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Studies of field-induced nonequilibrium electron transport
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Field-induced electron transport in an InxGa12xN (x>0.6) sample grown on GaN has been studied
by subpicosecond Raman spectroscopy. Nonequilibrium electron distribution and electron drift
velocity due to the presence of piezoelectric and spontaneous fields in the InxGa12xN layer have
been directly measured. The experimental results are compared with ensemble Monte Carlo
calculations and reasonable agreements are obtained. ©2003 American Institute of Physics.
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Gallium nitride ~GaN!, aluminum nitride~AlN !, indium
nitride ~InN!, and their alloys, have long been considered
very promising materials for device applications.1,2 Semicon-
ductor alloys such as InxGa12xN have been successfull
used in the fabrication of blue-green light emitting diod
and laser diodes.2–7 Recently, growth of high-quality InN as
well as InxGa12xN have been demonstrated.8–10 The next
natural step is to manufacture high-performance InN a
InxGa12xN electronic devices. In order to improve the desi
of these devices, knowledge of their electron transport pr
erties is indispensable. In this letter, we report experime
results on subpicosecond Raman studies of electric fi
induced electron transport in an InxGa12xN (x>0.6) sample
grown on GaN.

The Si-doped InxGa12xN epilayer of about 0.15mm
thickness used in this work was grown on top of a 1.5mm
GaN epilayer by metal organic chemical vapor depositi
Prior to the GaN growth, a 25-nm-thick GaN buffer lay
was grown onc-plane sapphire at 550 °C. Subsequent e
ayer growth was carried out at 1050 °C for GaN and 710
for InxGa12xN. Trimethylgallium ~TMGa! and trimethylin-
dium ~TMIn! were used as the precursors. Nitrogen and
drogen were used as carrier gases for InxGa12xN and GaN,
respectively. High-purity ammonia was used as the ac
nitrogen source. To vary In content in InxGa12xN, the TMIn
flow rate was varied while other growth parameters w
fixed. The InxGa12xN epilayer was doped by Si at a flow ra
of 0.25 sccm of 10 ppm silane to improve the materials qu
ity as well as to enhance the emission efficiency. GaN
InxGa12xN growth rate were 3.6 and 0.3mm/h, respectively.
The typical room-temperature electron concentration
mobility of InxGa12xN alloy are 231017 cm23 and 160
cm2/V s, respectively, as determined by Hall effect measu
ments.

The output of the second harmonic of a cw mode-lock
YAlG laser is used to synchronously pump a dual-jet R
dye laser. The dye laser, which has a pulse width

a!Electronic mail: tsen@asu.edu
1410003-6951/2003/82(9)/1413/3/$20.00
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FWHM>0.6 ps, photon energy of\v>2.17 eV, a repeti-
tion rate of 76 MHz, was used to both excite and probe
InxGa12xN sample. In our transient experiments, since
same laser pulse is used to excite and probe nonequilibr
electron transport, the experimental results represent an
erage over the duration of the laser pulse. The single-par
scattering~SPS! spectra were taken in theZ(X,Y)Z̄ scatter-
ing configuration whereX5(100), Y5(010), and Z
5(001) so that only the SPS spectra associated with s
density fluctuations were detected.11 The backward-scattere
Raman signal is collected and analyzed by a standard Ra
system consisting of a double spectrometer, a photom
plier tube. All the data reported here were taken atT
5300 K.

Figure 1 shows a typical photoluminescence spectr
for an InxGa12xN sample. ThisE0 band-gap luminescence o
InxGa12xN sample peaks at about 1.90 eV and has a FWH
of about 0.2 eV. Comparison of the spectrum with Refs. 8
and 10 shows that our sample is of good quality and has
In concentration of aboutx>0.6.

Figure 2~a! shows a typical SPS spectrum for a
InxGa12xN (x>0.6) sample taken atT5300 K and for an

FIG. 1. Typical electron–hole pair luminescence spectrum for
InxGa12xN/GaN sample. The photon energy of excitation laser is\v
>2.17 eV. We deduce that In concentration in the sample is aboutx50.6 by
comparing the data with those of Refs. 8, 9, and 10.
3 © 2003 American Institute of Physics
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electron–hole pair density ofn>131018 cm23. The SPS
spectrum sits on a smooth background coming from the
minescence ofE0 band gap of InxGa12xN. Similar to previ-
ous studies on other III–V semiconductors such as Ga
this background luminescence has been found to be fit v
well by an exponential function.12–14 The SPS spectrum i
obtained by subtracting Fig. 2~a! from this luminescence
background. Following the procedure described in detai
Ref. 13, this subtracted spectrum@Fig. 2~b!# can then be very
easily transformed to electron distribution function. The el
tron distribution thus obtained is shown in Fig. 2~c!. The
intriguing feature worthwhile pointing out is that the electr
distribution function has been found to shift toward t
wavevector transferq direction—an indication of the pres
ence of an electric fieldE parallel to2q. The electron dis-

FIG. 2. ~a! Typical SPS spectrum taken atT5300 K and a photoexcited
electron–hole pair density ofn>131018 cm23. The SPS spectrum is foun
to lie on top of a luminescence background~solid curve! that can be fit very
well by an exponential curve;~b! SPS spectrum after the subtraction of th
luminescence background; and~c! electron distribution function obtained
from ~b!.
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tribution has a cutoff velocity of around 1.53108 cm/s, in-
dicative of the band structure effects and the onset
electron intervalley scattering processes in InxGa12xN. The
electron drift velocity deduced from the measured elect
distribution @Fig. 2~c!# is found to be Vd>(3.860.4)
3107 cm/s.

We have also carried out an ensemble Monte Ca
~EMC! simulation15 for the transport of the photoexcited ca
riers in InxGa12xN. Here, we treat polar optical phonon
acoustic phonons, intervalley phonons, and dislocation s
tering. For dislocation scattering,16,17 we assumed that a de
fect density of 108/cm2 existed in the InxGa12xN layer; how-
ever, it is found that because of the presence of much m
efficient inelastic scattering processes, this elastic de
scattering process can affect the low field mobility but is n
important for the high-field transient experiments carried
here. Disorder-induced scattering due to In concentra
fluctuations in InxGa12xN is not included in the EMC simu-
lation because it is an elastic scattering process that doe
affect the high field transport.15 Within theG valley, which is
the valley measured in the experiment, the high-field beh
ior is dominated by polar optical phonon scattering. In F
3~a!, we plot the velocity-field relationship for these carrie
The peak in the velocity occurs at around 150 kV/cm, b
yond which carriers begin to rapidly transfer to the satel
valley. Nevertheless, even the carriers that remain in thG
valley appear to show the onset of saturation and a w
negative differential resistance, both of which are due to t

FIG. 3. Ensemble Monte Carlo simulation for an InxGa12xN (x50.6)
sample atT5300 K. ~a! electron velocity as a function of the applied ele
tric field intensity for G-valley electrons~open squares! and all electrons
~filled circles!, as indicated;~b! G-valley electron velocity as a function o
time.
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type of scattering in a non-parabolic band. In Fig. 3~b!, we
plot the transient velocity of theG valley electrons at 200
kV/cm. Their initial velocity is determined by the exce
energy of the photon excitation within the band. This giv
rise to a nonzero velocity, as only a hemisphere~in momen-
tum space! of carriers is excited at the surface. This direct
velocity rapidly drops, and the field-induced rise follows. W
note that there is very little, if any, overshoot in the carr
velocity, which is a result of the fact that polar scattering
much better in relaxing energy than momentum. We no
that the EMC results are in reasonable agreement with
experimental values quoted above.

There have been experimental evidences18–21that an ex-
tremely large~of the order of MV/cm! electric field exists in
the layer of InxGa12xN in the GaN/InxGa12xN/GaN struc-
tures as a result of huge lattice mismatch betwe
InxGa12xN and GaN. We believe that, similar to the previo
studies, the source of high electric field in th
InxGa12xN/GaN sample studied in this work arises from
combination of the polarization field and the piezoelect
field. Although the direction of the net electric field is ind
cated in the shift of measured electron distribution~in this
case, the net field points from GaN to InxGa12xN layers!, the
agreement between the experiment and the simulation is
sufficiently good to make a quantitative estimate of this fie
Nevertheless, we can estimate the polarization field to
about 2.8 MV/cm, whereas the piezoelectric field is e
mated to be some 50% smaller, although we do not hav
good measure of the piezo-electric constants in this alloy.22,23

We have extrapolated from the InN and GaN values, and
is not expected to be particularly accurate.

In conclusion, we have studied field-induced electr
transport in an InxGa12xN (x>0.6) sample grown on GaN
by subpicosecond Raman spectroscopy. Nonequilibr
electron distribution and electron drift velocity due to t
presence of piezoelectric and spontaneous fields in
InxGa12xN layer have been directly measured. The expe
mental results are compared with ensemble Monte Carlo
culations and reasonable agreements are obtained.
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