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Intentional carbon doping of low-pressure metalorganic chemical vapor deposition (MOCVD)
grown InP has been attempted with 2 500 ppm mixture of *CCl, in high-purity H,, which has
been used to obtain carbou-acceptor concentrations as high as 1 X 10" cm ™7 in GaAs. Under
growth conditions similar to those used for heavy carbon incorporation in GaAs, injection of
*CCl, into the growth reactor during growth of InP did not produce any measurable change
in the carrier concentration of the InP epitaxial layers or any change in the ’C concentration
above the "*C background in secondary-ion mass spectroscopy analysis. These results support
previous low-temperature photoluminescence measurements of high-purity InP in which no
residual carbon acceptor is observed under many growth techniques and growth conditions,
and hence support the hypothesis that carbon is not incorporated in InP grown by MOCVD.

Carbon has recently received a great deal of attention as
an intentional p-type dopant for GaAs and AlGaAs grown
by metalorganic chemical vapor deposition (MOCVD),"*
atomic layer epitaxy,” chemical beam epitaxy (CBE)," and
molecular beam epitaxy’ due to its low diffusion cocflicient
compared to group I p-type impurities.®'* Because carbon
is an intrinsic impurity in metalorganic source materials, its
behavior in HI/V compounds grown with these precursors
is particularly important. Although carbon is 2 group IV
element and is potentially amphoteric in GaAs, InP, and
other IIE/V compounds, in GaAs it is only incorporated as
an acceptor on the As sublattice. Low-temperature photoiu-
minescence {PL) measurements of high-purity epitaxial
InP which had been subjected to low-dose ion implantation
of carbon indicates that carbon can be incorporated as a shal-
low acceptor in InP.'" However, the low-temperature PL
spectra of high-purity InP grown by licnid phase cpitaxy
(LPE), Liquid-encapsulated Czochralski {LEC), and hy-
dride vapor phase epitaxy indicate that carbon was not in-
corporated as a residual acceptor for any of these growth
techniques,'' and in particular, low-temperature PL mea-
surements of high-purity InP grown by low-pressure
MOCVD demonstrate that no residual carbon is incorporat-
ed into the epitaxial layers regardless of the growth condi-
tions."”

Although these results indicate that residual carbon im-
purities are not incorporated into InP grown by many tech-
niques, the use of carbon as an intentional dopant in InP has
not been previously investigated. In this work, experiments
are described in which we attempted intentional doping of
low-pressure MOCVD InP with CCl, under conditions
which result in heavy carbon doping of GaAs. Injection of
CCl, into the reactor during growth of InP did not produce
any measurable change in the carrier concentration of the
InP epitaxial layers or any change in the carbon concentra-
tion measured by sccondary-ion mass spectroscopy (SIMS).
The results of these experiments indicate that CCl, isnot a
viable p-type dopant source for MOCVI} InP, and support
the hypothesis that carbon is not incorporated in MOCVD
InP.
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The MOCVD reactor used in this work was an Emcore
G83100. All growths were carried out on 2° off (100) orient-
ed towards the nearest (110) LEC GaAs or InP substrates
with a reactor pressure of ~ 100 Torr, a total H, flow rate of
~9 stm, and a substrate rotation speed of ~ 1300 rpm. For
GaAs growth, TMGa and 100% AsH,; were the respective
group I and V sources. TMlIn and 1009% PH, were the
precursors for the growth of InP. The CCl, source was a 500
ppm mixture of '>CCl, in high-purity H,. The "’C isotope
was used to obtain increased sensitivity for carbon detection
during SIMS analysis.

SIMS analysis for carbon was performed with a Cameca
IMS-3f instrument using a Cs™ primary ion beam (160 nA,
13 keV) and negative secondary-ion detection to obtain
maximum carbon atom yield and detection sensitivity. Low-
resolution operation of this instrument results in a detection
limit for '*C of only ~3x10'° cm ™3, below which no vari-
ation in the '*C concentration can be measured. However,
the detection limit for ’Cis ~2x 10" cm * under these
conditiong.>'*

In order 10 demonstrate that injection of *CCl, into the
reactor during GaAs growth results in '*C incorporation, a
“CCl,-doped GaAs sample was grown with a constant
growth temperature (7T = 640 °C) and growth rate (R
~1000 A/min), while the *CCl,-mixture flow rate was de-
creased in four steps of 150, 100, 50, and 25 scem during the
growth of ~0.6-um-thick layers. Undoped GaAs grown un-
der these conditions was n type with an electron concentra-
tion of n~1X 10" cm™* as measured by capacitance-vol-
tage (C-V) profiling.

To determine the effect of '*CCl, injection into the reac-
tor during InP growth, two “CCl,-doped InP samples were
grown in which the growth temperature (7; = 580°C,
630 °C) and growth rate (R, ~250 A/min) were held con-
stant while the *CCl, mixture flow ratc was decreased in
four steps of 150, 100, 50, and 25 scemt during the growth of
~.25-um-thick layers. Undoped InP samples grown under
these conditions were 1 type with an electron concentration
of 1~ 1.5 10" cm™ ? as measured by electrochemical C-¥
profiling.
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The kole concentration as a function of depth for the
B¥CCl,-doped GaAs samples, measured by electrochemical
C-¥ profiling, is shown in Fig, 1(a}. The hole concentration
varied nearly linearly with the '*CCi, flow rate. The resuits
of SIMS analysis of this sampie for *C ™ and '*C~ shown in
Fig. 1(b) demonstrate increased *C concentration with in-
creased *CCl, flow rate. The '*C concentration was con-
stant at the background detection Hmit throughout the sam-
ple, with the exception of small amounts of "*C detected at
the substrate and sample surface. The '°C detected at the
sample surface is believed to originate from '*C background
contamination in the SIMS instrument. The >C detected at
the substrate is probably the result of sarface propagation in
organic sclvents, and has been detected in both doped and
undoped samples.

The electron concentration as a function of depth in the
BCCl, “doped” InP sample grown at T, = 630 °C, mea-
sured by electrochemical C-¥ profiling, is shown in Fig.
2(a}. The clectron conceniration did not change with in-
creased CCl, fiow rate. The results of SIMS analysis for
2C~ and *C shown in Fig. 2(b) demonstrate that the
3C~ ion count was constant at the background detection
limit throughout the sample. As in the GaAs sample, the
2C ion count did not change from the background detec-
tion limit, except for °C contamination detected at the sub-
strate and sample surface. The CCl,-doped InP sample
grown at 7, = 380 °C demonstrated nearly identical vari-
ation of electron concentration, *C  ion count, and 2C~
ion counts as a function of depth as the sample grown at 7,

= 630°C.

In summary, we have attempted to incorporate carbon
into InP grown by low-pressure MOCVD using a carbon
dopant source and similar growth conditions that result in
very heavy carbon acceptor doping in GaAs. SIMS and clec-
trochemical C-¥ profiling of the InP layers indicate that the
addition of *CCl, to the growth ambient results in no mea-
surable change in the *C content {with a detection-sensitiv-
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FIG. 1. (a) Hole concentration as a function of depth for a '*CCl-doped
GaAs sample measured by electrochemical C-¥ profiling. (b) Results of
SIMS analysis for ?C~ and *C~ demonstrating increased V’C concentra-
tion with increased “CCl, flow rate.
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FIG. 2. (a) Electron concentration as a function of depth for a *CCl,-
doped InP sample measured by electrochemical C-V profiling. No change
in carrier concentration with increased *CCl, flow rate was detected. (b)
Results of SIMS analysis for *C~ and '*C~ demonstrating no change in
*C or '°C concentration with increased CCl, fiow rate.

ity limit of [*C]~2x 10" ¢cm?} and no change in the
carrier conceniration. These results are in agreement with
PL studies of high-purity InP grown by several methods,
including MOCVD, in which no residual carbon acceptor is
detected. Although carbon is a very desirable p-type dopant
in GaAs, based on these results, the use of carbon as an
intentional p-type dopant in MOCVD InP appears to be im-
practical due to its lack of incorporation.
The amphoteric behavior of group IV impurities in 111/
V compounds has been the subject of considerable study.
Recent resulis have shown that the amphoteric behavior of
group IV impurities cannot be explained by eguilibrium
thermodynamics alone, but that this behavior is also depen-
dent on kinetic effects which infiuence impurity incorpora-
tion.'* Group IV atoms such as Si and Ge are well known to
be amphoteric dopants in I11/V compounds with which the
degree of autocompensation depends on the covalent radins
of the impurity relative to the host atoms and upon the rela-
tive availability of the two lattice sites. Usually, the impurity
will occupy a lattice site which most closely matches its co-
valent radius, since this will minimize the lattice strain and
therefore the free energy of the crystal.™ If a host atom of
equal covalent radius is not available, the impurity will occu-
py the lattice site which is most energetically favorable.
However, the free energy does not increase to a large extent
for incorporation of an impurity on a larger lattice site, but
increases rapidly with size difference for incorporation of a
large impurity on a smaller lattice site. Although these argu-
ments have been successful in explaining Si and Ge tncorpo-
ration, they cannot explain why carbon will occupy only As
sites in GaAs, It is interesting to note, however, that for the
case of carbon incorporation in LPE GaAs, the equilibrium
thermodynamic model of Teramoto'” has been used by Low
et al. to predict an amphoteric ratic [Cq,1/{Call
= 6.4 X 1077 at a growth temperature of 700 °C, due to the
large lattice-strain energy contribution to the free-energy
difference AG, ,, between IV, and IV ,, site occupation
which forces the small carbon impurity onto the small As
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site rather than the larger Ga site.'® Additional contribu-
tions to the free-energy difference AG,, ,, in InP due to elec-
tronegativity corrections to the binding energy might pre-
clude incorporation of carbon in InP entirely at the pressures
and temperatures typically used in MOCVD epitaxy.
A recent study of CCl, doping in Al ,Ga, ,As has
demonstrated the importance of surface adsorption and de-
sorption of CCl, ( y<3) on carbon incorporation. The au-
thors found that carbon incorporation in Al Ga, ,As
(x>0.4) did not decrease significantly with increased
growth temperature, as is the case for GaAs, presumably
because the Al — C (64 kcal/mole)} bond is stronger than
the Ga — C (59 keal/mote) bond.!” The In -— Cbond, with
an activation energy of 47 keal/mole, is much weaker than
the Ga — C or Al- - C bond.”® If the weak In — C bond
prevents adsorption of CCl,, carbon incorporation from
CCl, would not be possible unless extremely low growth
temperatures were used. Likewise, the adsorption of other
carbon-bearing species, such as methyl radicals from TMIn,
would be inhibited. This theory is supported by studies of
carbon incorporation in CBE-grown InP which measure sig-
nificant carbon incorporation only at growth temperatures
below 450 °C.2' At growth temperatures above 500 °C, the
carbon concentration may already be well below 1X 10"
cm 3, due to decreased adsorption of ethyl radicals. More
work remains to be done on experimental studies of possible
orientation dependence of carbon incorporation in InP and
on theoretical studies of impurity incorporation in GaAs
and InP to fully understand this problem.
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