9 Exp. 11
Type of growth polycrystalline nuclei only polycrystalline
Growth rate (u/min) 0.085 0.001 0.35
Composition, x 0 1.0 0.6
N oase/Ncanep 0.50 - 0.44

/ 1 - 1.07
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Figure Captions

Schematic of the experimental reactor for chemical vapor deposition

of GaAsl—xPx showing reactor cross section and temperature profile.

Schematic of the gas feed system for the CéAsl_xPx reactor.

Nucleation of GaAs and GaP.

‘a. GaAs on a [100] Ge substrate (%X1000)

b. GaP on a [100] Su substrate (%1000)

a. Polycrystalline growth of GaASO.4P0.6 on a [100] Si substrate
undér high growth rate conditions (X160).

b. leique view of polyc?ystaliine GaASb.4P0.6 deposited on
[100] Si after detachment and fracture (%X1000).

a. Edge effect due to the substrate holder on deposition rate.
b.v Preferred growth of GaASO.4PO.6

for growth in (111) direction.

showing surface structure
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VI. CONCLUSIONS
The process of chemical vapor deposition of G8A31—4Px from Ga(%),

PH AsH HC1 anu H

3 3 2
the thermodynamics of phase equilibria and deposition kinetics, as well

source materials requires detailed information on

as appropriate‘design of the reactor to obtain maximum efficiency and
control'uf‘the pfoduct phase. From theApresent atudy the fullowing
conclusions are drawn. |

1. Many source materials are possible, e;g,.solid'As; liquid
chlorides of'phosphorous and arsenic etc., but the most convenient. for
‘industrial application are gaaeous reactants, and particularly those
containing the transport agent, i.e. hydrides. But Ga(L), as a reactant,
is an excebﬁidm because no stable compound of gallium is a gas at room
temperature and one aﬁmusphere which is also avaiLable in a pure form.

2. The gallium saturator should operate at equilibrium in order
to‘allow’prediction of the gas phase composition uofrectly.

3. Mixing of the gases is needed in the reaction zone in order

to homogenize the gas phase, thereby providing a uniform composition
at the growing surface.

4. Laminar flow of reactant gases over the substrate is desirable,
as is a high residence time for contact between solid and gas to insure
complete reaction to equilibrium. | o

‘, 5. There is a need to prevent oxygen contamination in the reactor
since it reacts»violently with PH3, and acts as an electrically active
dopant in GaAsl Px.' It shifts the thetmodyuamic equilibria which -
results in a wrong prediction of equilibrium propertiee and growth rates.
Oxygen also attacks the substrate and due to its oxidation, no epitaxial

growth is possible.
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‘6. The P/P+As ratio in the gas phase wasvfound from calculations
to be‘loﬁer than that in the solid which is in equilibriuﬁ with the gas.

7. Eiferimental determination of x 15 in good agreement with our
theory which includes the effect of a finite growtﬁ rate.

8. An excess of GaCl over fhe stoichiometric amount is.required
for the most efficient utilization of the group V reactants. The GaCl
partial pressure required for maximum efficiency increases with temperature.

9. 'Poiymers df arsenic and phosphorous should be included in the
equilibrium calculations since their concentration is 10-207% of the total
arsenic and phosphorous present. Experimental measurements of the reaction
equilibrium constants for these compounds are needed.

10. There is a need to keep the reaction zonevtemperature higher than
the temperature at which GaAsl__xPx is in equilibrium wifh the gas in the
reaction zone, otherwise deposits will take place on the walls of the
reactor. |

11. The growth rate increases with decreasing substrate temperature
for a fixed input gas. For diffusion controlled kinetics, the rate of
change of gfowth rate goes through a maximum with decreasing temperature.

12.A Experimentally measured growth ratesvareAlower than expected
from theory. This is caused by a) presence of oiygen which shifts the
thermodynamic equilibria, b) a large kinetic barrier for nucleating
GaAsl_xP* and GaP on silicon and GaAs on germanium.

The following further studies are needed for a better understanding
of this system.

1. The effect of HCl excess in the gas phase over on deposition

efficiency and phase equilibria.
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2. Tbe effect of temperature driving force Aﬂd interactions of
the conceqtfafion driving forces for farious gaseous speéies on the
deposition rates. | _

3. The effect of.grouva-polymer_on the fhermodynamic'behavior

of the system.
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APPENDIX I

Sample Calculations of Thermodynamics of Phése Equilibria

in the Ga-As-P-Cl-H System

A. Gallium Saturation Equilibria
For solving the gallium saturation equilibria Eq. 20 of Chapﬁér IT1

was derived. At a temperature of 850°C the relevant equilibrium constants :

are k1v= 106'45, k2 = 1016'88 and k5 = 104'67. ‘Coefficients in Eq. 20
are then ' v
— 3 =
C, = a1+ kS/kl)/3(k2/k1 ) =100
and ' \
V‘C2 = ___;___3 ’ =99
3(k2/k1 )
Equation 20 then reads, a
3 4100 - 99q° =0
GaCl Pgac1 c1t~

By 1terativevsolut10n we obtain P, ., =

0.995 qu. Equations 17 and 18 now

can be solved for pHCi and Pgacl respectively.

3
When
q;l =.0.01, the partial preésures in the system are
Pycy ° 0.01 atm.
pHCi_= 0.00005 atm.
and Pgacl =~ 10_8 atm.

3
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B. Reaction Zome Equilibria

The arsenic equilibria,‘using Eq. 32 in Chapter III; can be solved.,

At 850°C (K, = 107363, Kg = 1072:%%y | Then for q,, = 0.01, Eq. 32
bécomes
o 1/2 -10 1/4 .
Poas, * O 0038 Phe, * 8.65x10 Pas, - 0.0025 = 0.

Neglecting the term containing the coefficient 10—10 we obtain the

iterative solution Pps = 0.0023 atm.
4 )
Then, from Eqs. 23 and 25 in Chapter III PasH and Py, are ~ 10 10 atm

3 2
and 0.000366 atm respectively.

Phosphorous equilibria can then be calculated using Eq. 32 at 850°C

with 94p = 0.01, where kl4 = 10-2'79 and k15 = 10—2'24. Consequently,

Eq. 32 becomes

pp + 0.0199 p1/2+ 0.00144 pl/4— 0.0025 = 0,
4 Py L

Solving again by iteration, we find

P, = 0.00164 atm.
P
v 4
Substituting this value in Eqs. 24 and 26 we then find that Ppy and
' ' 3
Pp are 0.000056 atm and 0.00029 atm respectively.
2

C. Deposition Zone Equilibria

Deposition zone equilibria can be solved by using Eq. 51 of Chapter
- (] ° = °
III. Assume T = 800°C, and Puc1 0.01, pPH3 .
Then for qgy = 0.01, dgaasp = 0 and qP/qu +qp = 0.2, we find,
= 4.0165 and B = 0.0222. So, Eq. 51 becomes

+(4.018 p/2. _ 0.0222 1/2 +1.18 0.0118 = 0
Pcac1 ["( . Pgac1 ~ Y- ’ ] **® Pgac17" -

= 0.002 and szH = 0.008 atm.

|
1
t
i
{
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Successive approximation, then gives the solution

pGaCl = 0.0068 atm

The remaining species, PHC1 pAsa"pAsz' pP2 and_pPZ‘are obtained by sub-
stituting pG;Cl'into Eqs. 40, 50, 36, 38, 39, and 35, respectively.

These equations give

Pyc1 = 0.0031 atm

0.00150 atm

0.000345 atm

0.0000136 atm

o
)
ﬂ

0.000070 atm

Finally, by material balance of arsenic and phosphorous it is found that

ApP

—_— = (0,581
ApP + ApAs

x:
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APPENDIX IL

Sample Calculations for Growth Rate Prediction Experiment 11

The conditions of Exp. 11 are used in the following calculétions.
Flow rate of HCL during the experiment = 10 cc/min and pﬁCl = 0,01 atm.

Flow rate of‘AsH3 during the experiment

[

8 cc/min and pAsH3= 0.008 atm.

2 cc/min and p;H = 0.002 atm.
3 ‘

Flow rate of H2 during the experiment= 1000 cc/min and pﬁ = 1.0 atm.

2

The average temperature of the substrate during the experiment = 854°C,

Flow rate of PH3 during the experiment

The average temperature of the gallium saturator during the experiment = 862°C

The average temperature of the reaction zone during the experiment = 920°C.
The mass constraints are 9y = 0.011, Qg = 0.008, qP = 0.002 and e 0.

The equilibrium partial pressures of all the gaseous species over

the substrate can be read from Fig. 3(b), Chapter III.

i.e.
Poact = 0.0084 atm
Pycy = 0.0016 atm
pAS4 = 0.0016 atm
PAs2 = 0.00062 atm
ppa = 0.000021 atm
pP2 = 0.00019 atm

The expected compound to be formed is GaASO.305PO.69S' The pressure

driving force for deposition, ApGaCl is 0.0016 atm. 'Equation 15 of

Chapter IV can be used to predict the growth rate in gmoles/cmz-sec.

Se
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For laminar flow Pr = 1.0 and the correction coefficient containing Pr
is unity. The temperature of bulk of the gas is nearly 900°C and u_,
C and at this temperature are

u = total flow rate = 1.5 cm/sec
% cross section area of the reactor ¢ *

A
]

1.12x10™° gmoles/cm>

\
|

=0.99 wy +0.01 u ., = 9.04x10" gmoles/cm-sec
2 ) .

L/2 = radius of the substrate = 1.575 cm.

The molar flux equation is then

» T, \0-11
Veans, Fx ~ 4.15x10 ”Apca01x('i?"> |

For Tsub 850 Cf T8 900°C and ApGacl 0.0016 atm, t?e molar flux
is No_ o f = 7.9x107° gmoles/cmz-sec. This corresponds to a linear

l1-x"x
growth rate of 0.77 u/min.
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