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ABSTRACT

.. *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:PH3 ratio is 3:1. 1If 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 HCl.

Hrwever, it seems more likely that the source of the higher carrier
concentration is due to the less ipure HCl used. We showed this by
growing lower carrier congentration InP films when we used HCl generated
from ultrapure PClg.‘i“"

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 HC1l concentration. We attempted to do this
by introducing HCl downstream. However, we found that the HCl concentra-
tion is not increased much by doing this because it retards the deposition
reaction,

A more important effect of using downstream HCl is that it greatly
improves the morphology when it is used during the preheat treatment. This
procedure also reduces the carrier concentration, It 1s clear that the

substrate surface preheat treatment strongly affects the film quality.

We will focus our research on this problem during the next year.
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The preheat treatment also greatly affected the quality of our InGaas
films. The rocking curve peak widths were smallest when a downstream
HC1l etch was used, were larger when the substrate was bathed in AsH3
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 700°C when the HC1(In)/HCl(Ga) ratio was

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

>1ttice mismatch  in more detail next year.
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GROWTH OF InP AND InGaAs FILMS

:;f- USING THE HYDRIDE VPE TECHNIQUE

(” . I. Introduction

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

= has a number of advantages [l]. 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
41 is less complex in that two source zones are required whereas three are

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

)
i

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

S
.'l.l'l

there is also a problem with carbon contamination. 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

ot Qs
A »
Aty

advantages enumerated above, the hydride technique can easily be scaled

up.

- .
.l“
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The primary disadvantages of the hydride technique are that the control

[
PR

is more difficult to maintain, the background carrier concentration is

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

)
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phology. Control is more difficult since, even for the binaries, the
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degree of supersaturation is determined by the constituent partial pres-

la 2.

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

P

system it is controlled only by the temperature difference between the
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source and deposition zones. The lowest background carrier concentration

for hydride grown InP films are typically l()15 cm—J and the 77K mobilities
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are ~50,000 cm™ V L s 1 [6], whereas the corresponding values for chloride -

- 9 - -
4 cm 3 [7,8] and 100,000 cm™ V ! s 1 [7]. Similar

. grown films are <lOl
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 [11] and InGaAsP

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

"...'-'.l?.‘." >

centration InGaAs films for high speed detectors using the hydride

A ~4 8
5 .

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

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

.
' 0
‘l 'l " . .‘

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

.‘l N

low noise TED's [14].

il e
a2 8 8 1

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

PR

.’
-

«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
e our hydride growth system under conditions which best matched those in
g the chloride system.
° One primary difference between the chloride and the hydride growth

systems is that in the hydride system the HCl source is bottled HCl that

“; flows throug:. stainless steel tubing to the source zone, whereas HCL is

a reaction product between PCl3 and l{2 in the chloride system., [Tt is

Py 0 2w RIS S




possible that the source of the higher background carrier concentration
in the hydride system is the less pure HCl from the gas cylinder which
also might react with the stainless steel tubing on the wav to the source

zone. We studied this possibility by generating HCl from PCl, 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
HC1l 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 HCl 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 AsH3 or placing
it under a cover piece during the warm up to try to improve the morphology.
The effects of varying the HCl:Pl{3 ratio as well as their absolute
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, providin;; 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.
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We also studied how the composition of the solid is rclated to the
composition of the vapor, and how the composition of the solid, as well
as the heat treatment prior to deposition, affect the internal stresses

in the films.

LRSI U B N PO AP R W LI R WL PG S AP Sy S i S Vs . X AR, WP P U R SN WP P WA G g




E s

(, |

We were successful in lowering the background carrier concentration
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by using HCl generated from PClB. and therefore believe that one of the
sources of the higher background carrier concentration is the less pure
HC1l from the gas cylinder. We were able to improve the morphology by
using a downstream HC1l etch. Usiug the downstream HCl etch ai:o re "iced

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

. IT. 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

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

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

escape. This should insure good contact between HCl 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

rrvorTrysens

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 HC1
A 1. Experimental Proccdure
Six 9's pure indium was etched in a 457 KOH solution for about 30
min., and then baked in prepurified hydrogen [15]. The [urnace controllers

- were then set to provide a flat 800°C region for the source zone and a
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flat 650°C region for Lie deposition zone, and tiwnipolished and cleaned
(N01) semi-insulating iron doped substrate was placed in the forecnamber.
The chamber was pumped down and backfilled with hvdrogen several times,
and then the gate valve was opened and the substrate was magnetically
inserted into the predeposition zone. The deposition gases were
diverted from the substrate while it was being heated up in a phosphine
stream, and then the substrate was moved into the deposition position.
The flow rate of the HCl 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 ic,

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

was turned on to clean out the growth tube. The fore :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 measured. A portion of the substrate was cleaned off,
etched in on AB etch for S5 min. at 60°C, |16] and then the film thickness
was measured using the optical microscope. The remaining substrate was
examined and photographed in a SEM.

Next, optical and scanning electron micrographs were taken of the
surfaces. Both the gross structure and details of the fine structure
ware examined.

2. Results
a, Morphology
The effects of varying the input HCI concentration are illustrated

in the optical micrographs in figures | and 2. The H('.‘L/PH3 ratios are

t15]




0T il A . . i

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

1b, lc, 2a, 2b, and 2c respectively. (To obtoin the partial pressure

of each species multiply by 10—2 atm.). The film with the smallest

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. 1In 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, pressure are illustrated in figure lc and 4

3
for films with the ratios 1.9/1.5, 1.0/2.0 and .5/6.0. The 1.0/1.5 film

'quu',c:
. S g et

is smooth, the 1.0/2.0 film contains oval morphological defects, and the j
.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 cffects of varying both the HCl and PH. concentrations while E

3
]
keeping their ratio constant is illustrated in figures 4aand 6. The .25/.50 ‘
S film is smooth, the .5/1.0 film contains bunched pyramids, and the ?
- 1
- 1.0/2.0 film has oval morphological defects.
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Fig. 2. Photomicrographs of films grown with 11I/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).
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(b)

Fig. 3. Scanning electron micrographs of {ilns prown with I11/V ratios
of a.) .25/1.5 (215x) and b.) 4.0/1.5 (360x).
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(a)
&
(b)
Photomicrographs of films grown with III1/V ratios of a.) 1.0/2.0
5/6 (37.5x)

(37.5x), and b.) .

Fig. 4.
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Fig. 5. Scanning electron micrograph of a film grown with I1T/V
ratio of 1.0/2.0 (575x).
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The fine structure of the oval morpiiological defects was previously
jllustrated 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 1 along with the average growth rate.
3. Discussion
a. Morphology and Growth Rate

Smooth films can be grown at 650° when the IIL/V ratio is .5-1.0/1.5.
This is similar to the results obtained by Zinkiewicz et al [6]. At higher
HC1l 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, [6]
and the results of Enstrom et al on GaAs [9].

For the chloride process, however, smooth films can be grown at
PCl3 pressures of .02 atm. [7,8,17-19]. The equivalent III/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 HC1l 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

3 There is more PH3 present

in the hydride system because it does not very quickly dissociate [20,21].
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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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Fig. 8. Photomicrographs of films grown with III/V ratios of .25/.50 at
a.) 600 (37.5x), and b.) 700°C (37.5x).
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Fig. 9. A scanning electron micrograph of a film grown with a III/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. HCL°/PH§ n(RT) n(LN) #(RT) u(LN)  Growth Rate ]
- - 2 2
Ratio cm 3 cm 3 cm /V.sec cm"/V.sec microns/min
17 16
25 .5/1.5 2.2x10 5.51x10 2700 4020 .09 }
33 1.0/1.5 4.92x10%  1.11x101° 666 2100 .32 1
18 1.5/1.5 6.84x10"7  7.00x10%7 772 705 1.17
N 18 18 _ ,
35 3.0/1.5 5.48x%10 5.86x10 543 461 22
18 18
36 4.0/1.5 1.03x10 1.09x10 478 517 1.00
N 17 16
32 .25/.50 1.30x10 5.53x10 532 1370 .25
31 .25/1.5 3.65x10°¢  1.11x10%0 602 2300 30
27 .25/3.0 3.27x1o16 1200 .39
16 16
28 .25/4.5 3.29x10 1.32x10 305 820 L1

At e ms . - . sl
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This explanation is less likely because it is penerally thoucht that PHj
reacts more, not less, effectivelvvwith InC! tlnuldoes?h or PA {6-5,17-19].
For example, PH} and InCl could Yorm an adduct, and then the hvdrogen and
chlorine atoms could be removed by a simnle ¢limination rewction.

As one would expect, the film worphology changes when the substrate
temperatuare changes even if the flow conditions remain constant. Also,
the TIL/V ratio for smooth films is ditferent when the 11l and V pressures
change.

The growth rate increases substaﬁtially with the HCl concentration
and only gradually with the PH3 concentration. This has been observed
by Shaw [22] and Enstrom [9] et al for CaAs, and it is what one would expect

from thermodynamics {23]. This is due to the fact that the supersaturation

changes more rapidly with the HCl concentration than with the PH3 concen-

tration.
b. <Carrier Concentration and Mobility

Even though the InP films were only grown to test the ‘upgraded’
system, and there was no attempt to optimize the film properties, the
carrier concentrations were much higher and the mobilities were nuch lower
than they were in our earlier tests. OQOur admittedly speculctive cexplana-
tion is that in "upgrading' our system we increased the InCl concentration
too much by increasing the contact between the HUL and the liguid indium by
using a covered boat, and increasing the residencvy time of the HCL over
the indium by decreasing the flow rate. This explanation iz, at least,
consistent with the observation that the carrier concentration increased
with the HC1l concentration, but did not increasce with the l’l{3 concentra-
tion.

Other possible explanations are tha' the furnace ofren was not kept
]

hot between runs, the system contains substontial leaks, the gases used
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were impure, or there was out diffusion from the substrate. Not keceping
the furnace continuously on could result in contamination from material
that ha! deposited on the side walls during cool down after the jprevious
run. This is not a likely explanation bocause there appears to be no
differen.e 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/min. The gases used were LED purity
gases from Matheson. The HCI puritv could have decreased with time as it
could have slowly reacted with the cylinder. Although a little iron might
out diffuse from the substrate, 1t does not seem at all likely that the
concentraton in the film could be large enough teo account for the ob-
served behavior.
c. Growth of InP Using HC1 from PC]3

The cracking furnace illustrated in figure 10 was installed. The

highlights are that H(Cl can be generated from the ultrapure trichlorides,

AsCi, or PCl.

3 3 [24} for purposes of comparison [ilms can be grown directly

using the chloride method, and the system is an all quartz system
eliminating any possibility that the HCl will react with stainless steel,
The system works as follows. Hydrogen is bubbled through the
trichloride and then flows through the cracking furnace. I[f the siugle
zone furnace is turned on to its operating temperature o! 900°C, the
trichloride - Hz nixture decomposes into HCl and primarily into the
tetramer and lesser amounts of the dimer and the trihydride [23,23]. 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 svstem are promising, the

output HCL from the cracking svstem will be dirvectcd to two flow meters
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set up in parallel so that the HCL {low to each catfon boat can be

separately controlled.

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

o flow directly to the cation boat. In this way a binary film can be grown

- directly using the chloride method. This should prove to be useful in

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

background carrier concentration than hvdride grown tilms.

. Recently, we grew InP films using HCl generated by decomposing PCl3
in hvdrogen in a cracking furnace at 900°C. We report here our initial

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

quarterly report.

A The InP films grown using this HCl was much better. The carrier

concentrations were in the low lO16 and high lO15 cm-B, the room tempera-

RO RO
A N A ]

ture mobilities were 3000 cm2/V-sec and the liquid nitrogen mobilities -
vere 20,000 cm2/V-sec. We, therefore, conclude that our poor previous a
results were due to contaminated HCl. The HCLl had been in the cylinder

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

Iy WO SV P

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

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

-~ These recent results still are not as good as those of Zinkiewlcz
et al [6], but they are close. We are optimistic that we will soon be

N »'e to match them,

C. Growth of InGaAs Films

s
b b ik il

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
: prehcat zone in the same manner. VFor the preheat treatment the substrate #
1
)

was bathed in either .5% PH3 or .57% ASH3 in purified hydrogen for a period

.
)

- %




: Pl
LA

NN

of five minutes. The rotal flow rate of 590 coeme ineladeo an WO tlow rate
of 3 cem over the gallium, an HCD flow rate ot 18-50 ceri over the indiun,
and an AsH3 flow rate of 12 cem. Thus, the HCY(IN) /HC1(G ratio varied
from 6:1 to 19:1 and the ITL/V ratio varied from 1.75:1 tu 2.75:1. 7le
source temperature was 800°C, the deposition temperature was 700°C, and the
growth cime was 70-80 minutes.

The films were quite smooth. A representative mcrphology 1s illustrated
In figure 11. As can be seen in the higher magniiiciation scanning electron
micrograph (2140x), the morphological defects are truncated square pvramids.
The base of the pyramid is rectangular instead of square duc to the fact
that the sides of pyramid have alternating A aud B orientations.

There were no general trends in the morphologies as the HC1(Ln) /HC1(Ga)
and the I111/V ratios were varied. However, it did appear that the film
was smoother when the substrate was preheated in AsH3 than wvhen it was
preheated in PH}' Yor one run, the substrate was also etched with .05%
downstream HCl, and thls film appeared to have the best morphology. o
will invesrigatc this further during the next quarter.

Films grown on substrates bathed in AsY., also had smaller rocking

3
curve widths. 7This 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 beamn
extender. The peak width at half maximum for the PH3 preheated sample

was 1830 secs. whereas it was 1225 secs. for the A3H3 preheiated specimen.
For the single run we did using a downstream HCL etch, we found that the
peak width was even smaller -~ 700 secs. We plan to investiagate

the effects of the downstream HCL1 in more detail. For all of these speci-

mens the lattice mismatch was greater than 17, ‘thus some of the peak

bre oith is due to the mismatch strain, Also, cur system is not as precise
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-~ Figure 11. Morphology of an InGaAs Film. a.) 214X and b.) 2140X.
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as a double crystal measurement. The peak breadth attributable to the

less precise measuring device can be determared tron the rocking curves

for the InP substrate illustrated in figure 1”b. 7There it is seen that

Lthe KJ and Kx peak hreadths are 270 sce. ‘lais compares to a value
1 2

of 25 secs for a double crystal svystem.

From the rocking curve in rigurc 12¢ we can show that the lattice
mismatch was .57 for the In/Ca ratio of 7:1. This mismatch was sub-
stantially smaller than it was tor the other tilms.

Yamauchi et al [26] also have found that the surface preheat treat-
ment has a pronounced effect on the rocking curve width. Thev found that
with a cover piece the peak width, as determined with a double crvstal
monochromator, was 25" for lattice matched InGaAs whereas it was as large
as 500" for lattice matched InGaAs when no cover piec was used. At the
same growth temperature and HC1(Ga) partial pressure Hvder et al [27]
obtained lattice matching for an In/Ga ratio of 10.5 and a I1I/V ratio
of 3:1 whereas Kanbe et al [28] obtained lattice matching for an In/Ga
ratio of 2.1:1 and an undetermined III/V ratio.

The room temperature mobilities and < .rrier concentrations dJdetermined
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.

Qur 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. [28]. We believe that we
will be able to improve our results by replacing flow meters with {low
controllers so that we can more reproducibly obtain lattice matching,

prencrating HC1l by cracking AsCl, which should be morc pure than the HCI

3
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fhe room temperature mobility and carrier concentraton and growth rate for
InGaAs films grown under a varicty of In/Ca and IT1/V ratios.

d
r A
if 5 nd"na growth rate i
- Specimen n/Ga [i/v cm”/V.sec cm”3 . /hr. ]
N ) )
82 282~ 9501 B2 oo e 5.3 x 101 8.9
2 ) L
‘ 83 #e2 o750 22210000 % 6.2 x 1010 11.2 '
- 84 2 -6l Zo1sar s 7.1 x 100 7.5 j
5 y
” 2
85 2 =70 2o 1750 45100 4.1 x 10%° 13.1 '
y 25, 1
3 86 22 -850 222210 me2 5.3 x 10 7.9 .
24 26 _ . , 16 P
30 3 = 8:1 17 = 2:1 3434 5.7 x 10 9.2 f
& obtained from a gas cylinder, and usinyg a downstream HCl e¢tch to improve
: the quality of the InGaAs/InP interface.
" The background carrier concentrations were higher than those obtained
. by others {29-33]. Again, we are confident that we will be able to improve
on these values if we generate HCl from ultrahigh purity AsCl3, and if we
fl use a downstream HCl etch during the preheat treatment.
: Our growth rates are about half those observed by Hvder et al. {27].
. With similar partial pressures and a growth temperature of 688°C they
i measured a growth rate of 21.6 u/hr. However, their flow rates were
twice as large as ours which accounts for the factor of two in the mass :
. transport limited regime. S
ot ﬂ
:i D. Surface Studies ﬁ
-~ }
N 1. Experimental Procedure }
For the surface studies the substrates were handled in the same 1
K
. manner. Hxcept for the sample which was covered with a cover piece in

|

|
S



£ it S d S A z
. - - .

AT,
R

St}

the MO-CVD systen, the other samples weoe inserted into tne deposition
zone where they were unbathed or bathed in VH}, Asﬂj or ht'l, Diffrerent
¢xposure times and temperatures were used.

After the sample was removed from the forechamber, it was placed in
a desicator with PZOS in an attempt to reduce sarface contamination from
the atmosphere. Tmmediately after the last sample was preparced, tie
samples were transported to the ESCA apparatus and loaded into the svstem.
The sample holder is a stainless cteel 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 cxposed uvuly to hydrogen gas at
650°C for thirty minutes, and a substrate partially covered by a tantalum
foil and bathed in 1.5% PH3 are shown in figure 13. The substrate exposed
only tc 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 1l4. 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 InCGaAs growth vessel are listed
in table 3. The treatments include exposing the substrate surface at

650°C for 15 min. to U, only, H

2 , = 1.5% PH,, H, - 1.5 Asll,, aud H, - 1.57

3' 2 3’

HC1l mixtures, as well as being covered by a cover piece.

PRIPIFOPRra - T



oa Fig. 13. Photomicrographs of a.) a substrate exposed to ., only for 30 min. at
650°C (37.5x) and b.) a partially covered substrate bathed in PH3 at
1.5%107~ atm. for 30 min. at 650°C (37.5x).
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Fig. 1l4. A scanning electron micrograph of a substrate exposed to J
“2 for 30 min. at 650°C (l440x). 1
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TABLE 3

The qualitative results of an ESCA analysis of the surface of a substrate
jubjected to different environments at 650°C for 15 minutes.

Heat Treating
Gas Observations

. H a. P concentration down a little
b. Substantial amount of As
c. Substantial amount of Ga

2. PH3 a. P concentration unchanged
b. A small amount of GCa
¢. No As
3. AsH3 a. P concentration down a little

b. A large amount of As
c. A small amount of Ga
d. The largest oxvueen concentration

4, Hrl a. P concentration unchanged
b. No As
c. No Ga

5. Cover Piece a. P concentration unchanged

b. A small amount of A«
¢c. A small amount of o

8 A 2. &

St 8 bl B

detastuadiibe,

st ol
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3. Discussion
The surface of the substrate heated in H, only fer 30 min. is similar B
) to the surface observed by Clawson [34,35] et al. wien it was subjected g
to a similar heat treatment. The rectangular shepe of the pits is due to 5

the uneven etch rates of the <111 A and B facets. The surface exposed

A

to a .0l atm. flow of PH3 contains small surface defects. [t is likely
tint this is phusphorus deposited from the vapor as the pressure is sub-
stantially above the phosphorus pressure in equilib:ium with the inP [35].
The smoothest surface is the surface covered by a cover piece. Apparently
the phosphorus pressure under the cover piece is large enough to prevent

appreciable phosphorus evaporation.

b SRR, . YR

Some of the results of the surface analysis are wnat one wonld

YT STy

v

expect. The phosphorus concentration is reduced in the substrates erposed

3 mixture, the surface exposed to the AsH3 mixture p

contains a substantial amount of arsenic, gallium and arscenic {rom the 4

to H, and the AsH

growth vessel cor. .minate the substrate surface, and there was no -

discernible loss of phosphorus from the substrate exposed to the I‘H3

mixture or the substrate covered by the cover picce. Some results that

could not be so readily predicted are that the HCl surface was the

cleanest and the ASH3 surface contaxacd the most oxygen. We were

initially surprised that the covered sul.strate contained gallium and

e
Le -

eyl

.

arsenic, but we later rcalized that the cavitv had been contaminated
during previous growth runs,

4. Effects of Downstream HCl Etch
Recently, we determined that we could grow smoother films if we

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

chandhi [35-37] and his coworkers have done. This subiect will be discussed

DN . SRNNRIIIE . SV

M et
). SR

.



{
i
o
'l
d4
d
d
K
i
1
|
[
l‘
II
l
L
|
&
[
4
i
[
L
L
o

e L

in greater detail in the next quarterly report. Not only do we expect

that the downstreair etch will improve the qualicy of Inl films, we expect

. & VO .|

it to also improve the quality of the Intads films.

.

II11. Theoretical Studies

A. Hydride and Chloride Comparison :

1. Physical Analysis
There are a number of similarities between the growth of 1nP films 5
using the hydride [6] and chloride [7-8,17-19] techniques. Inboth instances d
indium i1s transported by the monochloride; phosphorus is present as P4, P2 and ;
.

PH3; the growth rates initially increase with the InCl concentration;

and the dJeposition reactions are identical. The primary differences
are that the reactions in the source zone are different; the cation and
anion concentrations are separatelv 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 HCl1 leading to the forma-

tion of InCl. There are, however, a number of simultaneous rcactions
in the chloride system. TFirst, the PCl3—H2 mixture completely decomposes

to HC1, Pq, P2 and PH}’ The phosphorus containing compounds react .r
with the liquid indium to form an [nP film, which is attacked by one %
third of the HCL - the other two thirds attacks the indium. At some
time a steady state is reached when the rate of formation of the InP !
film is the same as the rate of attack by the ICI. (It is this tran-
sient time that makes it difficult to grow multilayered structures with
abrupt junctions using the chloride process).

Th - phosphorus in the hydride technique is introduced by injecting

PH3 downstream, whereas in the chloride system P, P, and !H3 are
MY p
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3 Pcls-H: decowposition products or reaction products ot the HCI-[nP
reaction. The })4' 1?2 and IW13 introduced into the deposition zoue are,

AR ) therefore, more likely to be in thermodvnamic equilibriur in the chloride

Si system. This is particularly true for PH3 becausce it deconposes rather

NS

slowly [20,21].
In this discussion the source zone equilibrium vapor composition in the
hydride system, and the steady state vapor composition in the chloride
system are computed for different input HC1l or P(:l,3 compos tions. The
deposition zone equilibrium vapor compositions are also calculated for
downstream HCl or PCl

fferent input HCl or PCI and input PH

3’ 3° 3
pressures. Of particular interest are the deposition zcene HC1 partial
pressure since it is thought that HC1l controls the degree of silicon
contamination, and the supcrsaturation because it determines the ideal
growth rate. The computed trends of the HCLl pressure are compared with
the trends of the background carrier concentration, and the computed
trends of the ideal growth rate arc compared with the experimentally
determined growth rates to see if they can be explained thermodyvnamically.
In the computations that follow it will be assumed that the tempera-

tures chosen - 750°C for the source zone and #50° for the depositien zone -

are high enough and the gas flow rates are low enough for growth to be

' in the thermodvnamically limited mass transport regime. Also, in the
_; graphs and tables the PCl3 pressures will be compared witiv HC1/3
& pressures since upon the decomposition of PC13, three units of HCL are
]

'normal' growth conditions for

formed. Comparisons will be made for
which the input HCL pressure is .03 atw. and the input Pll,3 and I’Cl3 pres-

sures are .0l atm., and for presaures one third and three times thesce values,
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In the hydride source zone HC1 reacts with liquid indium according

to the equation,

3HC1 + 3In(2) - 3InCl + % H2 (la)

This assumes that InCl3 does not form; there is theoretical evidence that
i this is the case [25].

There are a series of simultaneous source reacticns in the chloride
system. Taken separately they are: the thermal decomposition of PC13,

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

taining compounds with liquid indium to form InP, and the HCl attack of
InP. (see Fig. 15). ’

The PCl3 decomposition reaction is d

+ 3HC1 ]
(2)

. 3 X 1-x
PCl, + 5 (l+y)H2 -+ (l-y) E‘Pz + (l—y)(—z—)P& + yPH

3 3

and is essentially complete. At 750°C the equilibrium Poey. = 2.15 x
-11 -3 -4 -
10 s P =2.3 x10 7, P =7.05x 10 ', P = 2,8 x 10 ', and
P4 P2 PH3

PHCl = .03 atm. when .01 atm. of PCl3 is mixed with one atm. of

hydrogen [23].

Because the HC1l can attack both the liquid indium and the InP,

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

4
F; (3-z)HCL + (3-2z)In(X) ~ (3-z)InCl + % (3-—2)':{2 (1b)

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

7
'
&
"
.
|
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compounds react with the liquid indium according to the equation

Q%) 5 4 UpH. » [nP(s) + -

In(2) + (1-y) 3P, + (l-y) 7P,

tols
«
joof
N
~
w
N’

3

The InP is then attacked by the HCl according to

(1-X) 5 4 oaypH. +

zInP(s) + zHC1+ zInCl + z(l—y)lz( Pz + z(1l-y) 4 4 3

¥4
t 5

5 (1-3y)H, (4)

As 2z 1increases from zero to one, the net rate of formation of ILnP
decreases to zero. This can be seen by summing 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. Tt is the
reverse of reaction 4 for =z = 1.

2. Mathematical Analysis

The designation of the input and output constituent pressures are
illustrated schematically in Fig. 16. 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 =p -p (5)
taci?  Hc1®  mcil

LS. MWR ia.4 . Aef.A.A-4 R

From the fact the total pressure is 1 atm.

4 P, =1-P -P . =1-P (6) !
2 InCl HCL HC1 '
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Then, P 1 can be found from the equation

HC1
P2 e - ha-p b2
InCl 2 HC1 HC1 HC1
K. = = (7)
1 P 1 P 1
HC1 HC1
with
RTanl = - AGl :
1
AGl can be found using the data tabulated by Shaw [25]. 7he fraction of i
HC1l consumed by reaction 1, w, is 3
P 3
1 .
_ InCl p
- (® |

HC1®

The phosphorus and phosphine pressures in the chloride system

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

il K

can be found in a straightforward manner. First, a value of PP is
4
assumed, and then it is used to compute PP from .
2 .
1/2 é
1 1 .
P = P /K ’ (9) "
P2 P4 10 :
where KlO is the equilibrium constant for the reaction b
1
P27 2% (10)
PPH is determined by the phosphorus balance
3
> P =P b, 4p.t (11)
. - - 1 .
o PH; PC13 B2 N

=

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

—

P
PV W

WP
PP

3
:
x

L : 4
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i? P + P =P =3P , (12)
act!  mc!  mer® pc1g

since .all of the PCl3 decomposes. The total pressure is 1 atm. so that

PHl =1 - PPl - PPl - PPHl - 3Pp~1° (13)
2 2 4 3 v
- The guessed value of PP can now be checked by computing PPH from
4 3
the PH3 dissociation reaction,
X (1-x) 3
PHy > 5P, + 7P, + 35 H, (14)

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

xl is found from

xt =P /(P , + 2P ) (15)
Pl Pl Pl
2 2 4
and it is used to compute P 1 from
PH 4
3
: l
1 1 1.5
PHl Pl Pl Pl 14
3 2 4 H2

The pressures of the phosphorus containing molecules are at a I
minimum when they are in equilibrium with the liquid indium. This could 3
occur at the beginning of the tramsient when the InP is just beginning
to form and most of the HCl 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 , wusing eq. (9), and determining x with

P P

) eq. 15. Because the phosphor%s and phosphine pressures are so low,

PP SR TSI WP, S VL P S PP P G S S S S - SR ad




P, =1- 3P . (17)

Now, P _, can be calculated using eq. (16), and 1t can be compared

PH
to P x found from
PH
3
* % * * *
PH H P P
3 2 2 4

*
after y has been determined from the equation

*
y =P /(P FxP o+ (1-x) P ) (19)
Py  PH, P,y P,

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

is

u= (2P , +4P _+P )/P (20)

g O
P P4 PH3 1L13

If the InP film completely covered the liquid indium - and it could
only if more than two thirds of the HCl 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 , 1is
P

assumed and P , and x' are calculated. PH 1s given appéoximately
P 2
by

(21)

and P , 1is found using eq. (16). This value of P , is then
PH PH
compared with the value of P , computed from the phosphorus balance,

PH3




P , = 3P - P . ~ 2P , - 4P , (22)

PH3 PCl3 HC1 P2 P4 j

1

after P  has been calculated from ]
HCl i

]

o ;

P . = 3APC13/(A+K4) s (23) >

HC1 q

p

where ]
' ] ' ] /4 [ 5(1 3 v) 1

- 2 - - . - i

A = P(} yo)x / P(} y )(1-x ) pY P y (24) 3

P2 P4 IH3 H2 *

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

in the vapor phase, v, then is

v=2 (22 ,+4P , +P ,)/P . (25)

o
P2 P PH3 PCl3

To determine the equilibrium partial pressures in the deposition
zone of the hydride system, a value of PP is assumed. PP and x
4 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 HC1

pressure so that

PInCl =P 1 + P 1 + P 5 = PHCl = R - PHcl . (26)

InCl HCl HCL® 4

The phosphorus balance yields

P, =P - 2P - 4P, - (P - P - P ) 27
HCL el per?

where the term in the parentheses is the amount of InP deposited. The %
1

hydrogen pressure is

PV PR ST RPN W W ey il e e B B B RS, N S S . W TS R S L S S S S S A s owmow




P, =1-P_  -P =~P - P - P
H2 P2 P4 PH3 InCl HC1
= 14+P + 3P - P - P - 2P - 2P + P
PZ P4 PH% InCl1 HCl l{Cl2 HCL
=S + PHCl (28)
Noting that PH S, PPH can be computed using eq. (16). From the
2 3
deposition reaction
_ S5(1-3y) J(-y)x/2 (1-6) (1-x) /4 _y
Rar = Puc1/ Praca Pa Fp Pp Peu
. 2 2 4 3
= Pycr/ (RByg)A (29)
or
PHCl = RAK4r/(l+AK4r) (30)

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

reaction is the opposite of reaction (4). PInCl can now be computed

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

H

3
For the chloride process 3P 2 is substituted for P in
2
PCl3 HC1
eqs. (26-28) since downstream PCl3 is used instead of HCl. Also,
P must be substituted for P in the phosphorus balance equation,
o 2
PCl PH3

eq. %27), and in eq. (28).
The ideal growth rate, r, 1is

P -P

InCl1 InCl}{no. of InCl1 atoms crossing unit area per unit time
P no. of In atoms per unit volume in InP
1
InCl
Therefore,
ra P - P (31)

Incl1 InCl
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when the cross sectional area of the yrowti tube and the total flow

rate are held constant.

3. Results
a. Source Zone
The fraction of the phosphorus, wu, consumed by its roacticn with
liquid indium, and the fraction of the InP, v, consumed bv the three

units of HCl generated from one unit of PCL arc plotted as a function

39

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

3
it is .19 when P = .001 atm. and is .99 when P = .1 atm. How-
PC19 rcly
ever, about 96% of tée HC1l reacts with the InF over the entire rarnge
as v decreases from 2.94 at ¢ o = .00l to 2.86 at P 0 = .1 atm, The
P
Cl3 PCl3
percent of the HCl consumed by its reaction with liquid indium is also
almost constant as w varies from .988 when P = .003 to .990
HC1

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

HC1

cause the number of moles of gas present during the reactions remainsg
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 CaClg. However, this analysis can explain why
the crust nucleates at the downstream end of the boat, [35] there is an
abrupt change in the carrier concentrationin [nP filmswhen the KC1 {low
rate is changed [8,18,19] and this transient behavior has a longer time con-
stant when a larger boat is used [8]. Nucleation occurs at the upstream

end where the 1ICl concentration is less due to the fact that much of

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

LS P I R IR I P I BRI S JUP P G R YRRy WA Y SR T SR D W W I I W e
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Fig. 17. The fraction, u, of phosphorus consumed by the reaction with
liquid indium, and the traction, v, of the InP consumcd by the
b reaction with HCl plotted as a function of source input P(flj.
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is less, the newly formed InP crust will be attacked at a slower rate.
The abrupt chang: in the carrier concentration is due to a 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 depositioun zone are plotted
as a function of HClO/B, PHZ, and Pclg respectively in figures [o.a.b
and c¢. In figure 18a the HCl pressure increases almost linearly from
319 x 10”2 when P = .003 to 12.3 x 107> when P = .3 atm.

Hc1® et

This behavior is due to the almost constant 997 conversion efficiency
of the HCl 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 nc1°
pressures where the HCl curve becomes more sublinear.

In addition to the decreasing partial pressures of the phosphorus
containing compounds in figure 18a 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 HCl concentration
is shown more vividly in figure 18b where the constituent partial pressures

are plotted as a function of the input PH, pressure. PHClo is held

3
3

constant at .03 atm., yet PHCl increases from 1.12 x 10 ~ to 4.74 x 10

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

in P from .00l to .1 atm. The increased deposition is also, of course,

2
PH 3

reflecged in a slowly decreasing InCl concentration from 28.9 x 10 ° to

25.3 x 1073 atm.
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Fig.18{a). The deposition zone equilibrium constituent partial pressures

plotted as a function of the HCl input pressure-,
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Clearly, all of the additional phosphorvus is not consumed b the

depesition reaction so chat the parvial pressures of P, Pa and vuj

increase with increasing 7P
PH3

in the vapor increases :ubstantially because the larger phosphorus

5. In fact, the amount of phosphorus

o

pressures do not increase the supersaturation s much as the larcer HCL

pressures do. This is why PInC] is not reduced as much by raisiag

2] s ' e
PPHZ N L(Pw’Pq,PH y are reduced by ruisiug F

3 3

HC1®

There appears to be no thermodynamic basis for InP being p-type

when the V/III ratio excecds 1/3 [8]. Thus, the chloride irowth ot the

p-type films by injecting PCl3 downstream must have a kinetic basis.

N : 10 . , - .
The effects of varying the PLl3 conceniration is a liuited combina-

»

tion of the effects of separately varying the HC1® and PH. pressures;

the limitation is due to the V/IIL ratio being fixed. The rate of

; o) )

increase of the HCl pressure - the HCLl pressure at PCl3 = 0101 atm,

e -3 . . -3 40 :

is .175 x 10 atm, and i3 37.2 % 10 7 atm. at P(.l3 =01 atm, - s
: (19 . .

larger than it is wheu the HCl W pressure is varied because both the

increasiny InCl and increasing phosphorus pressures contribute to

inecreasing the inP deposition. For the same recason the inil pressures

o, .
are less than they ore when HClL™ is varied. and the P, P, and PH3
< +
2
pressures arc less than when PH3 is variced.

" . Ly Coe . N
The theonretical silicor activiries corresponding to the PCL.

3

, -6 . -8 i/
arce 2 x 10 and 7 ox 10

5
-2

pressures of 2 x ,l()_-3 and 2 x 10O atm,

Thus the almost two ordurs of magnitude chanpe in the background carrier

. . . o
concentration vbserved by changing the P(.l3 pressure between these two

Iimits [8,17,18] canbe explained thermodynamically. Also, the lower back-

vround carrier concentrations in chloride grown films [7-5,17-19] could have

: . . .10 .
a rmodynamic basls since tvpical Pclg pressures are 01-.02 atw,,

e aas SN
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whereas typical Hel” and Pug pressures are 0Ol atm. [6]. The threc to six <
fold larger HC1 pressuvre in tne chloride system cannot, however,
completely account for the difference in the background carrier con-
centrations. Therefore, such factors as the purity of the HCl and the
slow decomposition of the Pﬂj [9,L0] rust he considered,

Fairhurst et al7 nave attributed the siow decompositicn of PH3 to
the large variation in the background carrier concentration when films
are grown under similar conditions. The thermodynamic calculations

show that only 4% of the phosphorus is in the form of PH, at normal operi-

3
ting conditions, and it has not been shown that PH3 is an intermediate

during the formation o»f P, or P, [rom the decomposition of PCL

2 4 re,

3
therefore, seems more likely that the variation in the backyground carrier
concentration is due to other factors.

It would appear that the depositinn zone HC1l concentration c¢ould
be greatly increased by introducing HCL or P(Il3 downstream from tle
indium boct. However, introducing HCL hy itself iy not as effective as
it first might seem because it reverses the deposition reaction. [for
every HCL molecule introduced there is almost cue lass "molecule’ of
InP deposited. Thus, there is very little change in the deposition zone

HC1 concentration, and ‘nis is depicted in tivure 19 where the HCL con-

>
centration is plotted as a function of the downstream input HCD (HC1T)

Y
pressure for the hydride svstem or PClj (PCI:) previsure for the chloride

system. The ranze of IC1 values are also listed in table 4 for three

" . 3 o 2 a0 ;
= different values of HC1l /3, PH3, and PC]X. .
- - R , :
E{ The range is determined by the amount of HC1™ or Pcl; it takes to :
ii ompietely reverse the deposition reaction - that s, the concentration !
- , \ L0 2 vre O
- above which etching occurs. At the highest HOL, l'll.j, and I(.l3 the '

\ SdLal B

v,
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Fig. 19. The equilibrium HCl concentration plotted as o function of down-

stream HC1/3 or I‘(‘.l3, when the input HCOL/S (--9)
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. . X 2 L0 . :
= range is smallest for l-H,3 and largest for PL13 fer reasons given above. {
P ; {
3 ‘" : ~ 3 . » ¢
~ That is, Ld3 increases the supersaturation the least so it can be
’ -
rAn . 12 NP ¢ B .
- reduced to zero with less Hcl®, and }Ll3 lucreases the supersaturation
N
- the most since both the InCl and phosphorus pressures are increased.
N . A 19, 2 s~ C
i. At normal operating conditions - HC1 /3, PH, and PCl3 = .0l atwm, -
o the HCl concentration is increased only about 107. 7This only decreases :
o
L}
. . . !
" the theor:tical silicon activity by about tihe same amount so it dees 1
1
a0t appear to be an effective way to reduce the background carrier

concentration. Kennedy ¢t al [40] did attempt to reduce the carrier

concentration in hydride grown CaAs films by introducing HC1 downstream,

and they were unsuccessful.

c. Growth Rate

A normalized growth rate, which is proportional to the difference
between the deposition zone input and ocutput InCl pressures, is plotted

in figure 20 as a function of Hc1°/3, PH; and ';’Cl(;. For the hydride

-

S . , L o
system 1t 1s seen that the growth rate increase: more rapidly witn (IC1
. C o2 . . ‘
than with PHB' This, again, can be attributed to the greater sensitivity
. . 440
>1 the supersaturation tce the HCl pressurc.

)
betailed studies of the effects of HCL” and PH; cn the growth rate

ot {alP have not been made, but siwilar studies have been made for GaAs [9,41]. !
gdoth Enstromct al [9] and Shaw [41] found that the growth rate initially !
increases rapidly worh HC1Y, and it increases more slowly with AsH% as one j
{
~ould predict thermodynamically. However, the growtl rate reaches a peak :
l
and then decreases as HC1° becomes larger. Shaw [42,43] attributes this i
to the poisoning of surface sites by GaCl. An alternative explanation
is that once the supersaturation exceeds a certain value, Gads nucleation

{

occurs on the side walls. The measured growth rate on the substrate then 1
|

i

{

decreases because the supersaturation is reduced Ly depositionon the side walls.
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Fig. 20, The normali.ed ideal growth race plotted as a function of input
fICL/3, Pllq and PCly pressures. ‘
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The range of HCl pressures x 103
by introducing HC1 or PCl.

in tie deposition zone
downstream at concentrations
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TABI V4
.01/3 L0l .03
He1® /s .990 - 1.06 2.76 - 3.14 6.92 - 8.97
PH§ 1.97 - 2.23 " 3.66 - 4.14
PCl, .756 - .808 2.77 - 3.20 10.0 - 12.3

point where etching bezin$ for input HC1/3,
0173, .0Ll, and .03 atms.
TABLE 5
.01/3 .01
0 .
HC17/3 .093 .092
P}lg .192 "
pc1§ .069 091

2 o 2,. 2 2
The HO17/HCLl, HCL /J/PH3 and PClB/PCl

concentration where etching begins for input HCI/3, PH
and

pressures of L0173, .01

PRI P NI N T . I PO S A AP

03 atms,

senerated
of 0 and the

PH, or PCl, pressures of

3 3

.03
.091
L041

.123

(o]

3

ratios at the

opr b
3 1 \Ij
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Zinkiewicz et al [6]) have observed that increasing the i, flow rate
9

(9]
3 and HC1l constant reduces

while holding the partial pressures of PH
the growth rate. This is, of course, the opposite of what one would
predict - the growth rate should increase linearly with the flow rate
since the supersaturation is unchanged. A possible explanation is that
the reaction between the liquid indium and the HC1l is incomplete [44],
and the larger UC1 concentration in the deposition zone retards the
deposition reaction. The same authors also observed that increasing the

H hR) . . . v N N T Aad
H, Tlow rate wirile keeping the HCL  ind PH3 flow rates constant resulted

in an increased growth rate. On the basis of thermodynamics one woulld

predict that the growth rate should be reduced since the supersaturation
is reduced. The larger prowth rate has been attributed to the slow
P, decomposition and a more efficient reaction between InCl and PH

3
thar between InCl and P‘,+ or P2[6].

3

1f thermodynamics determined the growth rate, the rate should
increase the most rapidly with the Pclg pressure because the super-
aturation increases the most rapidly. However, Clarke and Taylor found
that the growth rate saturates at about .2y/min, [19] which is anorder of
magnitude less than the maximum value found by Zinkiewicz et al [6] using
the hydride technique. As stated above, this has been attributed to the

larger amount of undissociated PI., in the hydride system.

3
The degree to which the downstrecam HCL or PCl3 thermodynamically

retards the deposition process is illustrated in figure 21 where the

normal lzed growth rates are plotted as a function of HC12/3 or PCl2 The

3
2 o) VA 0 , ] .
HC1®/HC1™ and PLL3/PC13 ratios at the point when etching begins for

1e1%/3, pu’

3 and Pc12 = .01/3, .01, and .03 atm. are listed in Table 4.

7
The ratlo decreases with increasing PH;, s essentially censtant for

. . ) , \ , , 0. ) .
increasing HCl , and Increases with increasiang PC13. These trends can




Fig., 21. The normalized ideal yrowth vate plotted as a fanction of down-
stream HC1/3 or PCly duput pressures when the fuput HCL/3, Pli;
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B. Thernodynamic Effects of Using an lnert Gas

[l

Hydrogen is an excellent carrier gas because it can be Lighly purificd

1

at a relatlvely low cost using a hydrogen purifier. Ir also getters oxvgen.

Recently, some people have sugpestod using N as the carvier gas because it

can be highly purified bv first liquifving it [19]. e should consider the

possibility of forming nitrides if he chooses to use N, but he should also

“

cousider how substituting an inert gas for the U, atfects the thermodypamics

of the growth process. The latt2r consideration is the opic of this
cournuni cation.
The parameters considered in this paper are the thermodvnamic growth rate,

and the equilibrium PH., and HCl concentrations in the growth zone. C(learly,

3
reducing the H, partial pressure will reduce the Pii, pressure. This is
2 3

important since it has been suggested that the growth rate is higher when

nore PH3 is present due to the fact that InCl more readily reacts with PH,
2

-

than with P, or P4 [8]. (1t shouldbenotedthat[’i[3 decomposes rather slowly [20,21)

o that more PH3 is present in the growth zone than is computed trom thermo-
dyvnami ¢ Jdata. Thus, the calculations that follow can only be used to indicate
the trends). Hnowing the HC1 concentration is important because it is thought
that increoasing the HCL concentration reduces the activity of silicon in

the quartz reactor.

From the deposition reaction,

el + (1-y)-"25p2+ (1-y) Q—Z"—)— P, ot YPH+ é(l—}y)}i? - InP(s) + HC1 | (4)

“

one can see that reducing the t, pressure will reduce the deposition rate,
and this, in turn, will reduce the 'MCL partial pressure since it is formed
during the deposition reaction. In this cquation X is the ratio of tyoe

amount of phosphorus in the T', rorm to the amount of phosphoras in the P

and P, form and is ¢iven bv the ecquation,
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P
Py
P, . (1.,
TP+ 2
v, PA
- y 1s the fractica of the phosphorus in PH3 and is given by,
P
PH.
v = H3 (i
A i - n[) RN
IP“3 + RPPﬁ + (1 x)AP4

First, the output pressures from the source ronc, dJdevicucted by Lhe

supers .ripr, 1, must be

HCYI + In(') + InCl +

The output I[nCl pressure

determined for the sourc. rone reacoion

ro |-
ro

is, from a chlorine balance,

p = p -p (5)
mcll  hel®  mert
wvhere P is the input HC1l pressure. P can be found from the equation
HC1 HC1
P (1-» 0)1/2
HeL HCl .
S 172 o
HC1 (r-mvr ) + KS
HC1
T = 1 - P (()
iy e1®

was used in Jeriving eq.

(7).

For the deposition zone ftivst a value of P, is assumed, and ther 1t is

used to determine PP

te

I.
4

after the equilibrium coastant for the reaction
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s
= 3
A
b
- has been found. P"“ can bo tonn bortres i pharas g anee
= 3
N
P = P - - - - j T
L3 . AR ) 9l . '
}“H.s },.){; v, . il s li
where P R is too baput ohyee, e S A I t’,, _ P , 1w Lhie anoun:
C MRV .
PH bl
of phospholus consumed feothe e e Tt i P e Tod o
YL
the chlorine balans
¢ . ' mot v T . P
[nCi ¢ K -
e sl
Jhe total pressare s b oatog oo thoet
R = 1L - ) - P P, P
H. Il P, B, °H., ! Hel
< 2 4
= 1 - i - p n . IS - P N y
- - + P W - A
; . N | P., P, 0 1 il
Hi'l el 2 4 FH
3
= - o
= P 5 .
HOL
wihere P[ is the partial pressure of the inert pas. Now, Pwu can be cor-
I

puted from

e T b, s the cqullibrium constant for the dissociation reaction
B

. ‘ —_)
Bt R \,]. R P+ } n.oo. DA
3 202 %y 4 2 2
P can he ecaleulaced trom

H

B,

!
i3] = ——_———— .
HOL T L+ K .
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H 1 : . 1
) P, P, ]
- ]
K is the cguilibrium constant for the depoasition voqetion, and &0 - =
. 1 L |
defined [ioeqg. (12). VPinally, }’_)11 coronted trom eq, (9) is compared .
vl -
with the value found fron eq. (13). It thev are uot the same, a new value h

of T is ausused. The process 1s repeated unt 70 the pwo })PH values e

Y 4

ittt

e thermodyvuanic growti rate, K, i

‘k) - :‘) B
R | TaCl A ] , . . )
. 'nCl no. of inCl” atoms crossing unit arca per unit time
B T L L R
P no. i In atoms per nnit velume in Tn?

fhierefors. R - P - . (35
tee ) 1 incl
[ncl

Usinge the therwsodynamic data cotlected by shaw {2y ], the equilibriumpartial

nressures of HCH, b, B, oy P, oand il were computed and ave plotted
o —_ . ‘4

s function of the Inert pas partial srescure in figure 3, For these

codcul dttions the source temperature was, U= 790%C, the deposition
teapoeriature was, 'l") = 65070, and both P and U were J0L arm,
B { O
0 Pt
, . . - . 30 :
P decreases byoabouc a feetor of 10 Gas P increases from Lo .95 atnm,

Hi' 1

K

This reduction is due to less hvdrogen being available to torm HOL during toe

TR ST

Jeoonition reaction. Because there is Toess Inb depesited wicth increasing

P }I 1 increases. PP;' Jecreases two orders of mapnitude over the rage
n i
3

or since there (3 less hedrogen wvailable, and 4w o result PI’ and P
3 s
-— g

RPN - 4

increase.  They also increase Lecquse there is less Inb deposited.

AT s

that there is less deposition when i‘[ .nereases is shown in Figure oo

B

where the ideal crowth rate is plotied vs I‘[. 2o decreases continuously o until

PP PR

at P o= .97% atwm theve is no deposition. The effects on the growth rate

F v S

of decreasing P oy , v one thivd, increasineg @ or Y
F [§ ' Lo
it PH. el 2

3 3
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by a factor of three, or increasing or decreasing T” by 90°C are also shown

in figure 13}, The ecffects are largest when PT = 0, and all of the curves tend

to converge on the point R = 0 and Pr = .97,

Reducing P o by one third, reduccs the initial growth rate by onc
HC1

third, and tripling P triples the initial growth rate, R « P in
He1® Het®

this range because P 1 P . and R ¢ D . The effect of thirding
InCl HCL' InCl-

or tripling P o is smailer as it only changes the initial gprowth rate by
PH o
30%. Adding to or reducing the PH concentration has a smaller effect

3
because the free cnergy change for the deposition reaction is much more
sensitive to the HCL coucentration. Lowering tiie deposition temperature by
50°C doubles the initial growth rate and raicing it by 50° halves the growth
rate.  These etrects reflect the temperature dependence for the deposition
reaction,
. o 0 , s Pt : N

How changing HC1 ™, Ph3, and TD affeets the equilibrium HC1 and PH,3
concentrations tor different values of P1 is i1llustrated in table 6,

That decreasing the hvdrogen partial pressure decrecases the growth
rate has been verified experimentally for the chloride growth of GaAs, InAs,
vat', and InP [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 1nert gas.
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& |
@ L01/.01 ¢ 9.53 1 0010 8.64 1 N.L3 L5y
Yo 1.03/.01 | 2710 125,92 24.63 23,23 21.67
’ : |
® L01/.01/3, 7.08  6.73 6,45 .10 )
S [-01/.03 112033 1182 1122 1050 985
. g |.0L/3/.01  3.55  5.04 2,55 2,08 1.65
N =}
o= .01/.01  3.46  2.96  2.48 N3 1.6l
C e [.03/.01 0 3,200 2073 2,28 1.S6 . 1.47
© % 1.01/.01/3° 251 2,16 1.81 1.49 1.19
i P
. E 1.017.03 0 462 | 3.94 - 3.29 ¢ 2,68 ¢ 2.12
,_:j ’Ii) : l ' : , '
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