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Abstract

The organometallic vapor phase epitaxial (GMVPE) growth of In-
containing III-V semiconductors typically uses trimethylindium (TMln). However,
TMin suffers from several problems. First, it is well known that the effective
vapor pressure of solid TMIn changes with time because of changes in the
surface area. Secondly, TMIn decomposes slowly for temperatures lower than
400 °C in an atmosphuric pressure OMVPE reactor; it is too stable for some low-
temperature applications. In addition, it causes carbon contamination,

especially at low temperatures, due to the CHj radicals. Thus, there is a need

for new In precursors that are liquids at room temperature and do nct contain
CHg radicals. This work reports the first decomposition and OMVPE growth
studies for a newly developed indium source, triisopropylindium (TIPIn). The
decomposition study was carried out in an isothermal flow tube reactor with the
reaction products analyzed using a mass spectrometer. The temperature for
50% decomposition is ~110 °C for TIPIn in a He ambient. This is about 200 °C
lower than that for TMin undei simi'ar conditions. The mass spectroscopic
peaks occur at m/e=39, 42, 43, 71, and 86, indicating that the major product for
TIPIn decomposition is CgHy4. This suggests that TIPIn decomposes by
homolysis, producing C3Hy radicals that recombine to produce CgH14. The
OMVPE growth study was carried out in an atmospheric pressure OMVPE
reactor in Hp v.ith AsHz3 as the As source. InAs epilayers with good surface
morphologies were obtained for temperatures as low as 300 °C at a V/lil ratio of

460. Tha necessary V/ll ratio increases as tha growth temperature is

decreased, due to the incomplete decomposition of AsH3 at low temperatures.
The less reactive CaHy radicals from TIPIn pyrolysis produce far less carbon in

the solid than the more reactiva CHg radicals produced by TMIn pyrolysis. A
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disadvantage of TIPIn is the low growth efficiency, due to parasitic reactions.
Thus, it appears that TIPIn may be best suited for low prassure OMVPE or,

particularly, for chemical beam epitaxy.

R T



1. INTRODUCTION

In the early development of organometallic vapor phase epitaxy
(OMVPE), the growth of In-containing alloys was plagued by parasitic reactions
between the most common precursor, triethylindium (TEIn), and the group V
hydride sources [1]. Later, it was found that parasitic reactions were reduced
using low reactor pressures [2). The problem was finally resolved when
trimethylindium (TMIn) was introduced as the indium precursor [3, 4]. Today,

high quality indium-containing alloys are routinely produced with high growth

efficiencies [5].

However, some problems still exist with the use of TMIn: (1) OMVPE
users have long recognized the variable vaporization rate of solid TMin. That s,
the effective TMIn vapor pressure decreases after about 40% of usage,
presumably due to a decreased surface area caused by recrystallization of
TMIn inside the bubbler [6, 7). To alleviate the problems, a special sublimer
design is necessary [7). (2) The methyi radicals produced during TMIn pyrolysis
are a likely source for carbon contamination. For example, it has been
documented that the methyl! radicals from trimethylgallium (TMGa) and
trimethylarsine pyrolysis lead to carbon contamination in GaAs as an acceptor
impurity [8-10). For TMIn, the result has been less definitive {11] because of the
relatively low carbon concentrations for normal growth conditions |5]. Recently,
the question has baen clearly resolved for the growlh of InAs at low
temperatures, where the carbon concentrations are much higher [12, 13]. For

InAs epilayers grown using TMIn and AsH3, the carbon concentration detected

by secondary ion mass spectroscopy (SIMS) increased as the growth
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temperature was teduced [12], with carbon concentrations being more than

1019 cm-3 at 300 °C [12).

In addition to the above problems, TMIn decomposes too slowly for the
growth of InAsBi at very low temperatures (<300 °C) [12]. Recently, Bi
concentrations as high as 6% have been incorporated into InAs to reduce the
energy bandgap of InAs into the 12 um range [12]. Thus, InAsBi and InAsSbBi
become attractive alternative materials for far infrared device applications.
However, it is found that growth temperatures as low as 275 °C are necassary
in order o incorporate 6% Bi into InAs. At this low growth temperature, TMIn

decomposition is not complete [14] so the growth rates of InAs and InAsBi are

unacceptably low [12].

This discussion indicates that the development of other indium sources
would be beneficial. One possible replacement is ethyldimethylindium (EDMIn)
(6. 12, 15]). Since itis a liquid at room temperaturs, it does not have the
problems associated with a variable transport rate. Although no problems have
been reported using EDMIn for OMVPE growth [12], it is not certain how ligand
exchange reactions [16] affect the final molecules transporting to the crystal
growth surface. Moreover, EDMIn has problems with carbon contamination at
low temperatures [12), due to the presence of methyl groups. Thus, there

remains a need for other indium precursors.

In this work, we report the results of the first study of triisopropylindium

[(C3H7)3in, TIPIn] as a possible TMIn replacement for OMVPE growth of In-
containing materials. Both decomposition and OMVPE growth results are

presented.
2. EXPERIMENTAL
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The general procedure for the TIPIn synthesis is as follows. Organic

solvents were distilled under Ar from sodium/benzophenone. Synthesis was
carried out under purified Ar using inert atmosphere techniques. Reaction

flasks were wrapped in aluminum foil to minimize exposure to light. Air- and

moisture-sensitive materials were transferred inside a Na-filled Vacuum
Atmospheres glove box. InCl3 (99.999% metal basis) was purchased from Alfa
and used as received. (i-Pr)MgCl was purchased from Aldrich Chemical

Company and used as received. Nuclear Magnetic Resonance (NMR) spectra

were recorded on CgDg solutions with an IBM NR-80 spectrometer,

TIPIn was synthesized by reaction of InCl3 with 3.5 equivalents of (j-

Pr)MgCl in diethyl ether [17]. The diethy! ether was removed under vacuum and
the residue was extracted with hexane. After filtration, the solvents were

removed by fractional vacuum distillation and the crude preduct was collected
in a liquid Na trap. The liquid was then heated (0 80-385 °C at 10 torr for 2 hours

in the absence of light to remove any traces of solvent. The product was then
purified by fractional vacuum distillation two more times (60 °C at 2 torr and 53
°C at 1.2 torr) to yield an air-, heat- and light-sensitive light-yellow pyrophoric
liquid. The desired compound was confirmed by 'H and 13C NMR

spectroscopy.
The TIPIn vapor pressure has been reported to be [18]
log P(Torr) = 8.453 -2665.8/T(K) . (1)

This gives a value of 0.32 torr at 25 °C. Our distillation values for TIPIn are 2.0

torr at 60 °C, 1.2 torr at 54 °C, and 0.9 torr at 48 °C. These values are consistent
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with the more accurate values from equation (1). In the following, equation (1)

was used to calculate the TIPIn partial pressures and /I ratios.

The decomposition experiments were conducted in an isothermal, flovs-
tube, SiO3 ersatz reactor at atmospheric pressure. A detailed descripticn of the
apparatus has been published previously [19]). The TiPIn source was held at 23
°C and the cairier gas was He with a flow rate of 40 sccm. Unless otherwiss
specified, the TIPIn source was purged with He for more than 12 hours before
each experiment. For OMVPE growth of InAs, an atmospheric pressure
horizontal reactor was used [5). The arsenic source was 100% arsine. The
carrier gas for the sources was pailadium-diffused Hp with a total flow rate of
about 2.5 liter/min. Separale stainless steel tubing was used for the gro.p Il
and V reactants in order to minimize possible parasitic reactions. The mixing of
the group Il and V reactants occurred immediately before entering the quartz

reactor. The typical carrier gas flow rate for TIPIn was 300 ¢c¢/min with the
bubbler being held at 22 °C. The AsHg flow rate was appriximately 20 cc/min.

The layers for van der Pauw measurements were grown on semi-
insulating InP substrates. The In contacts on the four corners of the

rectangular samples were annealed at 300 °C for 1-2 minutes under Na.

The magnetic field was 5 kG and the sample current was about 10 pA.

The carbon concentration in the epilayers was measured using a Perkin
Elmer 6200 secondary ion mass spectrometry (SIMS). The standard was icn

implanted GaAs. A sample was measured twice to ensure the reliability of the

measurements.

3. RESULTS AND DISCUSSION
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3.1 Decomposition

As mentioned in the experimental section, the TIPIn decomposition study
was carried out in a flow tube reactor. The temperature was varied from 50 to
200 °C in 25 °C increments. Fig. 1 shows the results at 50 and 200 °C. The
signal intensity is weak as compared to, for example, the decomposition results
for TMGa [20]. This is partly dus to the low TIPIn vapor pressure at room
temperature, giving a low TIPIn partial pressure in the ambient. This is
exacerbated by the fact that In sources tend to generally give low signal
intensities {21). No peaks were cbserved for m/e values between 100 and 300,
including the value for the TIPIn parent peak. Comparing the results in Fig.1 (b)
& (c), itis seen that peaks due to TIPin occur at m/e values of 39, 42, 43, 71, and
86 at 200 °C. The peaks at 42 and 43 can also be resolved for spectra obtained

at 125, 150, and 175 °C. So, they are not spurious.

The dependence of peak intensity on temperature is plotted in Fig.2 for
m/e values of 39, 42, 43, and 71. The intensities increase rapidly from 100 to
125 °C and saturate above 125 °C. The results show that the TIPIn
decomposes at low temperatures, with a value of Tgg (temperature for 50%

decomposition) of about 110 °C. For compariscn, the value of Tgg obtained for

TMIn using similar conditions is about 310 °C [14]. The ease of decomposition
is most likely due to the weak In-CaH7 bond. Itis known that the H-alky! bond

strength decreases in the order [22]:

CHz-H > CoHs-H > i-CgH7-H .

Tha alkyl-in bond strengths are expected to follow the same order. Thus, TIPIn

is expected to decompose at lower temperatures than TMin,

Y S




o A e 7 00 ST B ool i SR I

-

s R AR T SRS S

The intensity for m/e=43 is weak at 50 °C. If the undecomposed TIPIn

makes its way into the mass spectrometer, the principle peak is expected to ba
due to CaH7 at m/e=43. This is, indeed, the case for triisopropylantimany {23).

Thus, the principle peak for TIPIn is not positively observed at 50 °C. As a -

result, the intersities at m/e=39, 42, 43 come mainly from the decomposition
products.

It is difficult to identify the products from Figs.1 and 2 because only a few

peaks are well-resolved. Thus, it is not possible to positively determine the

TIPIn decomposition mechanism. One possible reaction pathway is §-hyarogen

elimination:
(C3H7)3In = C3Hg + (C3Hy)2lnH , ()

as has been observed to occur for the decomposition of triethylgallium (TEGa)

[24), triethylaluminum (TEAI) [25], and triisobutylaluminum (TIBAI) [26]. Another

possibility is homolytic fission:
(C3H7)aln = C3H7 + (C3Hz)aln . @)

The resulting isopropyl radicals may subsequently participats in disproportiona-

tion and recombination reactions:

CaH7 + C3H7 = C3Hg + CaHg (4)

C3H7 + C3H7 =CgHy4 (5)
yielding CaHg, CaHg and CgHy4. The fragmentation patterns for these three '
species [27] are listed in Table 1 for the m/e values of 39, 42, 43, 71, and 86, the %
positions of well resolved peaks in this study. From the presence of peaks at
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m/e=71 and 86, it is clear that CgHy 4 is produced during TIPIn decomposition.
Since the intensities at other peak positions have contributions fiom C3Hg,
CaHg and CgH 14, it is not possible to definitively identify the prasarice of C3Hg
and C3Hg. The fragmentation distribution for CgHyg is plotted in Fig.3 for
comparison with the experimental results at 200 °C. The intensity from CgH 14
at m/e=71 is adjus.ad to be equal to the experimental result at m/e=71. ltis
seen that the CgH 14 fragmentation pattern explains the general {eatures of the
experimental result. The intensity at m/e=39 may be greater than for CgH14
alone. Thus, it is possible that a small concentration of C3Hg and/or C3Hg may
be produced from TIPIn decomposition. In torms of the reaction mechanism, the
results suggest that the reactions (3) and (S) dominate. It is not certain to what

degree reactions (2) and (4) contribute to the TIPIn decomposition.

3.2 OMVPE Growth

The OMVPE growth experimenis were carried out in a typical OMVPE

reactor, as described in the Experimental section. InAs was grown to iest the

utility of the TIPIn.

The surface morphologies of InAs layers are shown in Fig.4 for growth
temperatures of 400, 300, and 260 °C. The VI ratios are about 460. The
surface morphology is very good for the sample grown at 400 °C. Droglets are
formed on the surfacs for the sample grown at 300 °C. For the sampie grown at
260 °C, the surfacs is covered by whiskers and appears to be black to the

naked eye. The degradation of surface morphology at lower temperatures is
not related to the use of TIPIn, but to the incomplete decomposition of AsHa.

Since AsH3 decomposes slowly at low growth temperatures {28], the real VA

ratio at the interface will be much smaller than the input V/ill ratio. For the
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sample grown at Tg=260 °C, the V/Ili ratio at the interface is probably less than
unity. Thus, whiskers are formed, due to well-known vapor-iquid-solid three-
phase growth [29, 30]. A similar trend of surface morpholegy depandence upon
growth temperature and input V/II! ratio has been repsried for OMVPE growth of
GalnP using PH3 [31] and InP using tertiarybutylphosphinsg (32].

Fig. 5 shows the growth efficiency as a function of growth temperature.
The growth efficiency Is defined as the growth rata divided by the group !l melar
flow rate [33). The epilayer thickness was measured for InAs grown on InP
substrates. The results for InAs and InAsBi grown using TMinin a similar
reactor are also shown for comparison [12]. For the growth of InAs using TIPIn
at 300 °C, the growth rate is a nearly linear function of the Hy flow rate (between
0-300 cc/min) through the TIPIn bubbler. It is seen in Fig.5 that the growth
efficiency for InAs using TIPIn is only about 700 pm/mole at 500 °C and
increases tu about 1300 um/mgcle at 300 °C. For InAs grown using TMIn and
AsHg, the growth efficiency Is on the order of 1x104 pm/mole at high
temperatures where TMin Is completely decomposed [14]. The low growth

efficiency for InAs grown using TIPIn may te due to parasitic reactions between
TIPIn and AsHg. This has been reported to be the case in the growth of InP and

GalnAs using TEIn [34). Because TIPIn has a low valua of Tsp, the low growth
efficiency could also be the result of upstream decomposition of TIPIn, resulting
in In deposit on the walls. The temperature dependenca of the gruwth efficiency
shown in Fig.5 is consistent with either possibility: Lower growth temperatures

lead to higher growth efficiencies.

The problem with low growth efficiencies demonstrates the basic difficulty
in developing an In precursor for low temperature growth: If the scurce

decomposes at too high a temperaturs, it is uselsss for low temperature growth,
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since it leads 1o low growth efficiencies. If the value of Tgq is too low,
decomposition occurs inside the bubbler, on the stainless steel tubing, and/or
on the reactor walls upstream of the substrate. This also leads to low growth
efficiencies. The lew growth efficiency for TIPIn is expected to be alleviated in a
low pressure system. Itis very unlikely to be a problem in chemical beam

epitaxy (CBE). In fact, the stability of TIPIn and the absence of CHg radicals

would both seem to be favorable for it to be a CBE precursor.

In order 1o evaluate the electrical properties using the van der Pauw
technique, InAs epiiayers were grown on sen..-insulating InP substrates. The
as-grown epilayers are n-type. Fig.6 shows .he electron and carbon
concentr..tions plotted versus growth temperature. The results for InAs grown
using TMIn and AsHj [13] are included for comparison. Tha electron
concentration is about 1x1017 cm*3 for samples grown at both 500 and 400 °C,
This level of impurity concentration is probar. y caused by a background
impurity present in 1ha TIPin scurce. This is not surprising since this is the first
bottle of TIPIn ever used for OMVPE growth: Itis not of electronic grade. ltis
expected that this background impurity level can be reduced by further
purification of the TIPin. More significant is tha increase in electron

concentration when the growth temperature {alls below 400 °C,

Recently, inAs has be sn grown using TMin and AsH3 at temperatures as
low as 275 °C [12]. It was found that the electron concentration increased as
the growth temperature was reduced [12, 13], as shown in Fig.6. The donor
imputity has been positively identified ac carbon from SIMS measurements {12,
13]. The incorporation of carben as a donor rather thar an acceptor (as for
GaAs and AlGaAs) has been explained in terms of the relative bond strengths

between carbon and the host group It and V atoms [12]. The trerd observed for
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TIPIn is similar to that for InAs grown using TMIn. The major ditference is that

the carbon concentrations for low growth temperatures are much smaller than

those for InAs grown using TMin.

As discussed in Section 3.1, TIPIn decomposes mostly by homolysis, that
is, by reactions (3) and (5). Thus, free isopropyl radicals are present on the
surface. The less reactive isopropyl radicals are expected to result in less
carbon incorporation than for CH3. On the other hand, if reaction (2) is the
dominant pathway, iittle carbon contamination would be expected because the
reaction product is propene which is unlikely to lead to carbon contamination.
For example, methane has been demonstrated to be an ineffective dopant for
GaAs [35, 36). In addition, TEGa, which decomposes via the -hydrogen
elimination reaction, has been used {o grow GaAs and AlGaAs with very low

levels of carbon contamination [37].

4. Conclusions

TIPIn has been investigated as a possible replacement for TMin in

OMVPE growth. From the decomposition results, it is found that TIPIn
decomposes with a valug of Tgg of about 110 °C, approximately 200 °C lower

than the value for TMIn under similar conditions. The major produdt is identified
as CgHy4. The decomposition results suggest that the TIPIn decomposes
main'y by homolysis, followed by recombination of the C3Hj radicals. The
growth results show that good surface morphology InAs can ba obtained

provided that the V/UiI ratio is sulficiently high. The required V/Ill ratio has 1o be

increased as the growth temperatura is lowored because less AsHg is

decomposed at lower temperatures. Because the isoprepyt radicals are much
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less reactive than methy! radicals, the carbon concentration is reduced by

several orders of magnitude when TiPIn replaces TMIn or EDMiIn.,
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Table 1 Fragmentation Patterns for C3Hg, C3Hg and

CeH14 at several selected m/e alues [27]

m/e CsHs CaHg CeH14
(%) (%) (%)
39 71.1 17.0 18.49
42 67.7 84.63
43 22.8 100
71 18.94
86 4.1

Note: The percentage is relaliva to the principle peak intensity

which is taken to be 100 %.
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Figure Captions:

Fig. 1 Mass spectroscopic results for TIPIn decomposition: (a) background of

the mass spectrometer; (b) TIPIn + He at 50 °C; (c) TIPIn + He at 200 °C.
Fig.2 Mass spectral intensities versus temperature at several values of m/e.

Fig.3 Measured mass spectral intensity distribution at 200 °C compared with

that expected for CgH14 [27].

Fig.4 Surface morphologies of InAs layers grown using TIPIn and AsHg at 400,

300, and 260 °C with V/III ratios of approximately 461.

Fig.5 Growth efficiency for InAs grown using TIPin and AsHg as a function of
growth temperature. The results for InAs and InAsBi grown using TMIn in

a similar reactor are also shown for comparison.

Fig.6 Room temperature electron and carbon concentrations for InAs grown
using TIPIn and TMIn as a function of growth temperature. For

comparison, the results for InAs grown using TMin and EDMIn are also

shown.
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(a) Background

(b) TIPIn+He @50 °C

(c) TIPIn+He @200 °C
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A InAsBi Grown Using TMIn+AsH3+TMBI
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