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Abstract

Indium phosphide, gallium arsenide phosphide, and aluminum indium phosphide have been deposited by
metalorganic vapor-phase epitaxy using tertiarybutylphosphine and tertiarybutylarsine. The effects of growth
temperature and V/III ratio on the amount of silicon, sulfur, carbon, and oxygen in InP have been determined.
Minimum incorporation was observed at 565°C and a V/III ratio of 32. In this case, the material contained a
background carrier concentration of 2.7 x 10" cm™2, and the Hall mobilities were 4970 and 135,000 cm?/V s at 300 and
77K. The oxygen contamination in AlInP was found to be only 9.0 x 10'*cm ™2 for deposition at 650 °C and a V/III
ratio of 35. The relative distribution of arsenic to phosphorus in GaAs,P;_, was determined at temperatures between
525 and 575 °C. The distribution coefficient [(NAS/NP)ﬁlm/(PTBAS/PTBP)gaS] ranged from 25.4 to 8.4, and exhibited an
Arrhenius relationship with an apparent activation energy of 1.2¢V.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction
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molecular beam epitaxy (MBE), the other widely
adopted growth process, MOVPE has the
advantage of somewhat greater flexibility in
materials composition, especially for alloys
containing phosphorus [1]. However, MOVPE
reactors consume large quantities of hazardous
chemical precursors. In particular, the con-
ventional group V precursors, arsine and phos-
phine, have lethal doses (LCsy) well below
50ppm [1-4]. This puts stringent demands on
the safety equipment, and adds to the production
costs.

Tertiarybutylphosphine (TBP) and tertiarybu-
tylarsine (TBAs) have been shown to be suitable
alternatives to arsine and phosphine. These
precursors are less toxic (LCso=70ppm for
TBAs, and > 1100 ppm for TBP), and decompose
upon air exposure to form relatively harmless
solid oxides [1-4]. Liquid TBP and TBAs can be
stored in bubblers at room temperature and
mounted directly onto the MOVPE system.
This reduces the danger to workers, as liquid
materials disperse at rates several orders of
magnitude slower than gases [3]. In addition,
these precursors exhibit higher incorporation
efficiencies than the hydrides, so that growth
can be carried out at lower V/III ratios and
substrate temperatures.

One of the main obstacles to the use of TBP
and TBAs has been the presence of oxygen
impurities in AlInP and AllnGaP at levels equal
to or above 10'"cm™3 [5-10]. Nevertheless, recent
advancements in precursor purification may have
overcome these drawbacks, suggesting that it is
worthwhile to reexamine these sources for I1I/V
MOVPE. In this work, we have investigated the
growth of InP, AlInP and GaAsP using tertiar-
ybutylphosphine and tertiarybutylarsine. It was
found that impurity concentrations below mid-
10'"*em ™ for InP and 10'®cm ™ for AlInP could
be achieved at relatively low process tempera-
tures and V/III ratios. In addition, the As/P
segregation curves have been determined for
GaAsP deposition between 525 and 575°C. As
expected, significantly lower arsenic distribution
coefficients were obtained with TBAs and TBP as
compared to those reported for alloy growth with
the hydrides.

2. Experimental methods

The compound semiconductor films were grown
in a Veeco (formerly Emcore) Discovery-125
MOVPE system, equipped with a sample loadlock
having a base pressure of 1x 107’ Torr. The
reactor was fed with UHP grade hydrogen that
was further treated with a SAES Pure Gas, Inc.
purifier (Model PS4 Series) to remove any
remaining oxygen, nitrogen or carbon species to
below one part per billion. The metalorganic
precursors were trimethylgallium (TMGa), solu-
tion trimethylindium (TMIn), tertiarybutylpho-
sphine (TBP), and tertiarybutylarsine (TBAs)
from Epichem, Inc. Gallium arsenide phosphide
and aluminum indium phosphide were deposited
on 2” GaAs (00 1) wafers, while indium phosphide
was grown on InP (001) wafers. The substrate
miscut angles were less than 0.3° towards the
(110) plane. The growth rates and substrate
temperatures were monitored in real time by
an emissivity-corrected pyrometer (Veeco Real-
Temp™).

The InP films were deposited at 520, 565, and
610 °C, and V/III ratios varying from 10 to 32. The
TMIn flow was kept constant during the run at
2.4mTorr, which vyielded a growth rate of
3.440.1 A/s. Lattice-matched AlInP on GaAs
was deposited at 600 and 650 °C with V/III ratios
of 35 and 65, respectively. The partial pressures of
the group III sources ranged from 1.8 to 4.4 mTorr
in these runs, yielding growth rates between 2.5
and 6.3i0.2A/S. All runs were carried out at a
total pressure of 60 Torr. Each day prior to the
first run, the sample platter and reactor were
baked for 0.5h in flowing hydrogen at 750 °C. In
addition, they were coated with a }—rum-thick layer
of the base III/V material, if the substrate was
different from the previous run.

After growth, the compound semiconductor
films were characterized by high-resolution X-ray
diffraction (HRXRD), photoluminescence spec-
troscopy (PL), secondary ion mass spectroscopy
(SIMS), and Hall measurements. The XRD
spectra were recorded on a Bede D® instrument
at UCLA. The PL maps were provided courtesy of
Veeco, Inc. The SIMS work was performed at
Charles Evans & Associates, Inc., while Dr. Han
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at Microlink Devices, Inc., made the Hall mea-
surements.

3. Results and discussion
3.1. Indium phosphide

In Figs. 1-3 SIMS profiles are shown for InP
films grown using TMIn and TBP. The substrate
temperature and V/III ratio used to produce each
layer in the film are listed in Table 1. Note that a
lattice-matched InGaAsP layer (4 = 1.3 um) was
inserted in between the film and the buffer layer so
that growth rates could be monitored by reflecto-
metry. The impurities monitored by SIMS were
oxygen, carbon, sulfur, and silicon. No oxygen
was detected in any of the layers, indicating that
the concentration of this species was below
7.5x 10 em ™.

A comparison of layers 1, 3 and 4 in Fig. 1
reveals that the carbon concentration decreases
slightly with increasing temperature. At a V/III
ratio of 32, the carbon doping level equals
4.7x10”cm ™ at 610°C and 1.0 x 10'"°cm™ at
520 °C. On the other hand, the carbon concentra-
tion is not significantly affected by the V/III ratio,
at least for values between 10 (layers 5 and 6) and
32 (layers 3 and 4). The rapidly increasing carbon
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Fig. 1. SIMS profile for carbon in indium phosphide. Growth
conditions are listed in Table 1.
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Fig. 2. SIMS profile of sulfur in indium phosphide. Growth
conditions are listed in Table 1.
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Fig. 3. SIMS profile of silicon in indium phosphide. Growth
conditions are listed in Table 1.

level seen in layer 7 is probably due to an artifact
of the SIMS analysis.

In early studies of MOVPE with tertiarybutyl-
phosphine, sulfur was found to be a major
contaminant in the organometallic source [1]. As
shown in Fig. 2, sulfur doping levels observed in
the InP film range from 3.5 x 10> cm > at 520°C
(layers 4 and 5) to below the detection limit of
2.0 x 10" em™ at 610°C (layers 1 and 7). These
results indicate that the sulfur concentration
strongly depends on the substrate temperature,
but is relatively insensitive to the V/III ratio.



Table 1

Growth conditions for the InP film analyzed by SIMS

Layer no. V/III ratio Temperature (°C) Thickness (um)
1 32 610 0.25

2 (InGaAsP) 55 610 0.35

3 32 565 0.3

4 32 520 0.3

5 10 520 0.3

6 10 565 0.3

7 20 610 0.6

Shown in Fig. 3 is a SIMS depth profile for
silicon in the indium phosphide film. This impurity
resulted from residual contamination of the
reactor from a prior run that used Si;Hg to n-
type dope GaAs to ~1.0x 10" cm™>. Before
depositing the InP, a different sample platter was
inserted through the loadlock, and the system was
baked and coated as described in the Experimental
Methods section. It can be seen in the figure that
the amount of Si decreases from 8 x 10"°cm™ to
below the detection limit of 4.0 x 10'*cm ™ as the
temperature is reduced from 610 to 520°C.
Comparison of layers 3 and 6 suggests that silicon
incorporation depends on the V/III ratio, falling
from 1.0 x 10"°cm™ to below the detection limit
as this variable is lowered from 32 to 10.

The optimal MOVPE process conditions for InP
growth with TMIn and TBP may be drawn from
the SIMS results. The best compromise appears to
be a moderate growth temperature of 565°C
combined with a V/III ratio of 32. Hall measure-
ments have been performed on an InP film, 6.3 um
thick, which was grown at these conditions. The
intrinsic carriers were found to be n-type with a
concentration of 2.7x 10"¥cm™>. The carrier
mobilities measured for this film at 300 and 77K
are 4960 and 135,000 cm?/V s, respectively.

Imori et al. [11] has reported electron mobility
data for InP grown with TBP that is slightly better
than that reported here. Their value of 167,000 cm?/
Vs was obtained on material grown at a V/III ratio
of 36 in an atmospheric pressure MOVPE reactor,
using TBP synthesized in Imori’s laboratory.
Beccard et al. [12] reported a mobility of
50,000cm?/Vs at 77K for InP layers grown with
TBP at 75 Torr. The results obtained here also may
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be compared to those reported for MOVPE of InP
with phosphine [1,13—16]. These latter studies found
that the best material is produced at 600°C and a
V/III ratio between 100 and 500. Under these
conditions, the Hall mobilities vary from 100,000 to
264,000cm?/Vs at 77K, with the highest value
reported by Thrush et al. [16]. Thus, we may
conclude that InP films generated with TBP exhibit
Hall mobilities in about the same range as those
prepared with PH; [1].

3.2. Aluminum indium phosphide

Presented in Figs. 4 and 5 are the SIMS results
recorded for the deposition of Alj s3Ing 47P lattice
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Fig. 4. SIMS profile of oxygen in aluminum indium phosphide.
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Fig. 5. SIMS profile of carbon in aluminum indium phosphide.
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matched to gallium arsenide. The oxygen contam-
ination level decreases dramatically with increas-
ing temperature, but does not change with V/III
ratio, within the limited range of values examined.
At 600°C, the O atom concentration is rela-
tively high, ranging between 2.0 x 10'7 and
1.0 x 10" ecm™3. By contrast at 650 °C, it falls to
9.04+1.0 x 10">cm™>. This latter figure is 10-100
times lower than that reported previously for the
deposition of aluminum-containing alloys using
either TBP or PH; [5-10,17-22]. Among these
studies, Kondo et al. [21] observed the lowest
oxygen level in AlGalnP, equal to 2.0 x 10"®cm ™.
Note that this impurity level was achieved with less
aluminum (Al=0.35) using a V/III ratio of 400
and growth temperature of 690°C. The results
obtained in the present study suggest that by
substituting TBP for PH3, one may substantially
reduce the process temperature and chemical usage
without sacrificing the material quality.

Inspection of Fig. 5 shows that the carbon
doping is insensitive to temperature between 600
and 650 °C, yielding a concentration of 1.1 x 10'®
at a V/III ratio of 65. On the other hand, the
impurity level appears to be sensitive to the V/III
ratio. Reducing the ratio from 65 to 35 at 650 °C
causes the carbon concentration to increase to
about 5.0 x 10'”cm >, although the exact value is
obscured by contamination from the sample sur-
face. A comparison of Fig. 5 to Fig. 1 indicates
that carbon is more of a problem with AlInP than
with InP, as one would expect due to the higher
Al-C bond strength [23].

Sulfur contamination is below the detection
limit of 10" cm ™ in layers deposited at 650 °C. At
600°C, the sulfur concentration equals
2.0 x 10" em™ at a V/III ratio of 65 and further
increases to 4.0 x 10" cm ™ when the V/III ratio is
reduced to 35. The silicon content is seen to be
insensitive to either the growth temperature or the
V/III ratio in the range examined, and averages
7.0 x 10">cm ™ in all the layers.

3.3. Gallium arsenide phosphide
The composition of strained GaAs,P,_, films,

ranging in thickness from 20 to 40nm, was
determined by XRD measurements. A distribution

coefficient describing the relative incorporation
efficiency of the two group V elements is defined as
follows [24,25]:

_ (Nas/Np)sond
(PtBAs/PTBP)Gas

where N; is the mole fraction of species i in the
GaAsP film, and P; is the partial pressure of
precursor i in the feed to the reactor. Fig. 6
displays the relationship between these two ratios
for GaAs,P;_, MOVPE with TBP and TBAs. The
As/P distribution coefficients determined from the
slopes of the lines equal 25.4, 15.3 and 8.4 for
deposition at 525, 550 and 575 °C, respectively.
Shown in Table 2 are the As/P distribution
coefficients obtained in this study and for the
growth of GaAsP with PH; and AsH;. The
coefficients are found to be 5-10 times smaller
for MOVPE with the organometallic compounds,
indicating that significantly better control over the
alloy composition can be achieved with the
alternative sources. The work of Stringfellow et
al. [26] suggests that the segregation behavior may
be improved further by using AsH3 in combination
with TBP. It should be noted that Leys et al. [27]
observed a higher incorporation efficiency for
phosphorus in thin compressively strained
GaAs,P;_, on GaP (001) compared to thick
relaxed layers. They attributed this difference to an
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Fig. 6. The As/P distribution coefficient for MOVPE of gallium
arsenide phosphide.
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Table 2
Arsenic to phosphorus distribution coefficients for GaAsP MOVPE
Precursors Growth Temperature (°C) n Ea (V)
This work TBAs, TBP 525 25.36 1.2
550 15.30
575 8.36
Fukui et al. [30] PH;, AsHj; 600 50 1.2
750 5
800 2
850 1.47
Samuelson et al. [29] PH;, AsHj; 650 12.99 1.0
700 7.14
750 3.57
800 2.08
850 1.33
Stringfellow [26] AsH;, TBP 610 2.29% —

“Average value.

effect of the As and P atomic radii on the relative
rates of adsorption of the precursors on the
semiconductor surface. In the present case for
tensile strained GaAs,P;_, on GaAs (001), we
would not expect this phenomenon to affect the 5
values.

Samuelson et al. [28,29] have developed a model
to explain how the process conditions affect the
As/P distribution coefficient:

_ (Nas/Np)solia

" (PASH3 /PPH3)Gas - B (2)
with
* = kAs/dASs p= kp/dp_ (3)

Here k; and d; are the adsorption and desorption
rate constants for As and P. The observed
temperature dependency is

g = A exp(—Ea/kT). 4)

An activation  barrier of 1.140.1eV
(1.0eV=23.4kcal/mole) was observed for GaAsP
MOVPE with PH; and AsHj; [29,30]. Shown in
Fig. 7 is an Arrhenius plot of the As/P distribution
coefficients measured in this study. An activation
energy of 1.234+0.05eV is determined from the
slope of the line, consistent with that recorded in
the earlier studies.

Ln (1/n)

1.18 1.20 1.22 1.24 1.26
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Fig. 7. The dependence of the group V distribution coefficient
on temperature for GaAsP MOVPE.

The activation energy, E,, is most likely
associated with the desorption energies for arsenic
and phosphorus from the GaAsP surface. This
parameter will not change with the choice of group
V source, in agreement with the experimental
results. The adsorption rate constant may be
approximated as %vSO, where v and S, are the
mean molecular speed and reactive sticking prob-
ability of the precursor. These terms are relatively
temperature insensitive [31,32]. Since the mean
molecular speed is about the same for each source,
one may assume that the differences in the As/P
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segregation coefficients may be attributed to the
ratio S as/Sop. From Table 2, the n values at
610 °C are estimated to be 4.3, 41.5, and 2.3 for
TBAs+TBP, AsH;+PH; and AsH;+TBP, re-
spectively. These results suggest that at this
temperature, TBAs sticks 1.9 times more often
than AsHjs, while TBP sticks 18 times more often
than PHj3 to the GaAsP surface.

4. Conclusions

We have examined the MOVPE growth of InP,
AlInP and GaAsP using tertiarybutylphosphine
and tertiarybutylarsine. For GaAsP, the As
segregation coefficient varied from 25.4 at 525°C
to 8.4 at 575°C, indicating that relatively good
control can be achieved over the alloy composition
in this temperature range. A minimum back-
ground carrier concentration of 2.7 x 10" cm ™3
was observed for InP growth at 565 °C and a V/III
ratio equal to 32. For AlInP films grown at 650 °C
and V/III=35, the oxygen level was below
10'"°cm ™. To our knowledge, this is the lowest
oxygen level reported to date for MOVPE of this
material.
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