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ABSTRAC r

'The advantages of the hydride growth technique are that the control

is good because the anion and cation concentrations are separately

controlled, and it can be easily scaled up. The disadvantages are that

the films tend to have a higher background carrier concentration and a

more rough morphology. The focus of this research was to find ways to

itigate or possibly eliminate these disadvantages.

An in-depth theoretical comparison between the chloride and hydride

growth techniques showed that hydride growth is thermodynamically similar

to steady state chloride growth when the HCl:PH ratio is 3:1. If chloride

systems are inherently cleaner than hydride systems it is possibly due to

the cleansing reaction of the phosphorus with the liquid indium to form

InP with a subsequent attack of the InP by HC.

Hr,¢ever, it seems more likely that the source of the higher carrier

concentration is due to the less ipure HCI used. We showed this by

growing lower carrier concentration InP films when we used HC1 generated

from ultrapure PCI. .
3.

Another possible impurity source is silicon from the silica reactor.

It has been suggested that this contamination source can be reduced by

increasing the deposition zone HC1 concentration. We attempted to do this

by introducing HCl downstream. However, we found that the HCU concentra-

tion is not increased much by doing this because it retards the deposition

reaction.

A more important effect of using downstream HCU is that it greatly

improves the morphology when it is used during the preheat treatment. This

procedure also reduces the carrier concentration. It is clear that the

- substrate surface preheat treatment strongly affects the film quality.

We will focus our research on this problem during the next year.

r-.-! - - - . -.



The preheat treatment also greatly affected tile quality of our InGaAs

films. The rocking curve peak widths were smallest when a downstream

HCI etch was used, were larger when the substrate was bathed in AsH 3

during the five minute warm-up period, and were largest when the substrate

was bathed in PH3 during the warm-up. We will study these effects in more

detail next year.

We found that our InGaAs films were most closely lattice matched

at our growth temperature of 700C when the HCI(ln)/HCI(Ga) ratio was

7:1 and the III/V ratio was 1.75:1. We plan to study the effects of

ittice mismatch in more detail next year.

•. . . .."...-" " - "* . . . . . ..-" -- - . . ". . . . . . . . . . . .. i i . .
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GROWTH OF InP AND InGaAs FILMS
VSING THE HYDRIDE VPE TECHNIQUE

I. Introduction

When compared to the other growth methods, the hydride VPE method

has a number of advantages [1]. More control can be exercised using this

method than with the chloride VPE method in that indium and phosphorus

concentrations are independently controlled, and growth of the quarternaries

is less complex in that two source zones are required whereas three are

required for the chloride system [2]. Indium containing complexes form

under normal operating conditions in a metalorganic VPE system [3], and

there is also a problem with carbon contamiation. The molecular beam

epitaxy technique [4] is not a viable economic alternative for a number

of applications. Liquid phase epitaxial systems cannot be as completely

controlled in that it is difficult to grade the doping composition, and

the film is always grown in a cation rich environment. Also, the morphology

is much more sensitive to the lattice mismatch [5]. In addition to the

advantages enumerated above, the hydride technique can easily be scaled

up.

The primary disadvantages of the hydride technique are that the control

is more difficult to maintain, the background carrier concentration is

relatively high, and it is more difficult to grow films with a smooth mor-

phology. Control is more difficult since, even for the binaries, the

degree of supersaturation is determined by the constituent partial pres-

sures as well as the deposition zone temperature, whereas in the chloride

system it is controlled only by the temperature difference between the

source and deposition zones. The lowest background carrier concentration

-3
for hydride grown InP films are typically 1015 cm and the 77K mobilities
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are 50,000 cm- V s [61, whereas the corresponding values for chloride

-3 - -1 -1
grown films are 101 4 cm [7,8] and -100,000 cm- V s 17]. Similar

differences also exist for GaAs films grown by the two techniques '9,10].

Because the background carrier concentration is not usually an

important parameter for light emitting and detecting devices, they have

been successfully fabricated from hydride grown InGaAs il] and InGaAsP

[12] films. However, there is now interest in growing low carrier con-

centration InGaAs films for high speed detectors using the hydride

technique [11]. There is also an interest in growing low carrier con-

centration InP films to be used as buffer layers for lnGaAs FET's [13].

Further, low carrier concentration InP films are needed for high speed

low noise TED's [14].

In trying to find the source of the background carrier concentration,

we first made certain that we had a tight system. Then we analyzed the

chloride and hydride systems to determine how they differ, and to try to

understand how these differences can account for the difference in the

background carrier concentration. The analysis included computing the

equilibrium partial pressures in the hydride source zone, the steady

.tate partial pressures in the chloride source zone, the equilibrium partial

pressures in the deposition zone of both systems, and the ideal growth

rate of both systems. Based on these computations, films were grown in

our hydride growth system under conditions which best matched those in

the chloride system.

One primary difference between the chloride and the hydride growth

systems is that in the hydride system the HCI source is bottled HC1 that

flows throug,, Ftainless steel tubing Lo the s;ourcU zone, wherea, lICl is

a reaction product between PCI and 11 in the chloride. systue. It is

3 2
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possible that the source of the higher background carrier concentration

in the hydride system is the less pure HCI from the gas cylinder which

also might react with the stainless steel tubing on the way to the source

zone. We studied this possibility by generating HCl from PCI and using
.3

it in our hydride growth system.

Another possible source of impurities is silicon contamination from

the silica reactor. We tried to suppress this reaction by introducing

HCl downstream, but we had to be careful not to introduce too much be-

cause it would change the deposition reaction to one of etching.

We also introduced HC downstream while the substrate was warming

up. Our aim was to etch the surface as rapidly as it became depleted

in phosphorus, and to etch it slowly so that the surface remained smooth.

Clearly, this is a necessary condition for growing smooth films. We

also experimented with bathing the substrate in PH3 or AsH 3 or placing

it under a cover piece during the warm up to try to improve the morphology.

The effects of varying the HCI:PII ratio as well as their absolute

3

pressures were studied too.

The focus of our future research will be on the interface defects

at the InP/InCaAs interface. This will include growing high quality InP

buffer layers to eliminate the substrate effects, providing; a smooth InP

surface for the deposition of InGaAs, and lattice matching InGaAs to InP.

We considered the first problem when we studied the background carrier

concentration and the second problem when we considered the morphology.

We also studied how the composition of the solid is related to the

composition of the vapor, and how the composition of the solid, as well

a- the heat treatment prior to deposition, affect the internal stresses
,f

• in the films.

, - *."- - - - -- .-. -t-ra,, 1
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We were successful in lowering tile background carrier concentration

by using IICl generated from P1I . and therefore believe that one of the

3.

sources of the higher background carrier concentration is the less pure

HCI from the gas cylinder. We were able to improve the morphology by

using a downstream HCl etch. Using the downstream HCl etch a] o re!',ced

the strain in tile InGaAs films as determined by the x-ray rocking *ves.

II. Growth and Characterization

A. Refinements in the Growth System

The magnetic loader was built and installed. A cylindrical magnetic

core is attached to the quartz rod holding the specimen holder. The

specimen can now be inserted from the forechamber into the growth zone

by moving a current coil externally along the walls of the pyrex fore-

chamber. As the specimen moves forward, it is guided by teflon spacers.

Gallium and indium boats were made with covers. The upstream end

of the boat contains a sleeve into which a quartz HCI tube is inserted,

and the downstream end contains a small opening through which the reactants

escape. This should insure good contact between HCI and the liquid

metals thus enhancing the probability that the reaction will go to

completion. The H2 flow mixed in with the HCl gas is also reduced to

increase the residency time of the HCl over the liquid metals. To

prevent backstreaming of the reactant gas, a hydrogen push gas inlet was

built in at the upstream end of the growth vessel.

B. Growth of InP Using Cylinder HCI

1. Experimental Procedure

Six 9's pure indium was etched in a 45% KOH solution for about 30

min., and then baked in prepurified hydrogen [151. The furnace controllers

were then set to provide a flat 800'C region for the sourc, zone and a



I/

flat 650*C region for tLIe deposition zon,,, and then a polished avid cleaned IS5

(W01) send- insulating iron doped substrato was placed in thc forevna!:mcr.

The chamber was pumped down and backfilled with hvdro6,cn several timen!;,

and then the gate valve was opened and the substrate was rnitgneticallv

inserted into the predeposition zone. The deposition gases were

diverted from the substrate while it was being htated up in a phosphine

stream, and then the substrate was moved into the deposition position.

The flow rate of the HCI and PH3 are varied, but the total flow rate

was fixed at 500 ccm. A film was grown for thirty minutes, the substrate

was retracted into the forechamber closing the gate valve behind it,

and the deposition gases were turned off. A downstream HCI gas flow

was turned on to clean out the growth tube. The for hamber is pumped

down and back filled several times, and then the film is removed.

First, the morphology is examined and then photographed using an

optical microscope. Contacts are put on in a van der Pauw geometry, and

the room temperature and liquid nitrogen carrier concentrations and

mobilities were nmasured. A portion of the substrate was cleaned off,

etched in on AB etch for 5 min. at 60C, 1161 and then the film thickness

was neasured using the optical microscope. The remaining substrate was

examined and photographed in a SEM.

Next, optical and scanning electron micrographs were taken of the

;urfoces. Both the gross structure and details of the fine structure

were examined.
t

2. Results

a. Morphology

The effects of varying the input HCI concentration are illustrated

in the optical micrographs in figures I and 2. The ICI/Pli ratios are

!:3



8

.25/1.5, .5/1.5, 1.0/1.5, 1.5/i.', 3.0/1.5, and 4.0/1.5 in figures la,

lb, Ic, 2a, 2b, and 2c respectively. (To obtoin thc. partial] pres,;uru

of each species multiply by 10 - 2 atm.). The film with the snmallest

ratio is somewhat rough and contains star like characters with a pit

in the center. The films with the .5/1.5 and 1.0/1.5 ratios are, for

the most part, smooth. An enlargement (300x) of one of the few defects

in the 1.0/1.5 film is displayed in figure 1d. The films with the larger

ratios are rough as they contain many hillocks, and the roughness increases

with the ratio.

The fine structure of some of these morphological defects are shown

in the scanning electron micrographs in figure 3. In figure 3a the

center of the needle shaped facets in figure 2a are square spirals

surrounding a defect which is possibly an indium droplet. A top of a

pyramid shown in figure 2c is magnified in figure 3b. It appears as if

a number of grains have grown together around a rectangular defect. The

white spots are most likely contaminants dropped onto the film while

preparing the sample for the SEM.

The effects of varying the PH 3 pressure are illustrated in figure lc and 4

for filnm with the ratios 1.0/1.5, 1.0/2.0 and .5/6.0. The 1.0/1.5 film

isq smooth, the 1.0/2.0 film contains oval morphological defects, and the

.5/6.0 film has a gross arrowhead structure.

The fine structure of the oval morphological defect in figure 4b

is shown in the scanning electron micrograph in figure 5. There it is

seen that these defects are pits.

The effects of varying both the HCI and P11 3 concentrations while

keeping their ratio constant is illustrated in figures 4aand6. The .25/.50

film is smooth, the .5/1.0 film contains bunched pyramids, and the

1.0/2.0 film has oval morphological defects.

i T ' f- , a ai . 7 f - .. . . . ... . . . .. . . . m .
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(c)

rig. 2. Photomicrographs of films grown with lII/V ratios of a.) 1.5/1.5 (37.5x),
b.) 3.0/1.5 (37 .5x), and c.) 4.0/1.5 (37 .5x)



(a)

(b)

Fig. 3. Scanning electron micrographs of filrns grown withi Ill/V ratios
of a.) .25/1.5 (215x) and b.) 4.0/1.5 (3 6 0x) .
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(b)

Fig. 4. Photomicrographs of films grown with III/V ratios of a.) 1.0/2.0
(37.5x), and b.) .5/6 (37.5x).
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Fig. 5. Scanning electron micrograph of a film grown with III/V
ratio of 1.0/2.0 (575x).
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(a)

Pig. 6. Photomicrographs of films grown with III/V ratios of a.) .25/.50
(37.5x), b.) .5/1.0 (3 7.5x),
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The fine structure of the oval morphological defects was previously

illustrated in figure 5. The fine structure of the bunched pyramids is

displayed in figure 7.

Micrographs of films deposited at 600, 650, and 700'C are displayed

in figures 6a and 8. The low temperature film is very rough, the middle

temperature film is smooth (fig. 6a), and the high temperature film is

grainy. The fine structure of the high temperature film is shown in the

scanning electron micrographs in figure 9.

b. Carrier Concentration and Mobility

The room temperature and liquid nitrogen carrier concentrations and

mobilities are listed in table I along with the average growth rate.

3. Discussion

a. Morphology and Growth Rate

4. Smooth films can be grown at 6500 when the III/V ratio is .5-1.0/1.5.

This is similar to the results obtained by Zinkiewicz et al [6]. At higher

HCl flow rates pyramids appear on the surface and at higher PH3 flow rates

pits appear. This is also similar to the results of Zinkiewiez et al, [61

and the results of Enstrom et al on GaAs [9].

For the chloride process, however, smooth films can be grown at

PC13 pressures of .02 atm. [7,8,17-19]. The equivalent 111/V ratio for this

pressure is 6.0/2.0. One can speculate that the HCl pressures must be

lower in the hydride system because in this system the HCl more effectively

reacts with the liquid indium. It is also possible that the higher indium

arrival rate due to the larger flow rate in the hydride system does not

allow the indium sufficient time to surface diffuse to its equilibrium

position. An alternative, but less likely possibility, is that the InCl

does not as effectively react with the PH . There is more PH3 present

in the hydride system because it does not very quickly dissociate [20,211.
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Fig. 7. A scanning electron micrograph of a film grown with a III/V
ratio of .5/1.0.
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(a)

(b)

Fig. 8. Photomicrographs of films grown with III/V ratios of .25/.50 ata.) 600 (37.5x), and b.) 7000C (37.5x).



Fig. 9. A scanning electron micrograph of a film grown with a It/V
ratio of .25/.50 at 700*C.
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TABLE 1

The room temperature and liquid nitrogen carrier concentrations and mobi-
lities and the growth rate of some InP films.

*Sample No. HCIL0 /PH ~ n(RT) n (LN) iL (RT) p (LN) Growthi Rate

Ratio CM 3 cm - cm 2 /V.sec cm 2 /V.sec microns/inini

17 16
25 .5/1.5 2.2xl0 5.51xl0 2700 4020 .09

33 1.0/1.5 4.92x101  1.IlxlO' 666 2100 .32

38 1.5/1.5 6.84xi17 7.00X10 1 7  772 705 1.17

18 1
*35 3.0/1.5 5.48xl0 5.86xl01  543 461 .22

36 4.0/1.5 1.03x10 18 18I 478 517 1.00

17 1

*32 .251.50 1.30xl0 5.53x101  532 1370 .25

31 .25/1.5 3.65x10' 1.llxlO' 602 2300 .30

27 .25/3.0 3.27xl1016  1200 .39

28 .25/4.5 3.29xl16 1.32x10 1 6 305 820 .11



This explanation is less likely because it is ,,,je ralIlI- tho.i,:it that 11

reacts more, not less, effective lv Lwi th fiioH t hand(oe:, ) or 1 6-1,,17-19].
2 4

For example, PH and InCl could !ori an iduct , ;mnd then the iiv dr gen cin'l

chlorine atoms could be removed by a simnie .!Iimninat ion rOactionl.

As one would expect, the film iiorphoi ogv changes when the suibstrate

temperattiare changes even if the flow condiLions remain constant. Also,

the 11l/V ratio for smooth filmis is differet when the I11 an-I V p~ressures

change.

'Fhe growth rate increases suibstantially with the 11C. concentration

and only grndually with the PH concentration. This has been observed3

by Shaw [221 and Enstrom. [9] et al for CaAs, and it is what one would expect

from thermodvnamics [23]. This is due to the fact that the supersaturation

changes more rapidly with the HCI concentration than with the I'll concen-
3

tration.

b. Carrier Concentration and 'Mobility

Ev-n though the InP films were only grown to test the 'upgraded'

system, and there was no attempt to optiize the film properties, the

carrier concentrations, were much higher and the mobilities were much lower

than they were in our earlier tests. Our idiiittedly -spccultiv [ye xplana-

tion is that in 'upgrading,' our system we increased tiie In(I cuncentration

t(-), much 1,v increasing the contact between the If(,' and thc 1'(ju1 d i nlium 1)v

using a covered boat, and increasing the residency1 Lime1 Of the IICI ove2r

the indium by dlecreasing the flow rate. This explanation L;~, at least,

consistent with the obse rvation that the carrier concen tration inc reased

with the IIC concentration, but did no~t incrcase with the P11, concentra-

tion.

Other poss-ible explanationis are tha, tlie furnacc 1'LIl ',!,S not kept

h o t bwt\tcea ran, tie SySti a. ConItjjinSSil suh ;ti ii a ea!-, ![he ga.;eC-~~
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were impure, or there was out diffusion trom the substrate. NoL keeping

the furnace continuously on could result in contamination from material

that hal deposited on the side wAlls during cool down after the irevious

run. This is not a likely explanation because there appears to be no

differene between the films that were grown consecutively, and those

that were run between cool down interruptions. It does not seem likely

there were any substantial leaks because the system was periodically

-9
leak checked down to 10 atm. cc/mmi. The gases used were LED purity

gases from Matheson. The HC1 purity could have decreased with time a: it

could have slowly reacted with the cylinder. Although a little iron mighL

out diffuse from the substrate, it does not seem at all likely that the

concentraton in the film could be large enough to account for the ob-

served behavior.

C. Growth of InP Using HCI from PCI 3

The cracking furnace illustrated in figure 10 was installed. The

highlights are that HCl can be generated from the ultrapure trichlorides,

AsCi 3 or PCI, [24] for purposes of comparison films can be grown directly
3,

using the chloride method, and the system is an all quartz system

eliminating any possibility that the 11]. will react with stainlcss steel.

The system workf3 as follows. Hydrogen is bubbed through the

trichlorlde and then flows through the cracking furnace. If the ingle

zone furnace is turned on to its operating temperature ot 900"C, the

trichloride - it nixture decomposes into lCI and primarily into the

tetramer and lesser amounts of the dimer and the trihydride [23,25]. The

dimer and the tetramer precipitate out in the cold trap and the HCl and

a small amount of the trihydride flow to an inlet that leads to one of

the cation boats. If the results for this system are promtisinp, the

output iICi from the cracing system will hIe d'rect(d to two flow meters
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set up in parallel so that the HICI flow to each catoi t hoat can be

separately controlled.

If the cracking furnace is not turned on, the trichloride will

flow directly to the cation boat. In this way a binary film ,an be grown

directly using the chloride method. This should prove to bt. usef,.ul in

trying to understand why chloride films can be grown with a smaller

background carrier concentration than hvdride grown films.

Recently, we grew InP films using HCI generated by decomposing PCI3

in hydrogen in a cracking furnace at 900'C. We report here our initial

findings and will describe our results in more detail in the next

quarterly report.

The luP films grown using this HCl was much better. The carrier

16 15 - 3
concentrations were in the low 10 and high 10 cm , the room tempera-

2
ture mobilities were 3000 cm /V.sec and the liquid nitrogen mobilities

were 20,000 cm 2/V.sec. We, therefore, conclude that our poor previous

results were due to contaminated HC]. The HCl had been in the cylinder

for more than one year so it could have degraded by reacting with the

cylinder. This conclusion is made more plausible by the fact that the

films we grew when the bottled Hc was fresh were better films.

These recent results still are not as good as those of Zinkiewicz

et al [6], but they are close. We are optimistic that we will soon be

1 e to match them.

C. Growth of [,i(aAs Films

The InP substrate was polished and cleaned in the same way it was for

the growth of an InP film, and it was also mounted and inserted into the

preheat zone in the same manner. For the preheat treatment the substrate

was bathed in either .5% PH or .5% Asi 3 in purified hydrogen for a period
3 3



of five minutes. The total flow rate (0 )fl( 5 cm i iclid.. 1 - Ii(. tlow raL

of 3 ecm over the gallium, an 1IC] fiow rate ()1 18- ) ccl, ,v, r the indiua,

and an AsH 3 flow rate of 12 ccm. Thus, the, H(i( In)/!clC, r:iti,, ,rted

from 6:1 to 10:1 and the I1!V ratio varied Iye;7, 1.75:1 to 2.7j:. i 1

source temperature was 800'C, the deposition tempcraruro w.t ,)I)sC, : nd the

growth time was 70-80 minutes.

The films were quite smooth. A representative mVIrphoigx', Is illustrated

in figure 11. As can be seen in the higher magnification' scanning electrn

micrograph (2140x), the morphological defects are truncated square pyramicis.

The base of the pyramid is rectangular instead of square due to the fact

that the sides of pyramid have alternating A atnd B orientitions.

There were no general trends in the morphologies as the IICl(in)/HCl(Ga)

and the Ill/V ratios were varied. However, it did appear that the film

was smoother when the substrate was preheated in AsH than when it was

preheated in PH . For one run, the substrate was also etched with .051
3

downstream HCI, and this film appeared to have the best morphology.

will investigatc this further during the next quarter.

Filrs grown on substrates bathed in As}i also had smaller rocking

curve widths. TYhis is shown in the (400) rocking curves in figure 12. The

curve was found using a Lang camera with a fine focus tube and a beam

extender. The peak width at half maximum for the PH3 preheated sample

was 1830 secs. whereas it was 1225 secs. for the AsH 3 preheated :;pecimen.

For the single run we did using a downstream H1CI etch, we found that the

peak width was even smaller - 700 secs. We plan to i i,' :t i,,ito

the effects of the downstream 1(Cl in more detail. For all of thes! p:ci-

amns the lattice mismatch was gruater than 1"'>. 'ihus sane, of the peak

bc 1 tkh 1. 11due to the mismatch st r, in. Als;o, keur system is nst a.; pie cise
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Figure I t. Morphology of an lnaks Film,.) 214X and b.) -'140X.



as a double crystal measurement. The pe:ik breadth ,ittr h.italle t the

less precise measuring device can be detv1-L4rcd I r,:, t*c rocking curVt.L;

for the InP substrate illustrated in figure 1 b. There it is seen that

Lhe K and K peak bruadtht. are 270 sec. 'Iiis cotiares tu a value

of 25 sees for a double crystal system.

From the rocking curve In Figure 12c we can show that the lattice

misriatch was .5"'. for the In/Ca ratio of 7:1. h'li s mi ;nmatch was sub-

stantiallv smaller than it was for the other films.

Yamauchi et al [261 also have found that the surface preliet treat-

ment has a pronounced effect on the rocking curve width. Th--v tound that

with a cover piece the peak width, as determined with a double crystal

monochromator, was 25" for lattice matched InCaAs whereas it was as large

as 500" for lattice matched inGaAs when no cover piec. was used. At the

s-lme growth temperature and HCl(Ga) partial pressure flvdcr et al [2i]

obtained lattice matching for an In/Ga ratio of 10.5 and a III/V ratio

of 3:1 whereas Kanbe et al [28] obtained lattice fmatching for an In/Ca

ratio of 2.1:1 and an undetermined III/V ratio.

The room temperature mobilities and ,-- irrier concentrations determined

using a Hall effect device are shown In table 2. Measurements were not

made at liquid nitrogen temperatures since the films were not lattice

matched.

Our mobillties, while encouraging, are not as high as those achieved

by others [28-33]. The highest reported value for hydride grown films

is 10,050 which was achieved by Kanbe et al. [281. We believe that we

will be able to improve our results by replacing flow meters with flow

controllers so that we can more reproducibly obtain lattice matching,

Penerating HC1 by cracking AsCl which should be more pure than the HCl

3

b . . . . .
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hw room temper, iture mobili tv nd carrit r ,c, cnto atralm aid growth rate o r

InGaAs films grown under a virietv Of In/Ii and ITI/V r:ltios.

d a growth rate

'Gcirn tn/;a [ I/V cr-IV.sec cm 3  /hr.
82 23.5 28.5 ,>116

82 3 9.5:1 -- = 2.3:1 3464 5.3 x 10 8.9
3 12

22.5 2'.5 1

83 22.5 7.5:1 1 = 1.9:1 3436 6.2 x 1016 11.2
3 =12

18 8 1684 -8 6:1 -- =
-1.5:1 3415 7.1 x 10 7.53 2

85 21 = 7:1 21= 1.75:1 4510 4.1 x 1016 13.1
3 12 "

23.5 = 8.5:1 25.5 16
86 i---- = 2.1:1 3462 5.3 x 10 7.9

12

9 24 = 8:1 24 1 3434 5.7 x 10 9.2
3 12 "

obtained from a gas cylinder, and using a downstream IICI etch to improve

the quality of the InGw s/InP interface.

lilt background carrier concentrations were higher than those obtained

by others [29-33]. Again, we are confident that we will bc able to improve

on these values if we generate IICI from ultrahigh purity AsC1 3 , and if we

use a downstream 11CI etch during the preheat treatment.

Our growth rates are about half those observed by I,,der et al. [271.

With similar partial pressures and a growth temperature of 688C they

measured a growth rate of 21.6 ,!/hr. However, their fluw rates were

twice as large as ours which accounts for the factor of two in the mass

transport limited regime.

D. Surface Studies

1. Experimental Procedure

For the surface studies the s;ubstr,ites were handled in the same

manner. Except for the sample which was covered with a cover piece in



the MO-CVD system, the other sampiL. C.. C illted i t,) t 11 d1 O: it i (M

zone where they were unbithed or bathed in Pill, AsH 3 or !il. Di f ferent

exposure times and temperatures were use, d.

After the sample was removed from tihL forchiambucr, iL was pl;iced in

a desicator with P205 in an attempt to reduce s'irface contamination from

the atmosphere. Immediately after the last sample was prepared, tile

samples were transported to the ESCA apparatus and loaded into the system.

The sample holder is a stainless ,tee1 jig with molydenum masks. The

-ray source is a 600 watt aluminum anode, the analyzer is a double pass

cylindrical mirror analyzer, and the sputtering beam etching source is

an argon ion source with a broad power range.

2. Results

Optical micrographs of a substrate exposed only to hydrogen gas at

650'C for thirty minutes, and a substrate partially covered by a tantaltLn

foil and bathed in 1.5% PH3 are shown in figure 13. The substrate exposed

only t( hydrogen shows the characteristic rectangular pits created by

phosphorus evaporation. The photograph of the partially covered film

indicates that there is possibly some phosphorus deposited on the

surface.

The fine structure of the rectangular pits is shown in the scanning

electron micrograph in figure 14. There it is seen that the small slits

in figure 13 are also rectangular pits.

The qualitative results of an ESCA examination of substrates sub-

jected to different heat treatments in our InGaAs growth vessel are listed

in table 3. The treatments include exposing the substrate surface at

630°C for 15 min. to 112 only, If2 - 1.5Z P11 3 , If,, - 1.5/, AsIt 3, and 11 - 1.57,

HC1 mixtures, as well as being covered by a cover piece.
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Fig. 14. A scanning electron micrograph of a substrate exposed Lo

11 2 for 30 min. at 650-C (1440x).
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TABLE 3

'rhe qualitative results of an ESCA analysis of the surface of a substrate
.;ubjected to different environments at 65 0'C for 15 minutes.

Heat Treating
Gas Observations

1. Ha. P concentration down a little
H2 b. Sbtnil mon ofA

c. Substantial amoulnt of GA

2. PH3a. P concentration unchangt2d
b. A small amount of Ga
c. No As

3. AHa. P concentration down a little
AsH3 b. A large amount of As

C. A small amount of Ga
d. The largest oxv(-en concentr~itwr1

4. [1 a. P concentration un r II hanged
h. No As
c . No Ga

5. Cover Piece a1. P concentratioll LIIInan
b. A small amount of
C'. A small amount oW (,
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3. Discussion

The surface of the substrate heatetl iniil,~ o1nly for 30 m1iii. i-4 sipiil~ir

to the surface observed by Clawson [34,35] et al. when kit was subjected

to a similar heat treatment. The rectangular shepe of t l pits is cue Lc

the uneien etch rates of the <l11l- A and B facets. The surface exlposec:

to a .01 atm. flow of PH 3 contains small surface defects. It is likely

t;i~it this is phosphorus deposited from the viraor as the pr-c' Sure is sub-

stantially above the phosphorus pressure in equilib. *urn with tlie inl) [35].

The smoothest surface is the surface covered by a cover piece. Ainparentlv

the phosphorus pressure under the cover piece is large cenough to prtevent

appreciable phosphorus evaporation.

Some of the results of the Surface analysis are whu one wculld

expect. The phosphorus concentration is reduced iii the substrates ex;posed

to H, and the Asti mixture, the surface exposed to the ANsli mixture3 3

coptains; a substantial amount of arsenic, rallium and ars-,nic fromi the

growth vessel coi inmate the substrate surface, and there was no

diz---crnible loss of phosphorus from the substrate exposed to the I'1l 3

Mixture or the substrate covered by the cover piece. Some result. ; thatl

Could not be so readily predicted are that the HiCl surfac- was, the

Cleanest and the Asti surface conta;..id the most oxygen. iSc we re

iitia~lly surprised that the covered sulh ,trate coutained oall1ium and

irseic, but we later realized that thre cavity 'had been conitaminated

during previous growth runs.

4. Effects of Downstream 1ICul EtLch

Recentl\', we determined that we could grow Smoother films if we

-3etched the substrate with a dilute ( 10 atm.) downstream H1(1 much like

WMandhri [ 3-37]I and his coworkers have done. This cub iect %-iil be L'iscussed
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in greater detail in the iiext qiiirtil , rcport. Not only do we expect

that the. dawfnstrea:" etch will 1mpro,, tLhe quailitv of [iP f i ILs, wt, expe,-t

it to also improve the quality of the, iTi:as filas.

I I. Theoretical Studies

A. Hydride and Chloride Comparison

1. Physical Analysis

There are a number of similarities between the growth of lnP films

using the hydride [6] and chloride [7-8,17-19] techniques. In both instances

indium is transported by the monochloride; phosphorus is present as P4, P2 and

P3; the growth rates initially increase with the inCl concentration;

and the deposition reactions are identical. The primary differences

are that the reactions in the source zone, are different; the cation and

anion concentrations are separately controlled in the hydride process;

and the phosphorus containing compounds are introduced into the deposi-

tion zone via different routes.

In the hydride process the only significant reaction in the source

zone is the reaction between liquid indium and HCI leading to the forma-

tion of InCl. [here are, however, a number of simultaneous reactions

in the chloride system. First, the PCI 3-I 2 mixture completely decomposes

Lo Cl, P4 P and PH The phosphorus containing compounds react

with the liquid indium to form an fnP film, which is attacked by one

third of the HC[ - the other two thirds attacks the indium. At some

time a steady state is reached when the rate of formation of the LnP

film is the same as the rate of attack by the li(']. (it is this tran-

sient time that. makes it difficult to grow multilayered structures with

abrupt junctions usin.; tile chloride process).

Th, phosphortis in the hydride Lecilliqle is, introducd by injecting

I'll downstream, wh'ores in the chlori[do ystem P, P, .in !11 3 are
33



PCi I-! de coliqos itLIon p ro ducts 0 L rc:,'IL 01~;)~t1t 1 j) I-0-1Clt

r0acLt),oI. 'The 1)4 P. and I'll inti oduct'd int-o t iie deio,; i t iou ;uutx arc,

th-erefore, more likely to be in thermodviaric equil ibriu.-' In the chiloride

syste m. This is particularly tlrue fo li becus ideupse. at

s lowly [20, 21.

In this discussion the source zone equi librium va ,por c"'mposition in tile

hydride system, and the steady state vapor composition in the chloride

*-systein are computed for different input !ICl or PCI compostions. The

deposition zone equilibrium vapor compositions are also calculated for

fferent input liIC or PCI3  downstream IlCI or PCi and input PH3

pressures. Of particular interest are the deposition zone IICi partial

pressure since it is thought that 1ICl controls the degree of silicon

contamination, and the supursaturation because it deterneuts thle ideal

growth rate. The computed trends of the HCI pressure are compared with

the trends of the background carrier concentration, and the computed

trends of the ideal growth rate are compared with the experimentally

determi ied growth rates to see if they can be explained tliermodvnamical ly.

In thle computations that follow it will lie asa3umed that: thle tempera-

tures chosen - 750'C for the source zone and (-,70' for the deposition zone-

aire high enough and the gas flow rates are 1low enough for ,-rowth to be

in the thermodynamically limited mass transport regime. Also, in thle

graphs and tables the PCI 3 pressures will be compared with HCl/3

pressures since upon the decomposition of PCl three units of Ilid are
I3

f ormed. Comparisons will be made for 'normal' growth conditions for

Which the input IlG pressure is .0~J3 atm. and tiuc input Pit. .mnd 1 r
Pd 3 prs

sures are .01 atm. , and for pro'- ure-; OneC third and tlir.,' t i-inue these va lues.



In the hydride source zone HCI reacts with liquid indium according

to the equation,

3
3HCl + 31n(Z) -* 3inCl +3 H (la)

2 2

This assumes that InCl 3 does not form; there is theoretical evidence that

this is the case [25].

There are a series of simultaneous source reactions in the chloride

system. Taken separately they are: the thermal decomposition of PCI
3,

the HCl-liquid indium reaction, the reaction of the phosphorus con-

taining compounds with liquid indium to form InP, and the HC1 attack of

InP. (see Fig. 15).

The PC 3 decomposition reaction is

P 3 x- + -)l-x +)pH~

PC3 + - (l+y)H2  (l-y) P2 
+ (-y)--- 4 

+ YPH + 3HC

(2)

and is essentially complete. At 750C the equilibrium rPC3 = 2.15 x

-1 3 -4 -410 PP = 2.34 x 10 , P = 7.05 x 10 , P 2.86 x 10-
, and

4P PH42 3
P = .03 atm. when .01 atm. of PCI is mixed with one atm. of
HU 3

hydrogen [23].

Because the HC1 can attack both the liquid indium and the InP,

equation la for the reaction with liquid indium must be modified to

1

(3-z)HCI + (3-z)In() (3-z)InCl + I (3-z)H 2  (lb)

In the beginning when there is no InP to attack, z = 0.

For illustrative purposes it is assumed that the HCL comes into

equilibrium with the liquid indium, and then the phosphorus containing
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F .ompounds react with the liquid indium according to the equation
x(l-x) ,PH

In(Z) + (l-y) P2 + (l-y) 4 P + YPH [nP(s) + yH2  (3)

The InP is then attacked by the 11C1 according to

zlnP(s) +zHCI1 zInCl+z(l-y)- P2 + z(l-y) (l-x) +

+ Z (l-3y)H (4)

As z increases from zero to one, the net rate of formation of laP

decreases to zero. This can be seen by sunmming eqs. lb, 3 and 4 to yield

la. Thus, the steady state source chloride process is identical to the

equilibrium source hydride process.

The deposition reaction for both techniques is the same. It is the

reverse of reaction 4 for z = 1.

2. Mathematical Analysis

The designation of the input and output constituent pressureb are

illustrated schematically in Fig. L6. Those having a zero superscript

are source zone input partial pressures, those having a one superscript

are equilibrium source zone output pressures, those having a two super-

script are downstream deposition zone input pressures, and those having

no superscript are equilibrium deposition zone output pressures.

For the hydride source zone the chlorine balance is

P 1 P 0 P  (5)
InClI HCI I I1

From the fact the total pressure is 1 atm.

PHi - P =1 - P (6)2 InCl= 1C I CI

2 C II G 6
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Then, P can be found from the equation
HCU I

p P/ 2  (P - P )( 1/2

InCK I HI2 
°i HCI I IiC- )

%K I = P P (7)

H]1  1
HCI I  HC I

with

RTlnK = - AG

AG can be found using the data tabulated by Shaw [251. Thie fraction of

HCI consumed by reaction 1, w, is

P
InCl Iw P (8)

HUI

The phosphorus and phosphine pressures in the chloride system

before any InP is formed or after the steady state has been reached

can be found in a straightforward manner. First, a value of P4 is
P 4

assumed, and then it is used to compute P from

I 11/2 /K o0 (9)

2 4

where K10 is the equilibrium constant for the reaction

P 1 P(10)
2 2 4

PpH3  is determined by the phosphorus balance

1
P1 =P -2P 4P
PH3  PCI 3  2 4

The sum of the HCI and InCl pressures is constant so that

-- -



4

P +P P =3 P (12)
HC1 InClI HC1 °  PC13

U3
since all of the PCi decomposes. The total pressure is 1 atm. so that

3

P 1 =1 - P 1 - P 1 1 - 3P o (13)

2 2 4 3 3

The guessed value of PP4 can now be checked by computing PPH from

4 3
the PH 3 dissociation reaction,

P x (1-x) + 3
3 22 4+  - P4 + H22

and comparing it with the value obtained from eq. (11). The value of
"- 1

x is found from

%'" 1
x 1 P I/(P + 2P (15)

P2 P2 P4

and it is used to compute P from
PH
3

x/ 1 x 1 )41.*5
P Px/2 P (-x)/4 /K 4 (16)

3 2 P4  H

The pressures of the phosphorus containing molecules are at a

minimum when they are in equilibrium with the liquid indium. This could

occur at the beginning of the transient when the InP is just beginning

to form and most of the HC has been removed from the vapor by reaction

with the liquid indium. Because they are transient pressures they are

marked with an asterisk (*). Again the procedure begins by assuming a

value of P *, computing P * using eq. (9), and determining x with
Pe Pr

eq. 15. Because the phosphorus and phosphine pressur'es are so low,
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P ,Z -3P (17)
H2  3

Now, P * can be calculated using eq. (16), and it can be compared
PH3

to P found from
PH3

** * * l/*
,(1~-y )x /2 p(l-y*)(l-x*)/4 *

P , = P x K3 ) (18)
PH H P P43 2 24

after y has been determined from the equation

y p ,/(p ,+x*p + (l-x) P (19)

PH3 PH3 P2 P4

The fraction, u, of the phosphorus consumed by the formation of InP

is

u =(2P + 4P * + P ,)/P (20)
P P PH PCI

2 4 3 3

If the InP film completely covered the liquid indium- and it could

only if more than two thirds of the HCI remained in the vapor or the

film was partially composed of InCl3 - the equilibrium partial pressures

can be calculated from reaction (4). These partial pressures will be

designed by a quotation mark ('). As before, a value for P , is
P4

assumed and P , and x' are calculated. P is given approximately
P2 H2

2H
by

P , -P -P - 3PCl , (21)
H2  P2  P

and P , is found using eq. (16). This value of P , is then
PH3  PH

3 3compared with the value of P , computed from the phosphorus balance,
PH3



P *=3P -P ,-2P -4P, (22)
PH3  PC13 HCl P2 P4

after P , has been calculated from
HCI

P , = 3APCl3/(A+K4) , (23)
HCI

where
p(1-y, )x /2 p(1-y )(l-x )/4 py p.5(l-3y

A P y P.Il- 1 (24)

P2 P4 PH3 H2

and y has been found using eq. (19). The fraction of the phosphorus

in the vapor phase, v, then is

v = (2P , + 4P , + P )/P (25)
P2  P PH3  PCI 3

To determine the equilibrium partial pressures in the deposition

zone of the hydride system, a value of P is assumed. P and x
P 4  P 2

can then be calculated using eqs, (10) and (15). From a chlorine balance

the decrease in the InCl pressure must equal the increase in the HCI

pressure so that

PCI =P + P 1 P HC =R -PHCi (26)
InCl HU1 HClJ

The phosphorus balance yields

PPH P 2 2PP -4P - (P c P -P (27)

3 PH 3  2 4 HCl -IIC

where the term in the parentheses is the amount of InP deposited. The

hydrogen pressure is



P =1-P -P -P -P P
H P P PH .C HCI

2 2 4 3
=1+? + 3P4 -P P - P - 2P +

1+ P P 2 1 2 1 2 HCl
2 4 PH InCl HC HCI

3

S + P1 C0  (28)

Noting that P S, P can be computed using eq. (16). From the
H ' PH

2 3
deposition reaction

K = /(P lp. 5 (l-3y) P(1-y)x/2 p(1-6)(1-x)/4 py
4r InCl H2 P2 P4 PH3

= PHC/ (R--PHcl)A (29)

or

PHC1 = RAK 4 /(I+AK 4 ) (30)

The substript 4r is used to designate the fact that the deposition

reaction is the opposite of reaction (4). P'nCI can now be computed

using eq. (26) and PpH 3 can be checked with eq. (27).
3

For the chloride process 3P 2 is substituted for P in
PCi3  HC12

eqs. (26-28) since downstream PCI 3  is used instead of HC1. Also,

P must be substituted for P in the phosphorus balance equation,
PC PH

0

eq. (27), and in eq. (28).

The ideal growth rate, r, is

1 - InCI

InCli no. of InCl atoms crossing unit area per unit time
r I 1, no. of In atoms per unit volume in InP'-.= inClI

Therefore,

r P C PInC (31)

. . . . .1



when the cross sectional area of the growti tube and tfle totaL flow

rate are held constant.

3. Results

a. Source Zone

The fraction of the phosphorus, u, consumed by its rcactiLjn with

liquid indium, and the fraction of the InP, v, conSumed1 b the three

units of HCI generated from one tit of PCI. are plotted as a function
3'

of the PCI3 partial pressure in figure 17. u varies considerably as

it is .19 when P = .001 atm. and is .99 when P = .1 atm. How-PCI °? PClI

ever, about 96% of t~e HCl reacts with the hiP over the entire range

as v decreases from 2.94 at £' = .001 to 2.86 at P = .1 atm. The

PC130 PC130
P3  3

percent of the HCI consumed by its reaction with liquid indium is also

almost constant as w varies from .988 when P = .003 to .990
HCI

0

when P = .3 atm. The variation of v and w is small primarily be-
HCI 0

cause the number of moles of gas present during the reactions remains

essentially constant.

The prediction that the InP crust does not completely cover the

liquid indium is in disagreement with observations made on the chloride

growth of the related compound, GaAs, [38-39] unless it can be shown that

a portion of the crust is GaCL 3 . However, this analysis can explain why

the crust nucleates at the downstream end of the boat, 1381 there is an

abrupt change in the carrier concentration in mLP films wlen the HCl flow

rate is changed [3,18,191 and this transient behavior his a longer time con-

stant whien a larger boat is used [8]. Nucl-eation occurs at the upstream

end where the 11C1 concentration is less due to the fact that much of

it has been removed by reaction with the indium. If the HCl concentration

rn-.o
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Fig. 11. The fraction, u, of phospho rus consUtnud1 !)V the re ict-ion w it],
liquid indium, and the tract ion, V , of the ITIP (0111sullcd by Lic
reactin with HCI plotted as a funct ion of source inj)ut PCI

3.C

1.0--

-U

10 10 10
0 .

PCI (Atm.)
3



is less, the newly formed InP crust will be attacad t a slower rate.

The abrupt chang;:, in the carrier concentration i-s due to Lt change in

the steady state distribution of InP crust and exposed liquid indium,

and the transient is longer when a larger boa! is used because it takes

a longer time to reach the new steady state distribution.

b. HCl Concentration

The equilibrium partial pressures in the depositionl zone are plotted

as a function of HCl°/3, PH23 and PCl respectively in figures

and c. In figure 1Sa the HCI pressure increases almost linearly from

-3 -3
.319 x 10 when P = .003 to 12.3 x 10 when P .3 atm.

HC1 H cl
This behavior is due to the almost constant 99% conversion efficiency

of the HC1 in the source zone. The small negative deviation from

linearity is due to the consumption of phosphorus. As the phosphorus

is used up, the driving fcrce for deposition, in which HCl is generated

(eq. 4) is reduced. In fact, this effect dominates at the highest HCl °

pressures where the HCI curve becomes more sublinear.

In addition to the decreasing partial pressures of the phosphorus

containing compounds in figure 1.a there is an almost linear increase

in the InCl concentration. Again, this can be attributed to the almost

constant HCl conversion efficiency in the source zone.

That increasing the deposition of InP' increases the HCU concentration

is shown more vividly in figure 19b where the constituent partial pressures

are plotted as a function of the input PH3 pressure. P cI0 is held

3 -3
constant at .03 atm., yet PHCI increases from 1.12 x 10 to 4.74 x 10 -

atm. as the driving force for InP deposition increases with the increase

[n P from .001 to .1 atm. The increased deposition is also, of course,

PH2

reflected in a slowly decreasing InCl concentration from 28.9 x 10- 3 to

-3
25.3 x 10 atmi.
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Fig. 18'a) .The deposition zone equilibrium constituent partial pressures
plotted as a function of tile [Ii inputreir.
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Clearly, all of the dditionlI phiol-;horus is 1)0t consumed .thle

dleposition react ion so chIat the part ial p rus'; ure Ol P and Pli

increase with increasing 13 T*it fact, t'ae difourt. or phosphorus

3
in the vapor increases -ubstantiallv because the largur pho;phu.rus

pressures 'do not increase the supersaturation ,F muchi as the I arior PI

pressures dit. This is why P1 is nor ruduc.-d as m-uchi by; raisi-ng

P as P aerdcdb2 (P,,P PH 0 r eue b ~~~
?h4' 3 HCl 0

'Mere appears to be rno thermodynamic basis for InP being p-type

when the V/Ill ratio exceeds 1/3 [8] Tuthcloie roh 01 h

p -type films by inject.ing PCI downs tream must have a kinetic basis.

The effects of varying the PCI 3 conceiration is a limited combina-

tIon of the effects of separately varying the 110 0 and PH3 pressures;

the limitation is due to rhe V/Il ratio being fixed. Theo rate of

increase of the HC1 pressure - the HC1 pressure at PCI0 3 .01 atm.

3

larger than it is when the PIA pressure is varied becauikse buth the

increasin.-, InCi and incre asi ug phosphorus pre ss ures contr [hute to

increasing thie inl' deposition. For the same reason the ln(:l preSs;ur(Ss

0
are [C,s 1.1han they, ore when HUi is varied. and the P,)P Ind Pit

243

press-ures, are less thian when PHis -rid

The I.ierttial sil leer activities con eL'3peuding to tilt- PCT13

-3 - 6-81pressulres of 2x1 and 2- X 10 atm. are 2 I 0 ad7x1

Thu.,; the almlost two orde-rs of magnitude change in the background carrier -

concentration ob!,erved by ch~anging thle PGd3 pressure between these. tvtt

. its(8,17,1.8] can he 4explained thermodynamicailly. :lso Lte lower 5a:ck-

vrourld carrier concentration,,- iii chloride growli f i Is 7- .1 7-1()] could have

a rmodynamic b.,sis since typical PCI 3 peiue;ae.1 Oia



whereas typical HCI0 and PH*' pressures aire .1I1 atm. [6]. The three to six

3

fold larger IICi pressure in ti~e chloride s;stem cannot, however,

completely account for the difference in the' background cirrier con-

centracions. Therefore, such factors; as the purity of the HCI and the

slow decomposition of the P11 3 [9,i0j :-w:t 1e cooqidcred.

Fairhurst et al 7 have attributed the siw decomposition of PH to
3

the large variation in the background carrier conc(.ntration when films

are grown under similar condition-. The thermodynamic calculations

show that only 4% of the phosphorus is in the form of PH at normal ope;i -

ting condition.;, and it has not been shown that PH3 is an intermediate
3

dfiriug the formation -)f P or P4 from te dcco pO.ition of PC1 It,
diii ~2 4 3* -

therefore, seems more likely that the variation in the background carrier

concentration is due to other factors.

It would appear that the depo..jtion zone HC1 concentration culd

ine greatly increased by introdu-ing H(:I or PCI downstrean from tLe

ind .r. bozt. hiowever, introducing lIM by itst If is not as effk-ctiv,. as

it first might seem because it reverses thn deposition reaction. for

every HCI molecule introduced there is alnx) ;t one less 'molecule' of

[nP deposited. Thus, there Is very littlt cian ,e in the deposition zone

H(.1 concentratioii, ind '.iiF; is depicted in f -,,tirt 19 Y , re t H(. I con-

2
ce-t.L ration is plotte, as a function of the down:;t ream input III (1l1(d1)

pressure for the hydride system or PCI (I'CI-) prc,.ure fov Li' chloride
3

system. The range of 11el values are also listod in table 4 for th re',

I0
different values of HC /3, PH3 , and

The range is determined by the amount of lICl or 1'C17 it takes to
3

,,.'tleteLy reverse the deposition reaction - that the concent ration

0 C0
above which etching occurs. At the, hiL gle, t !I( 1, I'll and PCI the

. .3



Fig. 1P). The equi-lib ri umn ICI concent rat ion 1)1 c t ted f function 0U~l

stream IId / 3 or PCI ,hnth ipu (11/: -- ),PH -- )
PCI 3 ( )pressure equals .(.1/3, .01, and *3atm.
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2
range is smallest for ' d largest for reasons gven abov.

That is, i113 increases the supersaturation the least so it can be

reduced to zero with less liCi, and PCI increases the ;upersaturation

the most since both the InCI and piiosphorus pressures are increased.
0 2At nozmal operating conditions - HCI /3, PH and PCi .01 n. -

the HCI concentration is increased only about 10". Tlls only de'r.as~s

the theor:tical siLicon activity by about tiLe same amount so it do,.s

not appear to be an effective way to reduce the background carrier

concentration. Kennedy tet al [40] did attempt to reducet the carrier

concentration in hydride grown CaAs films by introducing HCI downstream,

and they were unsuccessful.

c. Growth Rate

A normalized growth rate, which is proportional to the difierence

between the deposition zone input and output InCI pressures, is plotted

in figure 20 as a function of HCl°/3, PH3 atid TC 0  For the hydride
3 .C 'Frth yrd

:;ystei it is seen that the growth rate increase:, more rapidly with ICI0

2ha with PH 3 This, again, can be attributed to the greater sensitivity

)f the supersaturation to the HCI1 0 pressure.

Detailed studies of the effects of IliR and PH3 on the growth rate

;ilP have not been imade, but similar studies have been made for GaAs [9,41].

3oth Enstromct ;il [91 and Shaw [41] found that the growth rate initially

incir2ases rapidly wL:il HCI ° , and it increases more slowly with Asl[ 3 as one

,%)uLd predict thwrmodynamically. Howevur, tho growth rate reaches a peak

and then decreases as HCI0 becomes larger. Shaw [42,43] attributes this

to the poisioning of surface sites by (a vi. An alternative explanatiwI

is that once the supersaturation exceeds a certain value, (;a\s nucleation

occurs on the side walls. The measured grwth rate on the substrate then

decreases because the supersaturation is roduced by depo!;ition on the side walls.



Fig. 20. The norrnaii-ed ideal growt Ii rate J) IOLtLed a~i al function of i npuL
!ICI1/3, P113A and PCI3 priCssures
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.. ... .' . .- . . - - " . . L -'  ' " .  " " ' '

.01/3 .01 .03

HCI 0'3 .990 - 1.06 2.76 - 3.1'. 6.92 - 8.97

PH2 1.97 - 2.23 3.66 - 4.14

PC13  .756 - .808 2.77 - 3.20 10.0- 1-2.3

3
The range of IICI pressures x 10 in the deposition zoue generated
by introducing ttC1. or PCI 3 downstream nit concentrations of I and th
point wh~ere etching be-in's for input IW(I/3, PHt Lor P C, I pressures of

.01/3, .01, and .03 atms.

TABLE 5

.01/3 .01 .03

HC° 0 /3 .093 .092 .091

PiH3 .192 " .041

PC].3  .069 .091 .123

o 2The HCI-/iC1 , IHC12/3/PH and PCi3/P13 ratios at the
33 3

concentration where etliiig bL'ins for input 1IC.1 3, P113  or Pt1 j
pressures of .01/3, .01 and .0(3 atm.

I



Zinkiewicz et al [6] have observed, that incrca sing the If,) flow rate

) 10

while holding the partial pressures of Pit and Hinl constant reduces
3

the growth rate. This is, of course, the opposite ot what one would

predict - the growth rate should increa.,e linearly with the flow rate

since the supersaturation is unchanged. A possible explanation is that

the reaction between the liquid indium and the HCl is incomplete [44],

and the larger H1C] concentration in the deposition zone retards the

deposi Lion reaction. The ,;am authors also ob;erved that increasing the

i_ hlow ,ate w4ile keeping, the HCLi .ni PIl Flow rates constant resulted
3

in an increased growth rate. On the basis. of thermodynamiics one wouli

predict that the growth rate should be reduced since the supersaturation

is reduced. The larger growth rate has been attributed to the slow

PI 3 decomposition and a more efficient reaction between inCl and PIH 3
3 3

than between InCl and P, or P2 [6].

If thermodynamic:s determined the growth rate, the rate should

increase the most rapidly with the PC13 pressure because the super-

aturation increases the most rapidly. However, Clarke and Taylor found

that the growth rate saturates at about .2,1/min, [19] which is an order of

magnitude less than the nmaximnnr value found by Zinkiewicz et al [6] using

the hydride technique. As stated above, this has been attributed to the

larger amount of undissociated PIl 3 in the hydride system.

The degree to which the downstreami C.1 or PCI thermodynamically
3

retards the deposition process is illustrated in figure 21 where the

2 2normal-zed growth rates are plotted a; a function of HCI /3 or PC3 . The

2 o 2 oHCI /HCl and PCI /iCl ratios at the point when etching begins for
3 3

,P and PCI .0/3, .01, and .03 atm. are listed in Table 4.

6W 3 i 3 an *C.3 213 0, n 0

The ratio decreases with increasing P113 , is essentially constant for

increasing 1C 0 , and increase' with increasiag ITci. These trenus can



Fi. 21. '[me Liormal ized ideail growth I at c 1)lfltt (6 asa ;1 La.r i ouJ of (10%<11-
stream flWl/3 or PJ 3 i!'I't "I~re ~le" tll iliyu. Hcl/3, Phl3or 1~3 pro~ssil-e W~~l 0/ Ot ., and 03 ±tn
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-- HCI10 3
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3
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.03

.2 ' /
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B. The ,iodvnamic Effects of UsL n an Inert. GaS

Hydrogen is an excellent carrier gas becauaie it can '. ghlv urified

at a relatively low cost using a hydrogen purifier. gi .o getters oxygen.

Recently, some people have suggestt i iising IN as tile cartier gas tbcCauW-! it

can be highly purified bv first liqui v'in, it 19] . t,;:e .iuld consider the

p, .-. tbill ty of forming nitrides if he Cnoos'- to us, :N, but he Slim ll a] *,

consider how substituting an iner t g as for the 112 aff,t the thermodyni imcs

of the growth process. The -Ltt--r eon. ideration is thc "':ic of this

colnuni cation.

The parameters considered in ts iszaper are the thornuodvamic growth rate,

and tile equilibrium PH 3 and 1(CI concentrations in the growth zone. Clearly,

reducing the 11, partial pressure will reduce the Pl. pressure. 'ibis is

important since it has been sug.2,ested that the growth rate is higher when

more PH13 is present due to the fact that InC1 more readily reacts with PH,
,.t w

thin with P9 or P 4 [8]. (It should be noted that Pi13 decomposes rather slowly [20,211,

I that more 1113 is present in the growth zone than is computed from thermo-

dvnami c data. Thus, the calculations that follow can only be used to indicate

the t re'nds ) . Knowing the HC1 concent ration is important because it is thought

that incrnasing the HCi concentration reduces the activity of silicon in

the quartz reactor.

From the deposition reaction,

mnCi + 1-YK P + 111 +-jI-- (3y)x + lnP(s) + ICi (4)

+ 4 3- - 3 ( "y 2

one can see that reducing the l., pressure aill reduce the deposition rat.e,

nd this, in turn, will reduce the 'iC I part ial pres,;irc silce t i; for.ed

during the deposition reaction. in this oquiation x is the r;tio of t!,.'

amount of phosphorus in the F,. iorm to tle lO til o)f jh)sphrtsil, ti the P

;and 1', form and is g-iven bv the equation,

q"



APP

2  P4

HV is the fracti, i of the phosphorus in PH 3 and is gi 'n nby,

I. P
PH

- ) L'~ + NPP. + (l-X) P
3 4

First, the output pressures froim the src 01.dhiL110

supers -ript, 1, must be determinod for the sourc, Q1 rt. %c~on

FHCI + In() EnCi + i

:,he outout [n~l pressure is, from a chilorine b,-alance,

"inci1(5)

00
In . ici HC1

11/

P (l-P

w a uH;e Hi 0 e i \ ii g e 7

HC11

P 
0

wa 44e drvnge



has beeni tf...d. P, cII Ih !I 1i 1 A0 i

PH. Io-
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thAt. Lh I 'n1

ml+ p

2

whiere 1) Ls tli partial p rssuce of 01he iner t pa) ill 5oc
L

x/2  I-x) /
Ph P, IIi 1
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iy a factor of three, or increasing or dltcre a ing TI lv 5 -i( are Also shown

in figure 13. The effects are largest ,-hen 1I = 0, and a!l. ,! the curves tend

to converge on the point R - 0 and P .97.

Reducing P by one third, reduces the initial growth rate by on-.:
0C1°

third, and tripling P triples the ini ti!I growth rate R - P in
l 0  id 011 R C L°

this range because P -. P and R P I Th effect of thi rdingnClI H;I °  l i1 -

or tripling P is smailer as it only changes the initial growth rate by
Ph0

3 0
3(Y. Adding to or reducing the Pll coricent ration has a smaller effect

because the free energy cilange for the deposition reaction i-, much rlore

seasitive to the H(I concentration. Lowering tie depolitin temperature by

50'C doubles the i.nitial growth rate and rais ing it by 500 halves the growth

ra to. These eftects reflect the temperat ore dependence for the deposition

reacti on.

How changing HC1 ° , PHI3, and T1) flects the equilibrium 3tC1 and PH

.Concetrations Cor differeat values os P is illustrated in table f,.

That decreasing the hydrogen partial pressure decreases the growth

rate has been verified experimentally for the chloride growth of CaAs, InAs,

iP, ;id ilP [45]. The investigators also found that there were kinetic, as

well as thermodynamic, effects such as the growth rate being reduced more

by a heavier inert gas.

i"
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C)- (a .m .1- ~ - w - -.2 6

3

.0l /3at . 1 . 03 3.0 ,8 2.93 1 3 ... '6 2. 1 1. 1 , 1 , .
90

r, pH3

.01/3/. 01' 3.23 3.08 2.93 2. '6 I.3 2!.36 2.1!: 'm 1.53 1.0

1. 01/.01 9 .53 I .10 ,I .64 ,S. Li ; . 59 , . 7 , .js,' ". 4.48 3.11

.031.01 27.10 25.92 24.63 21.23 21. 6 !9.12 17.9i .52 2.52 1

.01/.01/3 .08 6.78 6.45 1-,. 0 ./0 ; .25 4.7 ,. . 3.40 2.3,

- .. 01/.03 12. 32 11.82 i11. 22 K 0 .85 01.) 5.OV 5. i , 3.97

.01/3/.01 3.55 3.04 2.55 2.08 1.65 1 .26 .89t) .575 .311 .10!

- .01/.01 3.46 2.)6 2.48 2.03 1.61 1.22 .864 .554 ._212 .09
- .03/.01 3. 20 2.73 2.28 1.86 1.7 1.10 . ,5; .484 .242 .,2

.01/.01/3 2.51 2.16 1.81 1.49 1.19 .903 .68 .416 .221 .072

E .01/.03 4.62 3.94 3.29 2.63 2.12 1.00 1 .L3 7 1' 37; .113

E ~-

I T
"" i)

600 18.81 18.07 17.26 16.37 15.38 14.26 .12.97 11 42 9.4,, 6.72

650 9.53 9.10 8.64 8.13 7.-9 t.9 / 6.2-8 5.47 4.48 3.11

1700 4.87 4.63 4.38 4.12 3. 8'' 3.45 3.14 2.72 2.21 1.52

*1600 3. 34 3.28 2.75 .26 1.79 1 .36 .967 .621 .329 10
650 - 3.46 ".96 8.) .03 1.61 -. 2 .864 .554 .2o) .0%

1700 3.10 2.64 2.21 1.31. 1.+3 1.0 .769 .492 !xi .083

~il.~- : T. '[he lCI and PH 3 partial pressures for different v.;Aios of P for staniard
condition, when P or P = .01/3 or .3 ntr., or widen '1' 600 ,r7 0 C. [ig I0 PH0{1
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