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Raman spectroscopy of localized vibrational modes from carbon and carbon-hydrogen pairs
in heavily carbon-doped GaAs epitaxial layers
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Heavily carbon-doped GaAs layers have been studied by Raman spectroscopy of localized vibrational
modes. Films grown by three different epitaxial techniques —namely molecular-beam epitaxy, metalor-

ganic vapor-phase epitaxy (MOVPE), and metalorganic molecular-beam epitaxy —have been examined.

Samples grown by MOVPE show —besides scattering by the '
C&, local vibrational mode near 583

cm, which is observed for all three growth techniques —two additional lines at 452 and 2640 cm for
carbon concentrations & 5X10' cm '. These lines are assigned to the stretch mode of '

C&,-H pairs
(2640 cm ') and to a carbon mode of these pairs (452 cm '). The analysis of polarization selection rules

indicates that the 452-cm mode is longitudinal (3
&

symmetry). It shows a pronounced resonance
enhancement in scattering strength for incident-photon energies in resonance with the GaAs E& band-

gap energy.

I. INTRODUCTION

Carbon doping of GaAs epitaxial layers has attracted
considerable interest for application in the preparation of
highly conducting p-type material. ' Carbon is known
to be probably the best acceptor-doping element in the
GaAs/Al„Ga, „As material system. High doping levels

with reasonably low compensation ratios and low
diffusion constants have been reported for this acceptor.
Hole concentrations exceeding 10 ' cm have been
achieved in layers grown by, e.g. , metalorganic
molecular-beam epitaxy (MOMBE). For these high con-
centrations in some cases, however, the doping efficiency
was found to be only about 40%. This implies that a
substantial fraction of the carbon impurities can be either
electrically inactive or compensated by donors. It has
been speculated that some of the carbon atoms may act
either as interstitial donors or as substitutional donors
with the carbon impurity being incorporated on a Ga lat-
tice site.

Local-vibrational-mode (LVM) absorption spectrosco-

py, which gives direct information about the lattice loca-
tion of the impurities, has been used to study the incor-
poration of carbon in epitaxial GaAs layers. The ob-
servation of carbon-hydrogen nearest-neighbor pairs,
both in intentionally hydrogenated material as well as in
as-grown films prepared by MOMBE (Ref. 7) and by
metalorganic vapor-phase epitaxy (MOV PE), makes
carbon-doped GaAs layers an interesting material for the
study of acceptor-hydrogen complexes. The presence of

such electrical neutral complexes in layers grown from
hydrogen-containing precursors may account at least for
part of the reduced doping efficiency for the high dopant
concentration mentioned above.

To study the impurity-induced LVM of Si and Be in
GaAs, in addition to infrared-absorption spectroscopy,
Raman spectroscopy has also been used successfully. '

However, there is only one preliminary report on the
Raman-spectroscopic study of carbon LVM in carbon-
doped GaAs layers. " In the present work a variety of
heavily carbon-doped GaAs layers prepared by di8'erent
growth techniques have been investigated by LVM Ra-
man spectroscopy. The strength of the carbon acceptor
(CA, ) LVM has been correlated with the carbon concen-
tration. Heavily-carbon-doped layers grown by MOVPE,
which contain carbon-hydrogen complexes already in the
as-grown state, are found to show Raman scattering by
the stretch mode of the ' Cz,-H pair, as well as by the
longitudinal carbon mode of that pair.

II. EXPERIMENT

Epitaxial layers of GaAs highly doped with carbon
were grown by solid-source molecular-beam epitaxy
(MBE), MOVPE, and MOMBE, respectively. For MBE
growth a newly developed carbon elusion cell based on a
resistively heated graphite filament was used as the car-
bon source. ' The substrate temperature was 560'C for
sample 1 in Table I and 500'C for samples 2 and 3.
MOVPE growth was performed using trimethylgallium
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Sample
No.

Growth
technique

[C]
(cm ) (em )

TABLE I. Carbon concentrations [C] measured by SIMS and

free-hole concentration p measured by Hall effect for the sam-

ples used in the present study. The accuracy of the SIMS data
is +20% and that of the Hall-effect data is +10%.

GaAS: C

hvL= 2.71 eV

T=7? K

Ae

).2x) O oem ~

MBE
MBE
MBE
MOMBE
MOMBE
MOMBE
MOVPE
MOVPE
MOVPE

3.5X 10"
1.2X 10"
2.5X 10"
2.4X 10'
8.4X 10"
1.5X10"
1.2X10"

6X 10"
1.8 X 10

8X 10'
1.4X 10"
2.7X 10"

3X10"
1X10"

1.1X 10"
9.5 X 10'
5.6X 10"
1.2X10"

I-
V)

LLJ

S.sx&0~'cm-'

I

(TMGa) and trimethylarsine. ' With this group-V source
material, carbon concentrations in the range of 10 cm
can be achieved. ' A specific feature of this procedure is
that both GaAs growth and carbon doping are simultane-
ously controlled by the choice of MOVPE-growth param-
eters. The samples used in the present study were grown
at a substrate temperature of 540'C (sample 9) and 585'C
(samples 7 and 8), where sample 7 was placed in the
MOVPE reactor further downstream than sample 8. The
pressure in the reactor was 100 mbar in all cases. The
MOMBE samples were grown from TMGa and pre-
cracked arsine. Both precursors were used by direct dis-
tillation. The growth temperature was kept constant at
540'C. The carbon concentration was varied by means of
the group-V- to group-III-element ratio, which was in the
range 0.25-1.

The GaAs layers investigated were doped with carbon
concentrations ranging from 1.2 X 10' to 2. 5 X 10
cm . The layer thicknesses varied between 0.8 and 3.5
pm. The films grown were analyzed by secondary-ion-
mass spectroscopy (SIMS), to assess the total carbon con-
centration [C], and by room-temperature Hall-effect mea-
surements to determine the free-hole concentration p.
The results are listed in Table I.

The Raman experiments were performed in the back-
scattering geometry from a (100) surface of the as-grown
samples. The spectra were excited either with the 3.00-
or 3.05-eV line of a Kr-ion laser or with the 2.71-eV line
of an Ar-ion laser. The laser light incident on the sample
at a power of =150-200 mW was focused to a spot
=50 pm in diameter. For crystalline GaAs, the probing
depth I /(2a), where a denotes the absorption coefficient,
is =10 and =20 nm for the highest and lowest photon
energy used, respectively. ' The samples were cooled to
77 K. The scattered light was filtered and dispersed in a
triple monochromator and detected with an intensified
silicon-diode array.

III. RESULTS AND DISCUSSION

A sequence of Raman spectra showing the '
C&, LVM

is displayed in Fig. 1. The spectra were recorded from
MBE-grown samples doped with carbon to a concentra-

I I I I I

500 600 700
RAMAN SHIFT (cm )

FIG. 1. Low-temperature Raman spectra of MBE-grown
GaAs:C with different dopant concentrations (samples 1 and 2
in Table I) given in the figure. The spectra were excited at 2.71
eV. The spectral resolution was set to 4 cm

tion of 3.5X10' cm (sample 1) and 1.2X10 cm
(sample 2), respectively. For reference purposes the spec-
trum of undoped GaAs is also displayed. All spectra
were excited at 2.71 eV, which is below the E, -band-gap
resonance of GaAs. The incident light was polarized
parallel to a [100] crystallographic direction. The scat-
tered light was not intentionally analyzed for its polariza-
tion, but the throughput of the spectrometer was higher
for scattered light with polarization perpendicular to that
of the incident light. Thus, Raman scattering described
by Raman tensors with I » and I 25 symmetry' is prefer-
entially observed.

Besides the C~, LVM, intrinsic second-order phonon
scattering is resolved as a broad band centered at 540
cm ', which is the only feature observed in the undoped
reference sample. The CA, LVM is superimposed on
the high-frequency edge of this second-order phonon
band. This edge arises from scattering by longitudinal-
optical (LO) phonons at the center of the Brillouin
zone. ' Like scattering by the LVM produced by Si on
the As site (Si~,), ' the C~, LVM Raman line is observed
in configurations for which scattering described by a Ra-
man tensor with I » symmetry is allowed.

In infrared absorption the ' C~, LVM line shows, like
that of the Be-on-Ga-site ( Beo,) acceptor, ' a pro-
nounced asymmetry in uncompensated material. This
asymmetric line shape has been explained by a Fano-type
interference between the discrete vibrational mode and a
continuum of electronic excitations. ' Therefore one
might have also expected such a Fano-type asymmetry
for the C~, LVM Raman line. But, as for Raman scatter-
ing by the Be&, LVM, this is also not observed for the
' C~, LVM within the experimental noise limit. As dis-
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cussed in Ref. 18, such an asymmetry might be expected
to be weak for excitation with photon energies ~ 2.7 eV.

Figure 2 shows the scattering intensity of the CA, LVM
normalized to the intensity of the intrinsic second-order
phonon scattering at 540 cm ' (Refs. 16 and 18) plotted
versus the total carbon concentration [C] measured by
SIMS. The data displayed are from samples 1 —8. Those
of sample 9 are omitted because in that sample, most
probably, a considerable portion of the carbon is present
as carbon-hydrogen pairs (see below).

From the relation' '

ILVM [C] i (2)

as shown by the solid line. As a possible explanation for
this discrepancy, one has to keep in mind that the data in
Fig. 2 are plotted versus the total carbon concentration
[C]. However, the concentration of carbon atoms on ar-
senic sites [C~,], which enters Eq. (1), may be, at least for
the MBE-grown layers, only a fraction of [C], with the
other carbon atoms being incorporated as, e.g. , intersti-
tial atoms or clusters. Assuming that this fraction de-
creases with increasing [C] this may account at least for
part of the discrepancy between Eq. (1) and the experi-
mental data. Alternatively, one may think of a

ILvM [CAs]&

the LVM scattering intensity ILvM is expected to increase
linearly with the concentration of carbon atoms on arsen-
ic sites, [C~,], provided that the scattering cross section o
is constant. In Fig. 2 such a proportionality is indicated
by the dashed line. The experimental data, however, are
better described by the relation

concentration-dependent scattering cross section o to ac-
count for this discrepancy. For Be-doped GaAs, howev-
er, a constant, concentration-independent cross section
was found for excitation of the Raman spectra at 3.00 eV,
which is in resonance with the GaAs E&-band-gap ener-

gy.
It is interesting to note that the LVM data for the

MBE-grown layers indicate a CA, concentration
significantly higher than the free-hole concentration (see
Fig. 2 and Table I). This implies that the poor electrical
activation in the MBE samples might be due to compen-
sating defects.

A series of Raman spectra excited at different photon
energies is shown in Fig. 3. The spectra were all recorded
from a MOVPE-grown sample with a carbon concentra-
tion of l. 8 X 10 cm (sample 9). The scattering
configuration used was the same as for the spectra shown
in Fig. 1. The spectrum excited at 2.71 eV is similar to
those displayed in Fig. 1 showing the '

CA, LVM, except
for the additional line labeled X at 452 cm '. Tuning the
incident-photon energy into resonance with the E&-
band-gap energy (3.00- and 3.05-eV excitation), the
' Cz,-LVM line becomes masked by resonantly enhanced
2LO-phonon scattering. ' The 452-cm ' line increases in
relative intensity, with a pronounced maximum in
scattering strength for excitation at 3.00 eV. This reso-
nance behavior resembles that actually observed for
LVM Raman scattering by Si on group-III lattice-site
donors.

Along with line X, a second additional Raman line is
observed at 2640 cm (Fig. 4). This mode is superim-
posed on a photoluminescence background arising from
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[C]=1.8x10 ccm s

T =77K
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FIG. 2. Normalized Raman intensity of the '
C&, LVM

[I(CA,)/I(540 cm ')] vs carbon concentration [C] (see Table I)
for an incident-photon energy (hvL ) of 2.71 eV. The samples
were prepared by different growth techniques given in the
figure. The dashed line indicates a proportionality between the
LVM Raman intensity and the carbon concentration, and the
solid line indicates a power law with an exponent of —,.
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FICx. 3. Low-temperature Raman spectra of MOVPE-grown
GaAs:C doped to a concentration of 1.8X10 cm ' (sample 9
in Table I) excited at the different photon energies given in the
figure. Spectral resolution was set to 4 cm ' for excitation at
2.71 eV and to 5 cm ' for 3.00- and 3.05-eV excitation.
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FIG. 4. Low-temperature Raman spectrum of MOVPE-
grown GaAs:C with a dopant concentration of 1.8 X 10 cm
(sample 9 in Table I) excited at 3.00 eV. Spectral resolution was
set to 8cm

the recombination of nonthermalized electrons, '
which is—by an order of magnitude —more intense than
the Raman signal. The 2640-cm ' Raman line is also ob-
served for excitation at 3.05 eV. For excitation at 2.71
eV, in contrast, this line can no longer be resolved against
the luminescence background, which increases in intensi-
ty with decreasing photon energy. '

Recent infrared-absorption experiments revealed an
absorption band at 2636 cm ' arising from the stretch
mode of the '

CA,-H pair both in intentionally hydrogen
passivated, heavily-carbon-doped GaAs layers as well as
in as-grown films prepared by MOMBE or MOVPE.
Thus, the 2640-cm ' Raman line observed in the present
as-grown MOVPE layer can be assigned to this stretch
mode. This assignment has been confirmed by Raman
measurements on deuterated GaAs:C samples. There is
a slight shift in frequency relative to that reported for the
absorption band, but at least part of that shift can be ac-
counted for by the higher temperature of =100 K in the
focus of the exciting laser in the present Raxnan experi-
ment compared to that in the absorption experiments,
which are usually carried out at liquid-He temperature.
It has been established that the C-H stretch mode indeed
shows an increase in frequency with increasing tempera-
ture.

Having identified the presence of carbon-hydrogen
pairs in the present MOVPE-grown layer, it is straight-
forward to assign the line X at 452 cm ' to a carbon vi-
brational mode of these pairs. Infrared-absorption mea-
surements revealed an absorption line at 453 cm ' in
hydrogen-passivated, carbon-doped material, the
strength of which was shown to correlated with the
carbon-hydrogen pair concentration. According to re-

GoAs: C hvL 3.00 eV
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FIG. 5. Low-temperature Raman spectra of MOVPE-grown
GaAs:C with a dopant concentration of 1.8 X 10 cm (sample
9 in Table I). The spectra were excited at 3.00 eV and recorded
for diferent scattering configurations indicated in the Sgure.
Spectral resolution was set to 5 cm

cent theory, longitudinal and transverse modes are ex-
pected for the carbon-hydrogen pair, both lying on the
low-frequency side of the LVM of the isolated carbon ac-
ceptor. These two modes have A, and E symmetry, re-
spectively.

To distinguish between the A
&

and E modes, infrared
absorption would require an external perturbing field
created, e.g., by applying uniaxial stress. This situation,
however, might be quite diScult when dealing with thin
epitaxial layers. Here, Raman spectroscopy has the ad-
vantage of enabling one to discriminate between modes of
different symmetry through the analysis of the polariza-
tion of the incident and scattered light. Figure 5 displays
a series of Raman spectra recorded for different scatter-
ing configurations. These configurations were x(z', z')x,
x(z, z)x, and x(y, z)x, where x,y, z, and z' denote [100],
[010], [001], and [011] crystallographic directions. The
452-cm Raman line is strongest in intensity for
configurations where the polarizations of the incident and
scattered light are parallel to each other [x(z',z'}x and
x(z, z)x], indicating that the vibrational mode causing
this line has A, symmetry' (note the scaling factor of 4
with which the lowest spectrum displayed in Fig. 5

[x(y,z)x] has been multiplied}. This implies that the
452-cm (X) line arises from the longitudinal carbon
mode of the carbon-hydrogen pair, which is in agreement
with recent theoretical predictions. In the frequency
range of the '

CA, LVM for the x (y, z)x configuration,
only this carbon acceptor mode is observed, whereas in
the x (z,z)x configuration, only 2LO-phonon scattering is
allowed. In the x(z', z')x configuration both the LVM
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and the 2LO peak are superimposed, with 2LO-phonon
scattering being dominant.

In infrared absorption an additional carbon-related line
has been observed at 563 cm, the origin of which is not
yet clear. ' It may arise either from the carbon on the
Ga-site (Co,) donor, or the transverse carbon mode of the
hydrogen pair, or alternatively from carbon-carbon
pairs. ' We cannot resolve this line in the present Ra-
man spectra, possibly because it would be superimposed
on the comparitively strong second-order Raman signal
centered at =540 cm

The dependence of the strength of the 452-cm ' (X)
Raman line on carbon concentration [C] is illustrated in
Fig. 6 for the present set of MOVPE-grown layers (sam-
ples 7 —9). For a carbon concentration of l.2 X 10' cm
the X line is below our detection limit, whereas for [C]
=6X10' cm it is just resolved and it is by far the
strongest for the most heavily doped layer with
[C]=1.8X10 cm . The strength of the X line is in-

dependent of depth underneath the sample surface, as it
has been checked for the most heavily doped sample by
successively etching away the epitaxial layer. Based on
the correlation between the 452-cm ' mode and the
carbon-hydrogen stretch mode presented in Ref. 9, we
can take the scattering intensity of the X line as a semi-
quantitative measure for the carbon-hydrogen pair con-
centration. This implies that the formation of measur-
able concentrations of carbon-hydrogen pairs takes place
for the present MOVPE technique at carbon concentra-
tions greater than 5X10' cm . Here we have to keep
in mind that the carbon-doping level is adjusted by
growth parameters such as the growth temperature (see
Sec. II). The onset of hydrogen incorporation coincides
with a reduction in doping efficiency, which is close to
unity up to a carbon concentration of 6X10' cm and
drops to —', for [C]= l. 8 X 10 cm (see samples 7—9 in

Table I). However, it would require a calibration of the
Raman-scattering intensity, which is not available at
present, to quantify the concentration of carbon-
hydrogen pairs and, consequently, to clarify whether the
formation of carbon-hydrogen pairs does account quanti-
tatively for this reduction in doping efficiency.

It is interesting to note that we do not observe a
hydrogen-related LVM in the present MOMBE layers,
which is in accord with the results reported by Wood-
house et al. However, the first observation of
hydrogen-related modes in as-grown carbon-doped GaAs
layers was in MOMBE-grown samples. A possible
reason for these di6'erent findings could be the specific
growth conditions employed and, in particular, the hy-
drogen background pressure.

IV. CONCLUSIONS

We have presented Raman LVM spectra of heavily-
carbon-doped GaAs epitaxial layers grown by MBE,

GaAs: C h~L= 3.00 eV

T =77K
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FIG. 6. Low-temperature Raman spectra of MOVPE-grown
GaAs:C with different dopant concentrations (see Table I). The
spectra were excited at 3.00 eV and recorded with a spectral
resolution of 5 cm

MOMBE, and MOVPE. The scattering intensity of the
carbon-acceptor (' C~,) LVM has been correlated with
the total carbon concentration in the layer measured by
SIMS. A comparison of the SIMS data with Hall mea-
surements shows a reasonable electrical activation of the
carbon dopant for the MOMBE- and MOVPE-grown
layers. Raman spectra from heavily carbon-doped
MOVPE-grown layers show two additional lines assigned
to the stretch mode and the longitudinal carbon mode of
carbon-hydrogen pairs. The latter assignment is based on
the analysis of polarization-selection rules. Scattering by
the longitudinal carbon mode was found to be strongly
resonant for incident-photon energies matching the E&-
band-gap energy of GaAs.
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