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The effect of photoexcited electron-hole pairs on the LO-phonon-plasmon coupled modes has been observed
in InN layers by means of micro-Raman experiments performed at different excitation laser powers. The L~

Raman peak displays an upward shift of about 10 cm™

over the range of increasing excitation powers studied.

The L~ behavior is well accounted for by a dielectric line-shape model based on the Lindhard-Mermin dielec-
tric function. The photoexcited carrier density has been extracted from line-shape fits to the Raman spectra and
a linear increase in the photoexcited carrier density with incident power is found. A simple diffusion model is
used to estimate the surface recombination velocity in the layers, which is found to be in the 4.6—4.9

X 10* cm s~! range for the bare InN surface.
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I. INTRODUCTION

Over the last few years, InN has attracted much attention
because of its unique properties. A great deal of effort has
been devoted to improve the crystal quality of the layers and
this has led to the revision of the accepted band-gap energy
value!? and to the demonstration of an extreme electron ac-
cumulation at the InN surfaces.? Despite the remarkable im-
provement in the epitaxial growth of InN films achieved in
recent years, InN layers still contain a high density of dislo-
cations, which affect their optical and electrical properties. N
vacancies associated with threading dislocations may partly
be the source of the n-type conductivity generally observed
in nominally undoped InN layers.* The presence of a surface
accumulation layer with a high electron density complicates
the analysis of Hall effect measurements to determine the
“bulk” electron density in the InN films. The accumulation
layer also precludes the formation of a Schottky barrier at the
metal/InN interface® and, therefore, the modulation of the
background electron density by electrostatic gating is not
straightforward.®

Raman scattering by LO-phonon-plasmon coupled modes
(LOPCMs) can provide an alternative probe into the free-
electron density present in InN layers.” Some early works®?
on Raman scattering by LOPCMs in InN invoked impurity-
induced wave-vector nonconserving mechanisms to assign a
Raman peak close to the A;(LO) frequency to large-wave-
vector LOPCMs. The frequency of such a peak is rather
insensitive to the free-electron derlsity8 and, therefore, cannot
serve as a reliable indication of the free-electron density.
However, we have recently shown that Raman scattering by
long-wavelength LOPCMs does take place in high-mobility
InN layers.” In that work, we reported the distinct observa-
tion of the L~ Raman peak in a set of InN layers with differ-
ent background electron densities NS The frequency of the
L~ peak was observed to increase by about 40 cm™' as Ng
increased from 4 X 10'® cm™ up to 2% 10" cm™. Such a
sensitivity allows the background electron density in the InN
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layers to be determined from line-shape fits to the L~ Raman
spectra.

While the electron density in the InN layers cannot be
controlled by an electrostatic potential applied to a metal
gate, it is possible to modulate the free-charge density by
optical excitation with above band-gap photons. Provided
that the surface recombination velocity (SRV) is not too
high, a spatially homogeneous population of electron-hole
pairs can be sustained by continuous wave (CW) laser
excitation.!®!! In this work we use micro-Raman spectros-
copy to study the dependence on excitation power of the L~
coupled mode in InN layers under high photon flux density
conditions. We observe an upward frequency shift of the L~
mode with increasing excitation power and from Raman
line-shape fits we can extract the density of photoexcited
electron-hole pairs. Besides the information about the free
carrier density in the InN layers, the analysis of the Raman
data using a simple diffusion model allows us to estimate the
SRV at the InN interfaces.

II. EXPERIMENT

The Raman experiments were carried out on two nomi-
nally undoped InN epilayers: Al and A4 (see Ref. 7 for
details). Sample A1 was chosen because its background elec-
tron density was relatively low and no L~ coupled-mode
peak could be detected in the experiments reported in Ref. 7.
For comparison, we also studied the sample with the highest
background electron density in the same series (sample A4).

Layer Al is 550 nm thick and was grown with the repeti-
tion of droplet elimination by radical beam irradiation
method!? by plasma-assisted molecular beam epitaxy (PA-
MBE) on a GaN/sapphire template at ~450 °C. Layer A4 is
250 nm thick and was grown by PA-MBE on a nitridated
(0001) sapphire substrate at ~450 °C.

Standard Hall effect measurements yielded a background
electron concentration N°=2.3 X 10'® ¢cm™ and an electron
mobility w,=1440 cm? V™' s7! for sample Al. For sample
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A4 we obtained AN’=6.9x10" cm™ and g,
=900 cm? V!'s7L

Micro-Raman spectra were recorded at room temperature
in z(x-)Z backscattering geometry, where z is parallel to the
wurtzite InN ¢ axis, using a Jobin-Yvon T64000 spectrom-
eter equipped with a charge coupled device detector cooled
with liquid nitrogen. The excitation wavelength used was the
514.5 nm line of an Ar* laser. The incident power was mea-
sured on the sample location and it was varied from 1.8 up to
12.0 mW. The laser beam was focused to a ~1 wm diameter
spot through a X100 objective.

III. RESULTS AND DISCUSSION

A. Observation of photoexcitation effects in LO-phonon-
plasmon coupled modes

Photoexcited electron-hole plasmas generated by optically
pumping a semiconductor with above band-gap excitation
have been used for a number of years in time-resolved Ra-
man scattering experiments to investigate hot carrier and
multicomponent plasma dynamics mainly in GaAs (Refs. 13
and 14) and InP.'>1® It was realized that the qualitative dif-
ferences observed in Raman scattering by photoexcited
LOPCMs in GaAs and InP could be traced to the extremely
large recombination velocity at the bare GaAs surface.!'® This
leads to a highly inhomogeneous plasma in GaAs which ob-
scures the well-known coupling between LO phonons and
homogeneous plasmas. In contrast, InP exhibits a SRV more
than three orders of magnitude lower,!” which results in a
relatively homogeneous density profile within the skin depth
and allows LOPCMs to be observed in time-resolved Raman
scattering experiments.!>!% By the same token, photoexcita-
tion effects in Raman scattering measurements under CW
laser excitation are important in InP (Refs. 11 and 18)
whereas they are not observed in GaAs.'®

A general criterion based on the position of the average
dangling bond energy relative to the band edges has been
proposed to account for the SRV trend in several III-V
semiconductors.!® According to this criterion, the chemical
trends in the SRV can be qualitatively predicted using the
location of the Fermi-level stabilization energy?® relative to
the band edges. As in the case of InP or InAs, the Fermi-level
stabilization energy of InN lies close to the conduction-band
edge and, therefore, a low SRV is to be expected. In addition,
the strong electrostatic fields in the surface accumulation
layer may also contribute to lower the SRV by confining
minority carriers in the bulk.?! InN is therefore expected to
be a good candidate to observe photoexcitation effects in
Raman scattering experiments.

No apparent differences were observed in the LOPCM
spectra of InN layers reported in Ref. 7 when the excitation
power was varied. This indicates that the photoexcitation
level achieved by CW pumping with a laser beam focused
using conventional macrocamera optics is well below the
background electron density in the layers. To investigate CW
photoexcitation effects in InN layers we have carried out
micro-Raman experiments in which the photon flux density
is more than three orders of magnitude higher. Figure 1 dis-
plays the Raman spectra of the L™ modes for samples A1 and
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FIG. 1. Room temperature z(x-)7 Raman scattering spectra

(dots) of the L™ modes for samples Al (lower panel) and A4 (upper
panel) obtained at different excitation laser powers in micro-Raman
configuration with ~1 um@ spot size. For comparison purposes,
the intensity of each spectrum has been normalized to that of the
ES'®" mode. The solid lines are calculated L™ line shapes obtained
by fitting the model described in Sec. III B to the Raman spectra.
The continuous trace at the bottom of the lower panel corresponds
to the spectrum taken with P=150 mW in macrocamera
configuration.

A4 recorded at different excitation powers. To facilitate the
comparison between L~ Raman peaks recorded at different
excitation powers, the intensities of the spectra have been
normalized to that of the ESiE" mode. A Lorentzian line shape
corresponding to the E';‘gh mode which appears in the spectra
at around 490 cm™! as well as a weak background signal
which is probably related to surface roughness have been
subtracted in all of the spectra. The L~ spectra obtained at
increasing excitation power have been vertically shifted for
clarity. Given the low background electron density of sample
Al, the L™ peak could not be unambiguously detected in the
spectrum taken in macrocamera configuration (bottom trace
in Fig. 1). In contrast, the spectrum taken with the micro-
Raman setup at the lowest power (2.6 mW) already shows a
weak band at =415 cm™'. With increasing excitation power,
the signal-to-noise ratio improves and the L~ peak becomes
more definite. As the power is increased, the L~ peak clearly
increases in intensity and shifts to higher frequencies
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(=430 cm™! for 12.0 mW excitation power). Thus, although
the background electron density in sample Al was too low
for the observation of the L™ peak by means of conventional
Raman measurements,’ the higher level of optical pumping
achieved in the micro-Raman setup has revealed the presence
of the L™ mode in this sample. On the other hand, the back-
ground electron density in sample A4 was high enough to
allow the unambiguous observation of the L™ mode in con-
ventional macrocamera measurements.’ In the case of micro-
Raman measurements, a distinct L~ peak is already observed
with the lowest excitation power (1.8 mW). In this sample,
the L™ peak also shows an intensity enhancement and an
upward frequency shift as the excitation power is increased
up to 12.0 mW, which reflects the additional contribution of
the photoexcited carriers to the plasma frequency. Thus, op-
tical pumping at high excitation levels injects a density of
photoexcited carriers which is high enough to allow the L~
mode to emerge in samples with low NS and to shift to higher
frequencies in layers with higher N(e) We note that the width
of the L~ peak in the spectra of sample Al is larger than in
the spectra of sample A4 even for similar electron densities.
Since sample A1l has a low background electron density and
no unambiguous L~ peak could be detected under low power
excitation conditions, the photoexcited carriers represent the
main contribution to the L~ coupled mode observed in the
micro-Raman measurements on sample Al. In contrast,
sample A4 has a substantial background electron density and
photoexcited carriers represent only a fraction of the total
free carrier density. Then, the larger width of the L™ peak in
the spectra of sample Al probably reflects carrier-density
variations across the photoexcited density profile probed by
the Raman measurements, which, as discussed in more detail
in Sec. Il C, arise from the diffusion of the photoexcited
carriers. In the next section we shall discuss the effect of the
photoexcited carriers on the LOPCMs and we shall present a
line-shape model that will allow us to estimate the density of
photoexcited carriers from the L~ Raman spectra.

B. L~ line-shape model and photoexcited carrier-density
determination

The Raman line shape of the LOPCMs can be accurately
modeled by the standard dielectric theory in the formalism of
Hon and Faust.?? Details on the application of this model to
the calculation of LOPCM Raman line shapes in n-type InN
can be found in Ref. 7. In the case of optically pumped InN
layers we have to deal with a two-component plasma that
consists of background and photoexcited electrons on the
one hand and photoexcited holes on the other. A number of
simplifying assumptions will be made to render the complex
problem of multicomponent plasmas tractable under the
present framework. First, we assume that electrons and holes
give additive contributions to the electronic susceptibility.?
Second, since recent InN band-structure calculations?* sug-
gest a rather flat heavy hole (HH) band with a revised effec-
tive mass value of mj;;=2.566m,, we assume that most of
the photoexcited holes are in the HH band. A rough estima-
tion indicates that the highly anisotropic light hole (LH) band
starts to be populated when Nyu~2X 10'® cm™. For Nyy
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~35% 10'® cm™, which, as we shall see below, is of the
order of the highest photoexcited densities that we find in our
experiments, the LH population is still one order of magni-
tude smaller. Thus, we neglect interband hole transitions as
well as the LH contribution to the electronic susceptibility.
Further, we consider a parabolic isotropic approximation for
the HH band dispersion. Then, we use the Lindhard-Mermin
model [Egs. (3) and (4) of Ref. 7] to evaluate the electronic
susceptibility of an electron plasma of density N2+Nph and a
HH plasma of density N, where Ny, is the density of pho-
toexcited electron-hole pairs. To reduce the number of fitting
parameters, a fixed damping value for the HH plasma esti-
mated from typical hole mobility values (g,
~25 cm? V! s71) reported in the literature>2° was used in
the calculations.

Given the high power densities involved in the micro-
Raman measurements, local heating effects must be taken
into account in the analysis of the Raman spectra recorded at
different incident powers. Temperature variations due to lo-
cal heating effects were evaluated from the frequency shift of
the Eglgh mode using the curve reported in Ref. 27. In our
Raman spectra, the Eg'gh peak displays a typical downward
frequency shift of ~1.4 cm™' between the lowest (1.8 mW)
and the highest excitation power (12 mW) used, from which
we estimate a temperature increase of ~60 °C. The corre-
sponding temperature corrections to the A; phonon frequen-
cies, which enter as parameters of the line-shape model, were
effected using the temperature-dependence curve given in
Ref. 27. A correction to account for the different strain state
of layers Al and A4 (see Ref. 7) was also included. For that
purpose, following Ref. 7, biaxial strain in the layers was
determined from the Eg‘gh frequency obtained in the macro-
camera experiments and then the strain-induced shift of the
A; modes was evaluated using the deformation potentials
reported in Ref. 28. A,(TO) values corrected for temperature
and strain ranged from 451.6 to 453.6 cm™! for sample Al
and from 448.5 to 449.8 cm™! for sample A4. For sample
A4, we estimate that a variation of the A; frequencies by
1 cm™!, typical of temperature corrections, yields an error of
~5% in the carrier density determination, while the error for
a deviation of 3 cm™!, typical of strain corrections, is
~15%.

The photoexcited carrier density Ny, was extracted from
line-shape model fits to the Raman spectra. Since the
LOPCMs depend on both the background electron density
and on the photoexcited carrier density, to reduce the number
of fitting parameters the following procedure was adopted.
An initial estimate of the total free-electron density Ne:Ng
+N,, was obtained by neglecting the HH contribution and
using N, and the phenomenological electronic damping con-
stant I', as free parameters in the fit. As starting point, we
took as NV the value obtained by Hall measurements. In sub-
sequent steps, we included the HH contribution with a pho-
toexcited carrier density given by the difference between the
fitted value N, and the input background density Ng The
fitting process was iterated until self-consistency in the N,
values was reached. Using the N, values obtained for the
different excitation powers P, an extrapolated value of N, for
P=0 was derived and subsequently used as a new Ng value
in the fits. The process was iterated again until self-consistent

155204-3



CUSCO et al.
¢ (10** cm™2s71)
0 1 2 3 4
12 L L L B
_10f P
! o
g 8 ._ ////// /,’El//_
0 - -
— /0 _ -7
g 6 [ /’66 /’,/ E] 1
) P /’ﬁ
2 af /E}/E}' i
2}/..|...|...| | | PR B
0 2 4 6 8 10 12
P (mW)

FIG. 2. Free-electron density in the InN layers as a function of
the incident power for samples Al (squares) and A4 (diamonds).
The top scale gives the corresponding photon flux density consid-
ering a spot size of 1 um@@. The dashed lines are linear fits to the
data. The intercepts with the N, axis at P=0 give the background
electron density in the layers.

values of N, for P— 0 were obtained. In this way, we obtain
a determination of the background electron density which is
consistent with the set of Raman spectra being analyzed. For
sample Al we find N,(P—0)=2.7X 10'"® cm™, which is not
far from the electron density determined by Hall measure-
ments. We note that by using this procedure, the background
electron density of the Al layer could be determined from
Raman scattering measurements despite the fact that the free-
electron density was too low to unambiguously detect the L~
peak in the low power excitation measurements carried out
in macrocamera configuration. For sample A4 we find
N,(P—0)=5.3X10'"" cm™. Taking into account the differ-
ent experimental conditions of temperature and probed scat-
tering volume, this value is in reasonable agreement with the
electron density determined by line-shape fits to 80 K Raman
spectra previously reported in Ref. 7, although it is sizably
lower than the Hall effect determination. The larger discrep-
ancy between Hall and micro-Raman N, determinations
found in sample A4 may be attributed to the effects of the
surface accumulation layer on the Hall measurements, which
are more pronounced in the case of the thinner A4 epilayer.

The fitted theoretical L™ line shapes are displayed in Fig. 1
as solid lines superimposed to the corresponding Raman
spectra (dots). The model reproduces nicely the observed
behavior of the L= Raman peak. The free-electron density
extracted from the line-shape fits as a function of the incident
power, or equivalently, as a function of the photon flux den-
sity ¢, are plotted in Fig. 2. A linear dependence of the
free-electron density with the excitation power density is
found. The intercept with the N, axis at ¢=0 gives the back-
ground electron density in the layers arising from the pres-
ence of threading dislocations and unintentional impurities.
Although the background electron density is quite different
in samples Al and A4, they exhibit a similar rate of N, in-
crease with photon flux density. The density of photoexcited
carriers under CW excitation is expected to be proportional
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TABLE 1. Input parameters for the diffusion model used to ana-
lyze the photoexcitation effects in the InN layers.

Symbol Description Value Ref.
D Ambipolar diffusion coefficient ~ 2.01 cm?s™! 25
T Recombination time 54%107 s 25
@ Absorption coefficient 1.385%X10° em™" 30
R Reflectivity coefficient 0.2 31
W, Focused beam waist 50X 107 cm a

“Nominal laser spot radius with a X100 objective according to sys-
tem specifications.

to the incident power density and the steady-state population
of photoexcited carriers is ultimately determined by the re-
combination rate of the electron-hole pairs at native defect
levels in the bulk and on the surface of the semiconductor. In
thin films and devices with small active thickness, surface
recombination plays a major role in limiting the quantum
efficiency of radiative processes.”” To extract information
about the SRV in the studied InN layers, in the next section
we analyze our photoexcited plasma results in the light of a
simple steady-state diffusion-recombination model.

C. Photoexcited density and surface recombination velocity

Since the surface accumulation layer is extremely narrow
(~2 nm), the electrons in this layer cannot support longitu-
dinal excitations along z and, therefore, the observed L~
peaks correspond to the bulk LOPCMs in the InN layers.”
Thus, the main effect of the presence of the accumulation
layer on the photoexcited carrier behavior studied in this
work lies in its influence on the SRV values, which enter as
parameters in the diffusion-recombination model. Then,
aside from its effect on SRV values, the presence of an ac-
cumulation layer shall be ignored in the following analysis of
the Raman spectra of photoexcited carriers.

Owing to the mass difference between electrons and
holes, electric fields develop between photoexcited electrons
and holes that result in a coupled diffusive motion. The am-
bipolar diffusion coefficient D has been determined in InN
layers by means of time-resolved transient spectroscopy.”
Assuming a constant recombination rate 7! in the bulk, the
steady-state distribution of photoexcited carriers along z is
governed by the one-dimensional (1D) continuity equation

d°N N,
D— 4 G(z) = 2. (1)
dz T

Here, G(z)=a(1—R) pe~* is the generation term, where « is
the absorption coefficient, R is the reflection coefficient, and
¢ is the incident photon flux density. The general solution of
Eq. (1) is

G(0)

1 )z(e_“Z+Ae_Z”+BeZ/l), (2)
—(la

N, ph(z) =
where [=\D7 is the ambipolar diffusion length. Numerical
values for the model parameters are listed in Table 1. The
constants A and B depend on the SRV values at the surface
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and at the substrate interfaces, S, and S, respectively. A and
B can be obtained as algebraic expressions in S, and S, from
the carrier loss rate at the interfaces z=0 and z=d,

dN,
Npn(0)Sy = D( _Lm>
dz /.-

dN.,;, ' )
Now(d)S;=~ D(_dzp_)zzd

According to Eq. (2), the photoexcited carrier density is
proportional to the photon flux density as we have found in
our Raman experiments carried out under different excitation
powers. Then, Eq. (2) can be used to estimate the SRV from
the slope of the plots displayed in Fig. 2.

However, the simple one-dimensional model we have just
discussed grossly overestimates the photoexcited carrier den-
sity because it does not take into account the lateral out-
diffusion of the electron-hole pairs away from the laser beam
axis. This effect is usually neglected in the time-resolved
analysis of photoinjected plasmas'®!>1¢ and in steady-state
plasmas under CW excitation in which the laser is focused to
a spot size much larger than the diffusion length.'! However,
in the case of micro-Raman experiments the beam waist wy
of the focused laser beam is wy =<1, and therefore carrier loss
due to lateral out-diffusion is expected to be substantial. To
account for this effect, we solve the steady-state diffusion
equation in the plane perpendicular to the laser beam consid-
ering the Gaussian profile of the laser beam. The radial part
of the diffusion equation is

#Ny, 10N N
D(—%h =B a(1 - R)ge 2P - =, (4)
dp p dp T

A convenient scaling of Eq. (4) is obtained by expressing
the carrier density in units of the peak carrier density in
absence of diffusion, Ny=a(1—-R) ¢, and the radial distance
in units of the laser beam waist, wy,. We make a Taylor’s
expansion around the regular singular point p=0 of a solu-
tion of Eq. (4) that satisfies the boundary condition
(0Npn/ 3p) =9=0 and we propagate numerically this solution
to larger p. The zeroth-order coefficient of the Taylor expan-
sion is then adjusted to yield a carrier-density distribution
that vanishes at large p. The radial distribution profile of the
photoexcited carriers obtained for the parameters listed in
Table I is shown in Fig. 3.

To assess the effect of lateral diffusion, we compare this
profile with the one that would result in absence of carrier
diffusion [D=0 in Eq. (4)]. The latter is shown, scaled down
by a factor of 10, as a dashed line in Fig. 3. We can see that
a large fraction of the photogenerated carriers diffuse to a
region outside the Gaussian profile of the laser beam. As a
consequence, we estimate that the carrier density probed by
the micro-Raman experiment is reduced by a multiplicative
factor of =0.089 relative to the case in which radial diffusion
is neglected, as obtained from the ratio between the corre-
sponding peak densities at the beam axis. Thus, we apply this
correction factor to the density distribution derived from Eq.
(1) to compare the 1D-diffusion model with the experimental
determination of the photoexcited carrier density from
micro-Raman experiments. Further, to account for the finite
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FIG. 3. Radial distribution around the laser beam axis of the
photoexcited carrier density taking into account the ambipolar dif-
fusion of the electron-hole pairs. The dashed line depicts the density
profile that would result in absence of carrier diffusion. Note that
carrier density is given in units of the peak density in absence of
diffusion, Ny, and the radial distance in units of the laser beam
waist, wy.

Raman probing depth we consider an average of the photo-
excited carrier profile weighted by the optical attenuation
factor
[iNpn(2)e>*dz
_2upn®r
<Nph>_ ° d _—2az : (5)
Joe " %dz

By equating (N,;,) with the photoexcited carrier-density val-
ues derived from the micro-Raman measurements (linear fits
in Fig. 2), we can determine the SRV in the layers studied.
Owing to the large number of dangling bonds at exposed
surfaces, the SRV at the semiconductor/air interface is gen-
erally higher than that at heterointerfaces, where recombina-
tion occurs mainly at misfit dislocations.>” We may safely
assume that the SRV at the exposed InN surface, S, must be
the same for both layers, and that S is higher than the SRV
at the InN/substrate interface. Then, to determine the SRV
values, we evaluate S, for both layers as a function of the
So/S, ratio. The results are shown in Fig. 4, where we can
see that the curves corresponding to samples Al and A4
cross at Sy/S,;~21.5. For this particular SRV ratio, the SRV
at the InN/substrate surface would also be the same for both
samples. Given that sample A1l displays a lower background
electron density than sample A4, it is likely that the GaN/InN
interface of sample Al is of superior quality than the nitri-
dated sapphire/InN interface of sample A4 and, therefore, S,
may be expected to be somewhat higher for the latter. This is
consistent with Fig. 4 if we consider SRV ratios Sy/S,
=21.5. Then, for a given SRV at the InN/air interface S, one
can find SRV values at the InN/substrate interface S&Al) and
SL,M) such that SEIA”SS&M). Taking into account the
asymptotic behavior of the curve Al at large Sy/S,;, we may
estimate the SRV at the InN/air interface to be in the
4.6-4.9%10* cms™' range. This value is comparable to
SRV estimates in GaN for which an upper limit of 3
X 10* cm s™' was determined from absolute photolumines-
cence quantum efficiency measurements.
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FIG. 4. Surface recombination velocity at the InN/air interface
as a function of the ratio between surface recombination velocities
at the sample surface and at the substrate interface for samples Al
and A4.

In contrast with GaAs, for which SRV values as high as
5% 10% cm s! have been proposed,'? the SRV in InN layers
is low enough to produce a photoexcited plasma with a
charge density profile that does not vary substantially over
the Raman probing depth. This is illustrated in Fig. 5, where
we have plotted the depth profile of the photoexcited charge
for samples Al and A4 calculated with the S, and S, values
determined above. The small variation in carrier density
within the optical skin depth allows coupled-mode peaks to
be observed in Raman scattering measurements. The smaller
SRV in InN as compared to GaAs is consistent with the
Fermi-level stabilization energy criterion.'” The SRV in InN
is, however, greater than in InP, for which it was estimated to
be S~ 10%> cm s™'.33 Indeed, photoexcitation effects in Ra-
man scattering by LOPCMs were reported for semiconduct-
ing InP at excitation power densities more than three orders
of magnitude lower than those used in the present work.!!

IV. CONCLUSIONS

We have observed photoexcitation effects in the Raman
scattering spectra of LOPCMs obtained from InN layers un-
der high levels of CW laser excitation. Micro-Raman experi-
ments have revealed the presence of the L™ mode in an InN
layer with low Ng for which no L™ peak could be detected in
conventional macrocamera Raman measurements. The ob-
served shift of the L™ Raman peak, which indicates a signifi-
cant steady-state population of electron-hole pairs, is well
accounted for by the dielectric LOPCM line-shape model.
The photoexcited carrier density is found to increase linearly
with the excitation power density. The responsiveness of the
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FIG. 5. Depth profile of the photoexcited carrier density in lay-
ers Al and A4 as calculated from the 1D diffusion equation for a
photon flux density of 2.2 10* e¢cm™2 s™!. The arrow indicates the
Raman probing depth 1/(2a). Note that the layer thickness for
sample A4 is 250 nm.

L~ peak to the modulation of the free carrier density by
means of optical pumping confirms our previous assignment
of this peak to a long-wavelength LOPCM and corroborates
the fact that wave-vector conserving scattering by LOPCMs
takes place in InN. The sensitivity of the L™ mode allows us
to extract the photoexcited carrier density from line-shape
fits to the Raman spectra. By extrapolating the photoexcited
carrier density to zero power excitation we have been able to
determine from the Raman experiments the background elec-
tron density of an InN layer whose free-electron density was
too low to unambiguously detect the L™ peak in conventional
Raman measurements performed at lower excitation power
density.

From the analysis of these data using a simple diffusion
model, an estimate of the SRV in these InN layers can be
obtained. The relatively low SRV values found give rise to a
homogeneous profile of the photoexcited density within the
Raman probing depth, which allows LOPCM Raman peaks
to be observed even in samples with low background elec-
tron density on account of photoexcitation effects. SRV in
the InN layers studied is, however, substantially higher than
in the case of InP and, therefore, photoexcitation effects in
InN are revealed only under the high power-density condi-
tions achieved in micro-Raman experiments.
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