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We have fabricated InN thin films using rf magnetron sputtering from an indium (In) metal target.
Optical and electrical measurements show that these as-grown films are n-type with carrier
concentrations ranging from 10?° to 10*' cm™. This variation in carrier density is produced by
controlling the conditions during the deposition. We used Rutherford backscattering spectrometry to
identify possible sources for n-type carriers. We found that in addition to strong direct bandgap
optical absorption ranging from 1.4 to 2.0 eV, a large plasmon absorption peak in the infrared region
(0.45-0.8 eV) is also observed. This tunable IR absorption suggests that these highly degenerate InN
films could be used for a number of applications, including optical filters and infrared devices.

© 2009 American Institute of Physics. [DOI: 10.1063/1.3088879]

I. INTRODUCTION

Group III-nitrides are normally wide band gap semicon-
ducting materials, suitable for applications in ultraviolet and
visible spectrum optical devices and high power electronics.
Among these nitrides, only InN is known to have a small
intrinsic band gap (0.7 eV) and is considered to be a prom-
ising material for optoelectronics and other devices. '2 Due to
a smaller electron effective mass than the other IIl-nitrides,
InN exhibits a higher mobility and higher saturation velocity,
making it attractive for a number of electronic applications.
Theoretically estimated maximum values of mobility for InN
and GaN at 300 K are approximately 4400 and
1000 cm?/V s respectively, while the values at 77 K exceed
30 000 and 6000 cm?/V s." InN also exhibits a very high
peak velocity 4.2X 107 cm/s, at room temperature.1 Taken
in aggregate, these values suggest that the transport charac-
teristics of InN may be superior to those of GaN and GaAs
over a wide range of temperatures.'

Although the theoretically predicted parameters for InN
are extremely promising for applications, InN films fabri-
cated by many methods are often of poor quality, leading to
degradation of properties. The fabrication of high quality
crystalline InN films is challenging because of the large lat-
tice mismatch with many commonly used substrates, the low
dissociation temperature, and stoichiometric instability pro-
moting the inclusion of oxygen impurities. During synthesis,
this leads to the introduction of variety of defects during
synthesis, including randomly distributed charged impurities,
charge dislocation lines, grain boundaries, surface charge de-
fects, vacancies, and oxygen impurities. The nature of the
defects introduced in the samples depends strongly on the
fabrication technique. Molecular beam epitaxy (MBE) gen-
erally produces very high quality samples with a low carrier
density,3’4 while other techniques, including plasma source
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MBE, metal organic chemical vapor deposition, and sputter-
ing, normally produce lower quality samples having higher
carrier densities.””’

The high carrier densities, up to N,~ 10?! cm™, in these
lower quality films suggest that there is a much higher con-
centration of donor defects compared to other Ill-nitride
films. The origin of these donor defects is unclear and is
attributed to oxygen incorporation or nitrogen native defects,
among other possibilities.1 While this high carrier concentra-
tion is contraindicated for many applications, these samples
can exhibit intense plasmon excitations similar to those
found in metals.® These InN films can therefore act as strong
tunable absorbers of optical/infrared signals when the signal
frequency matches the plasmon frequency of the sample. For
small carrier densities, the absorption cross section for plas-
mon excitations is very small. However, if the absorption
coefficient for the plasmon excitation becomes comparable
to that of direct bandgap excitations, then these plasmon ex-
citations could potentially be used for a number of applica-
tions that currently rely on direct bandgap absorption. Plas-
mon absorption offers a distinct advantage over direct
bandgap absorption because the frequency response can be
tuned continuously by varying the carrier density.

In the following, we present experimental evidence sug-
gesting that highly degenerate InN films could potentially be
used as a plasma filter material in thermophotovoltaic
systemsg’10 or in other optical applications. We illustrate this
effect by presenting reflectance and absorption spectra of
various degenerate InN films fabricated using RF magnetron
sputtering.

Il. EXPERIMENTAL DETAILS

InN thin films with different carrier concentrations were
grown using reactive rf (13.56 MHz) magnetron sputtering
system with a high purity (5N) indium metal target onto
c-sapphire substrates. The growth temperature of these films
was kept at ~470*=5 °C using deposition parameters that

© 2009 American Institute of Physics
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TABLE I. Growth parameters and physical properties of the films.
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Growth parameters

Optical band edge Thickness Carrier density Electron mobility Plasmon frequency Plasmon damping

Partial pressure

(Torr) Power Time E, t N M w, Y
Sample No.  Ar N, (W)  (min) (eV) (nm) (ecm™) (cm?/V s) (eV) (eV)
1 0 1.5X 1072 100 30 1.40 194 3.84x 10% 21.5 0.459 0.155
2 0 3.0X107%2 100 30 1.45 200 5.44 X 10% 20.7 0.545 0.161
3 5%X107 1.0X1072 100 30 1.77 790 9.78 X 10% 26.8 0.731 0.124
4 1X1072 5.0X107 40 30 1.89 840 1.11x10%! 24.5 0.781 0.136
5 1X1072 5.0Xx107° 40 04 2.01 71 1.26x 107! 9.6 0.831 0.347

were optimized for preparing InN thin films. These films
were fabricated using N, as the reactive gas and Ar as sput-
tering gas at a working pressure of 1.5X 1072 torr. The
growth parameters, including sputtering time and partial
pressure of reactive and sputtering gases, were adjusted to
control the carrier concentration of InN thin films. The
growth parameters and corresponding properties of these
films are summarized in Table I.

The crystalline quality of these InN/Sap films was inves-
tigated using x-ray diffraction (XRD) and cross-sectional
scanning electron microscopy (SEM) analysis. The XRD pat-
terns for these InN films are shown in Figs. 1(a) and 1(b).
The XRD pattern consists of intense peaks at 26=31.43° and
65.4° corresponding to the (002) and (004) reflections for
hexagonal wurtzite InN thin films, indicating that films are
highly textured and c-axis oriented. The c-axis lattice param-
eter of these InN films, obtained from the XRD patterns is
~5.69 A, which is in good agreement with the reported lit-
erature values.'"'? A representative cross-sectional SEM im-
age of the InN/Sap film with the highest carrier concentration
is shown in Fig. 1(c). The cross-sectional analysis of these
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FIG. 1. (Color online) XRD spectra of InN thin films having (a) lowest
carrier concentration and (b) highest carrier concentration. The * indicates
the substrate peak due to the Al,O5 (0006) reflection. The small anomaly
near 35° in panel (a) represents an instrumental error. (c¢) Cross-sectional
SEM image of the InN/sapphire thin film with n=1.26X 10?! cm™,

films indicates a sharp interface between the film and sub-
strate with well oriented columnar growth along the c-axis.
We also carried out high resolution transmission electron mi-
croscopy (HRTEM) of these films. Both InN thin films with
high and low carrier concentrations show highly oriented
columnar grains of the InN. These columnar structures are
~50 nm wide and are oriented along the c-axis of the wurtz-
ite structure perpendicular to the substrate plane. Secondary
inclusions such as In (Ref. 13) and In,O5 (Ref. 7) have been
reported to form within the InN lattice. However, for our
samples we observe highly crystalline columnar grains using
HRTEM with no discernible defects or secondary inclusions,
as shown in Fig. 2.

We investigated the source of the n-type carriers in these
highly degenerate films by determining their composition us-
ing Rutherford backscattering spectrometry (RBS). We fo-
cused on the highest carrier concentration film, since this
would be expected to show the largest deviation from sto-
ichiometry. The RBS data acquired using a standard detector
(angle of 140°), a 180° annular detector and a 40° annular
detector using a 4He™, 2 MeV beam from a Van de Graaff
accelerator are shown in Fig. 3. A nuclear data function
(NDF) simulation package was used to simulate the experi-
mental results and to estimate the In to N ratio. This estimate
yields the result that the In:N ratio is 47:53. This excess
nitrogen in this film suggests that other compensating defects
could also be responsible for the excess charge carriers.' Pre-
liminary data on samples prepared under nitrogen rich depo-
sition conditions, which have low carrier concentrations,
show that the In:N ratio diverges even more from stoichiom-
etry, suggesting that acceptor-type defects such as In vacan-
cies (V;,*") becoming more favorable or presence of oxygen
may be influencing the carrier density. We therefore believe
that excess nitrogen plays at most a minimal role in modify-

FIG. 2. HRTEM images of (a) the lowest carrier concentration film and (b)
the highest carrier concentration film.
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FIG. 3. (Color online) RBS spectra highest carrier concentration thin film
with a standard detector of 140° angle (red circle), 180° annular detector
(blue square), and 30° annular detector (black triangle). Symbols are experi-
mental spectra. The fit using the NDF simulation is shown as a line.

ing the carrier concentration, which is rather determined
mainly by the presence of oxygen in the samples.

Raman spectroscopy measurements were carried out at
room temperature using a 514.5 nm excitation wavelength to
study the lattice modes of these samples. These spectra are
shown in Figs. 4(a) and 4(b) for the films having lowest and
highest carrier densities, respectively. Factor group analysis
at the I point in hexagonal InN predicts a total of six al-
lowed Raman active modes,"® of which three are typically
observed for c-axis oriented InN films, namely, the E, (low),
E, (high), and A; (LO) which occur near 90, 490, and
580 cm™!, respectively.m_16 The Raman spectra of these
films contain additional peaks close to 128, 305, and
370 cm™!' which are characteristics of bec In203;7’17719 the
presence of In,O5 secondary phases is consistent with obser-
vations of a finite oxygen concentration in these samples.
Oxygen impurities have been proposed as a mechanism for
producing the high carrier concentration in InN,' so the ex-
cess oxygen in these samples could be responsible for the
degenerate nature of these films.”

In an ideal InN lattice, the B; Raman mode is silent in
Raman. However, this mode can be observed in defective
InN sarnples.20 The excess oxygen in these sputtered films
may be sufficient to distort the InN lattice and break the local
crystal symmetry. This can allow the excitation of the B,
(low) and B, (high) modes at ~200 and 565 cm™', respec-
tively. We note that some of the Raman active modes are
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FIG. 4. Raman spectra of InN thin films with (a) lowest carrier concentra-
tion and (b) highest carrier concentration. The * corresponds to the peaks
from In,O5 at 129, 303, and 375 cm™'.

J. Appl. Phys. 105, 053104 (2009)

40 20 3
a —=—3.84x10" cm’
52| (@ i)
o 24! 1
X 16}
8,
0
16
L 12}
3
o8t
5 04f
0.0 - : :
0.0 0.5 1.0 1.5 2.0 25

E (eV)

FIG. 5. Optical spectra of InN/Sap thin films (a) reflectance and (b) absorp-
tion spectra. Closed (open) symbols and dotted (dashed) lines show the
experimental data and simulated spectrum for the films having a carrier
concentration of 1.26X10?! cm™ (3.84 X 10 cm™). In Fig. 4(b) the
jumps are due to grating changes at these wavelengths.

absent in these highly disordered films, as shown in Fig.
4(b). This strong disorder has two main effects on the prop-
erties of the films: the disorder broadens the Raman modes
due to lattice distortions and the disorder is also a source of
additional charge carriers. These carriers can strongly inter-
act with certain optical modes and influence their spectral
characteristics. Figure 4(b) shows a possible evidence for
this coupling through the suppression of the E, (low) mode
and broadening of the B, (low), E, (high), and A, (LO)
modes.

We have also investigated various optical properties of
these InN films using UV-vis-NIR spectroscopy. Optical
transmittance and reflectance [Fig. 5(a)] spectra were mea-
sured from 175 to 3300 nm for all samples to determine the
absorbance and extract the absorption coefficient, «. Figure
5(b) shows the absorption coefficient for the lowest and
highest carrier density films. Typically the optical response in
InN consists of only direct bandgap absorption located at an
energy corresponding to the bandgap energy plus the Moss—
Burstein shift.""*" It is interesting to note that in addition to
the direct bandgap absorption there is an additional absorp-
tion at lower energies. This absorption, which is attributed to
plasmon excitations, is found to be as strong as the direct
bandgap absorption. In these samples the lower energy ab-
sorption peak varies from 0.45 to 0.8 eV, which lies in the
infrared region of the electromagnetic spectrum. We are able
to tune the carrier density, which, in turn, determines the
plasmon energy, by controlling the partial pressures of N,
and Ar during deposition.

lll. RESULTS AND DISCUSSION

Both reflectance curves in Fig. 5(a) exhibit a large re-
flection edge due to the plasmon excitation in the lower en-
ergy portion of the spectrum. At higher energies, we observe
well defined oscillations due to optical interference between
the waves reflected from the substrate interface and the sur-
face. The period of these oscillations is related to the film
thickness; we used this interference to determine the sample
thickness using the known dielectric constant. We analyzed
the reflectance spectra using the Drude model for the dielec-
tric function’* where contributions from the LO phonons
and plasmon excitation are taken into account according to
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FIG. 6. (a) Measured and computed values for the optical absorption edge
vs carrier concentration extracted from the plasmon resonance peak. (b)
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Here wro/y and w;o/I" are the TO and LO frequency/
damping, respectively. w,=(4mN e*/m*e,)"'? is the plasmon
frequency, N, is the electron density, m* is the electron ef-
fective mass, and g, is the static dielectric constant. The
phonon frequencies are determined using our Raman data,
while the damping factors are considered as adjustable pa-
rameters to fit the reflectance spectra. In these films the plas-
mon energies are much larger than the LO-phonon energy so
the coupling between the fundamental modes of plasmon and
LO phonons is negligible.

We estimated the carrier concentration of the films using
the measured plasmon frequency. These values agree well
with those determined from Hall electrical measurements,
although in the following we analyze our results using the
plasmon frequency values for carrier concentration. The ab-
sorption coefficients plotted in Fig. 5(b), show two separate
absorption processes in these films, namely, plasmon due to
excitations and excitation across the bandgap. Between the
plasmon and bandgap excitation regions there is an ~1 eV
wide transparent portion of the spectrum having very small
absorption. Changing the carrier concentration by modifying
the deposition conditions leads to a change in the plasmon
frequency, and also to a change in the optical absorption
edge. In Fig. 6(a) we plot the measured value of the optical
absorption edge together with the calculated value based on
the plasmon values of the carrier concentration in the frame-
work described below. The good agreement between these
measured and calculated values demonstrates that the optical
absorption edge and plasmon frequency are both connected
to the carrier density. These experiments suggest that the
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transparent region in these highly degenerate InN films can
be tuned by varying the carrier concentration. This could
allow these materials to be used as optical filters or in other
optoelectronic applications.

The plasmon excitations in these samples can be under-
stood from the dielectric response function e(w) using
Im[-1/&(w)].** In Fig. 6(b) we plot the calculated reso-
nances due to plasmon absorption resonances, Im[—1/&(w)],
which lie in the infrared region (0.45-0.8 eV) of the electro-
magnetic spectrum for these degenerate samples. The half
width of the Lorentzian line shape of the absorption peak
provides a measure of the plasmon damping due to electron
scattering from the defects and lattice phonons. The varia-
tions in the widths of these peaks are consistent with the
variation in the sample disorder seen in the Raman spectra.
We note that the plasmon in the film with the highest carrier
concentration is the most strongly damped.

We investigated theoretically the shift in the optical ab-
sorption edge beyond the true bandgap value E, for samples
having different electron density using Kane’s two-band k- p
model.”> This model takes into account the electron density
dependent shift and the nonparabolic conduction band dis-
persion due to the small bandgap value for the absorption
edge. The variation in the optical absorption edge can be
written” as

_ h2k2 1 ﬁZkZ 1/2 2 2k
E,=E +—F+5 E+4E,—L| —E,|-"F

m, TE,

2
()| 8

2¢, T krp
The last two terms take into account the renormalization of
the bandgap energy due to electron-electron interaction ef-
fects. kp=(37N,)"® and kpp=2\m(k;m’/0.53z,) are the
Fermi and Thomas—Fermi wavevectors, respectively. Here,
the electron density N, is estimated from the plasmon reso-
nance. E, is an energy parameter of the Kane’s two-band
k-p model. In order to evaluate this expression, we have
taken £,=0.7 eV and E,=6.0 eV. The estimated and ex-
perimentally determined values of E, for samples having dif-
ferent carrier concentrations are in good agreement, as
shown in Fig. 6(a).

Optical devices based on absorption generally rely on
direct bandgap excitations,'” having absorption coefficients
values on the order of 10*/cm.”® The plasmon absorption
coefficient in semiconductors is generally rather small, mak-
ing this process unsuitable for optical devices. However, we
have shown that the absorption coefficient at the plasmon
resonance in these degenerate InN films approaches values
typical of interband transitions. A relatively narrow plasmon
absorption width confirms that these excitations are well de-
fined and allows the optical absorption to be tuned to a nar-
row energy range. This well defined strong plasmon absorp-
tion may be utilized for IR and optical devices replacing the
low band gap semiconductors normally used for these appli-
cations. These highly degenerate InN films could be incor-
porated into thermophotovoltaic systems as a plasmon filter.
Thermophotovoltaic (TPV) devices consist of two main
components: the filtering layer and the absorption layer. The

o
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filtering layer reflects the spectral components having ener-
gies less than the bandgap energy of the absorption layer.
The bandgap values of TPV systems range from 0.5=F,
=1.1 evV,” s0 to optimize the photovoltaic efficiency, the
reflectance edge of the filter should match with the absorp-
tion edge of the absorption layer. Taking these factors into
consideration, the carrier concentrations and optical mobili-
ties of the optical filter material should be 10°°=N
=10?! cm™ and 10=wx=1000 cm?/V s, respectively.27
These ranges match very well with the carrier density and
mobility ranges of the InN samples. By using InN films for
these devices, both the reflection and plasmon absorption
phenomena can be used to filter out undesired frequency
components of the incident signal. Exploiting both the reflec-
tion and strong plasmon absorption of degenerate InN films
may allow filtering of most of the spurious spectral compo-
nents, increasing the efficiency of the TPV device.

The optical response of this plasmon excitation is af-
fected by the material properties of the samples. A number of
damping mechanisms can broaden the plasmon line shape
and limit the sharp absorption at the plasmon resonance.
However, most of these damping mechanisms involve plas-
mon excitations at some finite wave vectors. For example,
Landau damping,24 which involves the plasmon merging into
the electron-hole pair spectrum, requires plasmon propaga-
tion at some critical wave vector. For small but finite
wavevectors, plasmons can also decay by exciting two or
more electrons, however, contributions to the damping from
this process are found to be small.”® Another possible plas-
mon decay mechanism involves electronic excitations across
the bandgap, but this decay path is not feasible in these
samples since the plasmon energy falls well below the ab-
sorption edge. Because only a small wavevector momentum
is transferred to the electrons in these transmission experi-
ments, plasmon damping occurs mainly through scattering
with defects. For a given film the type of defects and its
concentration are fixed thus pinning the value of damping
constant. However, the concentration of defects in each film
is different thus producing different plasmon widths. Ideally
one would like to have minimum defect concentration, but
we believe that these defects are also responsible for produc-
ing the high concentration of electrons required for such
strong plasmon absorption. Optimizing the properties of
these films for efficient absorption will require balancing the
requirement for strong plasmon absorption while minimizing
defect-driven plasmon damping.

IV. CONCLUSIONS

We have fabricated a number of degenerate InN thin
films using reactive rf magnetron sputtering using a high
purity indium metal target on c-sapphire substrates. Optical
and electrical measurements show a wide variation in their
carrier concentration values. These films show very strong
optical absorption due to degenerate electron gas plasmon,
which exhibits absorption coefficients, comparable to those
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of the direct bandgap absorption. The plasmon absorption in
these films falls in the infrared region (0.45-0.8 eV) of the
electromagnetic spectrum. Due to the large and tunable ab-
sorption at the plasmon frequencies, these degenerate InN
films should be considered as potential materials for infrared
devices and optical filters.
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