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Low energy optical modes of molecular beam epitaxy-grown In;_ GaN thin films with
0=x=0.6 are investigated using infrared reflectance measurements. We found that the reflectance
of the films for wave vectors in the range from 600 to 800 cm™' is determined by the high energy
E;(LO)-plasmon coupled modes. In the higher energy regime of the UV-visible reflectance spectrum
of InN, critical points with energies 4.75, 5.36, and 6.12 eV belonging to A and B structures are
observed. The energies of these critical points increase with increasing values of x, similar to the
band gap energy of these films. © 2010 American Institute of Physics. [doi:10.1063/1.3428368]

Indium nitride (InN) and gallium nitride (GaN) are im-
portant electronic materials among various III-nitride semi-
conductors with numerous applications in the areas of lasers,
photovoltaic devices, infrared (IR), visible, and ultraviolet
(UV) detectors, etc.' However, the band gap energy of InN
thin film materials>® is still controversial. In;_Ga,N mate-
rials offer a possibility of tuning band gap from near-IR
(NIR) to UV regimes. Given the numerous applications of
In;_,Ga,N semiconductors in optical devices, it is important
to investigate the phonon spectra of these materials in the
IR region. In particular, the longitudinal optical (LO) com-
ponents of E; and A; phonons play a dominant role in the
electron scattering processes and can also couple with the
plasmon oscillations creating plasmon-phonon coupled
modes.”® Coupling of A;(LO) phonon with plasmon has
been extensively studied for InN films using Raman
spectroscopy.7’9

In;_,Ga,N thin films were prepared by molecular beam
epitaxy technique at Cornell University.4’5 Thin buffer layers
of AIN and GaN with thickness ~10 and 220 nm were
grown to reduce the lattice mismatch between In;_,Ga,N thin
films and c-sapphire substrate. The interference fringe width
from UV-vis-NIR reflection spectrum was used to estimate
the thickness of these thin films which varied from 0.4 to
0.6 um. The room temperature carrier concentration, N,,

Hall mobility, and band gap energy (determined from optical
transmittance and reflectance spectra) are listed in Table I.
Figure 1 shows the IR reflectance spectra of In;_,Ga N
thin films and sapphire substrate measured using normal in-
cidence configuration. Due to small thickness of the
In;_,Ga,N layer in the films, a significant fraction of the light
reaches the sapphire surface and reflects back. The overall
profile of the reflectance spectra for wave vectors less than
600 cm~! and dips at 390 and 630 cm™! can be easily asso-
ciated with the reflectance from sapphire IR-phonons. The
bottom panel in Fig. 1 shows the IR reflectance for InN film.
Most of the spectral features observed in the InggsGag sN
film are the same as that of the InN film. However, for larger
x some noticeable changes occur in the spectra (see
Ing70Gay 30N and Ing 46Gag 54N). For example, the position of
the dip observed in InN film at 445 cm™!' associated with
E,(TO) mode increases with increasing x and so is its broad-
ening indicating an increase in the disorder of the In,_ Ga,N

films. The calculated values of plasmon frequency,

p
47N, e*/ (e,m)), (m, is electron’s effective mass and ., is

dielectric constant) are very close to the E;(LO)-phonon fre-
quency, wy o, (see Table I), and hence one expects a strong
influence of the plasmon-phonon coupling. We have calcu-
lated the reflectance of the In;_,Ga N layer using a dielectric
function,9

TABLE I. Electronic and optical properties of In;_Ga,N thin films for different values of x.

N,

E

e M g @Lo wp o, w_
Sample (em™) (cm?/V s) (eV) (em™) (em™) (em™) (em™)
InN 1.3x10'® 900 0.77 600 562 737 366
InggsGag 5N 14X 1018 700 0.96 621 586 767 374
T 14Gag 30N 23% 108 140 127 642 716 869 412
Tng4Gatg 5N 11X 108 20 1.85 654 522 781 344
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FIG. 1. (Color online) IR reflectance spectra of In;_Ga,N (x=0, 0.15, 0.30,
and 0.54) thin films under normal incidence. The dashed curves show the
theoretical reflectance.
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Here, w;/7y; (i=+, —, TO, and P) represents energy/
broadening constant for the coupled modes, E,(TO) phonon,
and plasmon, respectively. The energies of the lower (w_)
and higher (w,) coupled modes can be calculated from w.
=\0.5[wh+ 0l o+ (@3 +w o) —4wiwio]%. The energies
of these coupled modes (Table I) are affected by plasmon
energy and also by the energies of w; g and wpo modes
which change with x.

Figure 2 shows the variations in the energies of w,, w_,
and wp as a function of N, and also the values of these
modes (solid circles) for two different values of x. The val-
ues of wy o are steadily increasing with x in In;_ Ga,N films
and so are the values of wpo=wg\ex(x)/ g, estimated from
Lyddane-Sachs—Teller relation. Here &.,(x) is calculated us-
ing e.(x)=e"™(1-x)+&%™Nx with dielectric constants of
InN, SEN=6.7, and GaN, sgaN=5.6. Increasing wy o influ-
ences the high energy coupled mode more strongly than the
lower energy coupled mode. When Ga concentration is uni-
formly increased in these films, we observe only small
changes in the carrier density (Table I) which does not seem
to be related to the variation in the values of x. However, the
observed changes in the calculated values of wp is due to
small variations in the values N,, mz, and &, with x. Further-
more, the interaction between wp and E,(LO) does not
change much with x due to small variation in the values of
£,(x).

One expects reflectance edges in the reflectance spectra
at w_ and w,, if the defect concentration is small. In our
films, due to the presence of donor type of charged defects,’
as reflected through the observed high N, values, the plas-
mon mode is relatively heavily damped than the phonon
mode. The spectral features of the reflectance spectra near
the lower energy coupled mode region are dominated by the
sapphire. However, for wave vectors ranging from 600 to
800 cm™!, the overall observed features of the reflectance
spectra can be understood in terms of reflectance by the
higher energy coupled mode as shown by the calculated
plasmon-E;(LO) phonon reflectance in the Fig. 1. Using
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FIG. 2. (Color online) Variation in the energy of coupled modes and wp
with N,. The energies of the coupled modes and plasmon for InN film and
Ing7Gag ;N are shown by the filled circles. Two straight lines in each panel
represent the energies of w; o and wrq for the corresponding film. Inset
shows variation in the broadening parameters, y,, y_, and yp, with x.

Eq. (1), the calculated reflectance for each sample is shown
by the dotted line. The spectral features of the reflectance are
determined by the energies and their damping parameters of
the modes. For the calculation of wp, since the values of mZ
for InGaN alloys are not very well known, we have used m,
(N, dependent) of InN films.* However, larger m;, values
(expected for InGaN alloys) slightly decrease the reflectance
values, e.g., the calculated reflectance at the higher energy
coupled mode’s energy decreases by less than 5.0% when m;,
is increased by 50%. As the value of x increases, the overall
features of the reflectance remain roughly the same. Increas-
ing values of x from 0.15 to 0.30 also increase disorder in the
films as seen through the broadening of the spectral features
in the reflectance spectra. The inset of Fig. 2 shows varia-
tions in 7,, y_, and yp as a function of x. Although the lower
energy coupled mode is not very well seen in the reflectance
spectra due to the dominance of the sapphire, the broadening
parameter y_ used in the fitting of the data is found to in-
crease with x. For films with x=0.0, 0.15, and 0.54, the val-
ues of yp do not change much because the carrier density is
roughly the same. At x=0.30, carrier density is the highest
and so is the plasmon scattering rate. The broadening factor
v, shows a jump when x is increased from 0.15 to 0.30
which is consistent with the broadening observed in the mea-
sured reflectance in the 600 to 800 cm™' region. Its value
further increases as x increases to 0.54 due to increase in
lattice disorder caused by Ga.

High energy reflectance in the UV-visible region can
also be used to investigate band structure properties of a
material. In fact the characteristic structures, like the peaks
and shoulders in a reflectance spectrum, are related to the
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FIG. 3. (a) UV reflectance from In;_,Ga,\N films show-
ing the critical point transitions (shown by arrows) and
(b) variation in critical point energies of In,_,Ga,N al-
loy as a function of x. The solid lines show the fitted
data.
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optical transitions at the critical points (CPs) of the energy
difference between the initial and final energy bands in-
volved in the excitation process. In order to investigate the
CPs in our In;_Ga,N films, we have measured reflectance
over a very wide energy range for each film. These transi-
tions are normally studied using synchrotron radiation.'* In
our reflectance spectra [Fig. 3(a)], we have observed two
main transition structures know as A and B for wurtzite ni-
trides. For the structure A, two very well defined peaks with
energies 4.75 and 5.36 eV are observed. While in the struc-
ture B, at least one critical point at 6.12 eV can be easily
resolved. The energies of these critical points agree very well
with the empirical pseudopotential method calculations' and
ellipsometric measurements'> on InN films. As the Ga con-
tent increases in In;_,Ga,N films, the energies of these criti-
cal points increase as shown in Fig. 3(b). These points can be
fitted with an equation E;(x)=E,(GaN)x+E;InN)(1-x)
—bx(1-x), where the subscript i represents a CP transition
and b; the corresponding bowing parameter. E,(GaN) and
E;(In N) are the transition energies for the ith type of transi-
tion of GaN and InN films, respectively. From the energies of
A (7.0 eV) and B (8.0 eV) transition structures' for GaN, we
estimated the corresponding b; parameters for the In;_,Ga,N
films and found their values b,,=1.11+0.21 eV and by
=1.26%0.70 eV. The energies of the critical points vary
monotonically with increasing values of x, similar to the
band gap energy of these films. The curve at the bottom
represents the variation in the energy of the direct band gap
generated using E,(GaN)=3.42 eV, E,(In N)=0.77 eV, and
bge=1.44+0.12 eV for the In)_,Ga,N films.’

In summary, we investigated the low energy optical
phonons of In;_Ga,N thin films using IR reflectance mea-
surements. We found that the higher energy plasmon-E;(LO)

phonon coupled mode strongly influences the reflectance
spectra of the films. Using reflectance spectroscopy in the
energy range from 4.0 to 7.0 eV we have also investigated
the critical points of In;_,Ga,N band structure. We observe
three critical points in this energy range and they are in
agreement with the theoretically predicted values.

The authors would like to acknowledge the Richard Bar-
ber Funds for interdisciplinary Research and thank Dr. Gavin
Lawes for useful discussions.
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