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Room temperature infrared (IR) optical responses of wurtzite indium gallium nitride (InyGa; _ xN) in the com-
position range of 0.174 < x < 0.883 were investigated by the polarized IR reflectance spectroscopy. Analyses of the
amplitudes of oscillation fringes in the non-reststrahlen region revealed that the high frequency dielectric con-
stants of the samples were unusually smaller than the values predicted from the Clausius-Mossotti relation.
This odd behavior was attributed to the porous surface morphology of the In,Ga; _ x\N samples. The E; optical
phonon modes of the In,Ga; _ xN were deduced from the composition dependent reststrahlen features. The
obtained values were compared to those calculated through the modified random element iso-displacement
Waurtzite InGaN (MREI) model. The deviation between the measured data and the MREI model prediction were explained in
Porous detail from the aspects of strain, thermal expansion and anharmonic phonon-coupling. Finally, it was
LPP found that the large discrepancy of the E;(LO) mode is mainly attributed to the effects of the longitudinal pho-
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1. Introduction

In year 2014, the Nobel Prize in Physics was awarded jointly to
Isamu Akasaki, Hiroshi Amano and Shuji Nakamura for the invention
of efficient blue light-emitting diodes [1]. One of the key materials for
these light-emitting diodes (LEDs) is indium gallium nitride (InGaN).
Despite the energy efficient solid-state LEDs products already available
on the market, issues concerning its growth conditions and material
properties still remain a controversial matter and are a subject of an on-
going debate in the literature. Apart from lighting applications, few in-
vestigations revealed that the role of optical phonon in thermal
conductivity can no longer be ignored especially in nanostructures [2,
3]. Hot phonon effect and phonon bottleneck effect resulted from the
electron-phonon interaction can severely affect the electron mobility
and electrical conductivity of high speed electronic devices [4]. As all
these properties are closely associated to the performance and efficien-
cy of devices, the interpretation of optical phonon modes for wurtzite
structure InGaN have been extensively studied for realization of various
related optoelectronic devices.

At Brillouin zone center, the optical phonon branches for a wurtzite
structure crystal are constituted of A; (parallel to the optic axis (c-axis)),

* Corresponding author.
E-mail address: paulinevcu@hotmail.com (P. Yew).

http://dx.doi.org/10.1016/j.tsf.2016.02.039
0040-6090/© 2016 Elsevier B.V. All rights reserved.

E; (perpendicular to the c-axis), E; and By (silent) modes. B; is neither
infrared (IR)-active nor Raman-active. The non-polar E, is Raman-
active; the remaining polar A; and E; are both Raman-active and
[R-active. Among all the optical phonon branches, A;(LO) and E,
modes of wurtzite InGaN were mostly studied by means of Raman spec-
troscopy [5-10] and spectroscopic ellipsometry [11]. Very few attempts
have hitherto been made to study E; optical vibrational components of
InGaN [11-13]. In addition, the characterization is very limited to Ga-
rich InGaN alloys [11,12,14]. Hence, it is essential to investigate E; pho-
non modes of InGaN with different crystalline qualities and structural
properties for metrology purpose and further investigations of its
heterostructure properties.

Longitudinal optical (LO) phonon-plasmon coupling (LOPC) is the
interaction between the electric dipole moment due to the relative
displacement of the ions and the electric field associated with free
carriers [15]. The LOPC gives rise to coupled modes, namely longitudinal
phonon-plasmon (LPP) modes which are directly observable in Raman
and IR spectroscopic measurements. Numerous theoretical [16] and ex-
perimental [17-21] investigations have been established to study the
properties of coupled mode in doped semiconductors. To date, only
little work has been done on A; LPP [6,9] and E; LPP [22] modes of
waurtzite InGaN. Because of the surface Fermi level of InyGa; — xN, partic-
ularly with In content larger than 43%, is pinned above the charge
neutrality level [23,24], unintentionally-doped InGaN typically exhibits


http://crossmark.crossref.org/dialog/?doi=10.1016/j.tsf.2016.02.039&domain=pdf
mailto:paulinevcu@hotmail.com
Journal logo
http://dx.doi.org/10.1016/j.tsf.2016.02.039
www.elsevier.com/locate/tsf

P. Yew et al. / Thin Solid Films 603 (2016) 334-341 335

high free carrier concentration. Determination of LO phonon mode of
InGaN is generally difficult because the spectral feature is not induced
by LO individually but the LPP modes.

The optical properties of a material can be greatly changed by sur-
face morphology [25,26]. Several profound characteristics of porous
structure, for instance, increase of total surface area, enhanced
photoluminescence effect, an offer of a better epitaxial growth template
and etc., have successfully make porous semiconductors become a hot
research topic [25-27]. For example, porosity induces an additional
TO-LO mode pair (@10 ~®1oF), So-called Frohlich modes. The Frohlich
modes lie in between the gap of TO and LO vibrational frequency of
flat semiconductor (i.e., @10 £ W of £ OToF £ W10) [28]. Moreover,
carrier concentration profile has been related to porous morphology
[29-31]. Look et al. emphasized that the pore surface which acts as elec-
tron traps is the major factor for the drop of carrier concentration in an-
odized SiC [30].

In this work, the room temperature IR optical properties of c-plane
oriented wurtzite InyGa; _ x\N (0.174 < x < 0.883) thin films with po-
rous surface morphology were investigated by Fourier transform IR
(FTIR) reflectance spectroscopy. A multi-oscillator dielectric function
model was employed to analyze the spectral features. The relationship
between the high frequency dielectric constant and the porous surface
morphology of the samples was investigated with the aid of effective
medium theory. Subsequently, we employed modified random element
iso-displacement (MREI) model to predict the harmonic E; optical pho-
non modes in long wavelength limit. Instead of the uncoupled E; (LO)
mode, the LPP modes of wurtzite In,Ga; _— 4N which arise from LOPC
were reported. Finally, possible factors that account for the deviation
between the theoretical predictions and measured optical phonon
modes were discussed.

2. Experiment details

Four commercial unintentionally doped n-type InyGa; _ xN thin
films with c-plane orientation were used in this study. The as-received
InyGa; _ «N thin films were grown by molecular beam epitaxy on top
of sapphire (Al,O3) substrate with a very thin AIN buffer layer
(~20 nm). Proton induced X-ray emission (PIXE) was used to determine
the In/Ga ratio. The measurements were carried out at the Centre for lon
Beam Applications (CIBA) at the National University of Singapore
(NUS), Singapore. A 2 MeV proton beam under 45° to the sample nor-
mal (SN) was used in combination with a Si(Li) detector, also under
45° to the SN. From the intensity of the In L and the Ga K X-rays, the
atomic ratio of Ga to In was derived, using the empirically known
X-ray production cross sections [32]. The composition of the four
wurtzite InyGa; _ xN thin films was determined as x = 0.174, 0.477,
0.719, and 0.883. To ease the discussion, the samples were labeled as
InGaN20, InGaN40, InGaN60 and InGaN80 for x = 0.174, 0.477, 0.719,
and 0.883, respectively. The lattice constants a; and c; of the films
were determined by X-ray diffraction reciprocal space mapping (RSM)
technique (model: Siemens D5000 spectrometer). The c-plane wurtzite
InyGa; — «N thin films experience biaxial stress oy, = 0y, and vanished
uniaxial stress 0,, = 0 [33]. The strain states of InyGa; _ 4N thin film,
i.e., out-of plane strain, ¢,, = (¢, — c{) / cf and the in-plane strain,
Ex = €y = (aL — al) / af were calculated. Subsequently, surface
morphology and cross section of the samples were studied by means
of field emission scanning electron microscopy (FESEM, FEI Nova
NanoSEM 450).

Room temperature s-polarized IR (400-7800 cm~!) reflectance
measurements were performed on wurtzite Iny,Ga; _ xN samples
using a FTIR spectrometer (Spectrum GX FTIR, Perkin Elmer) with
the aid of a thallium iodide bromide polarizer. All the measure-
ments were carried out at incident angle of 16° with the aid of a
Perkin Elmer fixed angle (16°) specular reflectance accessory. An
aluminium coating mirror was used as reference standard. Note
that “s-polarized” means that the electric field of the incident

light beam is polarized perpendicular to the surface normal of the
sample, where the surface normal is parallel to the c-axis. Under
the s-polarized configuration, the E; optical phonon modes can be
excited effectively.

3. Theory

The IR reflectance spectra of vacuum/InyGa; _ xN/AIN/AL,O3
heterostructures were simulated by using standard multi-layer optics
technique [34]. The least-squares curve fitting technique was used to
extract the parameters from the reflectance spectra. Dielectric function
&() and thickness d of each layer in the heterostructures are two indis-
pensable parameters for the simulation. Unlike zincblende phase,
wurtzite alloys possess directional dependence of optical phonon
modes i.e.,, A; modes and E; modes due to the anisotropy which is
stemmed from the short range inter-atomic force. Thus, the effects of
anisotropy must be taken into account in examining the dielectric func-
tion of uniaxial crystal. Assume that the c-axis is parallel to the crystal
surface normal (c-axis || z) and perpendicular to the direction of wave
propagation (c-axis L x), the dielectric function is given by [35,36]:
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where o, €., W10, 00 and y are the angular frequency, high frequency
dielectric constant, transverse optical (TO), longitudinal optical (LO)
phonon modes, and damping constant, respectively. The subscript N
and j represent the total number of phonon oscillators and specific num-
ber of oscillator, respectively. The second term descends from the con-
sideration of plasmon (free carrier) and w,, represents the plasmon
frequency. Eq. (1) assumed that the contributions of phonon and plas-
mon are independent and additive. As the damping of Eq. (1) is
neglected and using the relation &.(®w) = 0, @ pp4 can be related to
unscreened @ o analytically as follow:
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Note that the plasmon frequency (®,) and plasmon damping (y,)
are related to carrier concentration (n) and the mobility (1), respective-
ly by Drude approximation, i.e., ®3 = ne* / (¢.¢.m") and y, = e / (m"p)
[37] The symbols &,, m* and e denote the permittivity in free space,
effective mass and electron charge, respectively.

Aforementioned, the Coulomb interaction between the free carriers
and LO phonons gives rise to insensitivity in probing the plasmon and
LO phonon modes separately. Hence, it is more appropriate to employ
Kukharskii extended generalized Lyddane-Sachs-Teller dielectric
model (5) which take account of LOPC to describe the optical proper-
ties of doped semiconductors [21,38,39]. Specifically, the general form
of factorized dielectric model for polar semiconductor with two coupled
modes, i.e. @ pp and wpp_ can be expressed as follows [38]:
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Eq. (3) is only valid for the system with single lattice oscillator
(j = 1).Under the circumstance of small damping, plasmon frequen-
cy of & (i.e., 0 = wipp 4 Opp_ / 010) can be retrieved from Eq. (3)
[38,39].

MREI [40,41] model has been recognized as a successful model to
predict the optical phonon harmonic frequency of ternary mixed crystal.
By following the procedure as demonstrated in Refs. [41,42], ®ro mrEr
and oo mrer Of wurtzite InyGa; — N in the long wavelength limit
(k ~ 0) can be determined by substituting the local electric field Ejoc
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with Ejoc = E + (41 / 3)g;P. E is the macroscopic electric field and P is
polarization field. The ideal wurtzite structure constant g; is included
in the Ej,. to consider the anisotropy of uniaxial structure i.e., g, =
1+ 0.2(3/4m) and gy = 1 — 0.1(3 / 4m), respectively [43]. In this
study, only g, is considered.

The required input parameters in MREI model are &. caninn) =
52(84), MT0,GaN(InN) = 559(476) Cmil, @10,GaN(InN) = 741(593) Cmil,
respectively. We used lattice constants acannn® = 3.1890(3.5378) A
and Ceananny® = 5.1855(5.7033) A as the unstrained lattice values
throughout this work [44-48]. It is worth mentioning that wurtzite
InyGa; _ xN exhibits one-mode behavior for composition dependence of
both A; and E; optical phonon modes [42,49]. The ®tomre and @0 vrer
predicted from the MREI model were used as initial guesses in the curve
fitting procedure for the InyGa; _ N thin films.

The wavelength of the IR radiation is much larger than the structure
dimension. In such quasi-static limit, the optical properties of the
heterogeneous system i.e., mixtures of air and InGaN thin film can be
treated by uniform effective medium theory (EMT). Within small appli-
cability range where volume fraction of inclusion, f < 1/3 [50], non self-
consistent Maxwell Garnett (MG) approach is used in analyzing the
effective dielectric properties of the composite material. Assume that
the cylindrical air filled pores along z direction (parallel to the c-axis),
the interface layers of the material lie on the xy plane (perpendicular
to c-axis) and under the framework of MG type on cylindrical geometry,
the birefringence effects give the effective uniaxial dielectric properties
(depolarization factor, L; = 0.5) in E; direction as follow [28,51]:
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&, is the dielectric functions of effective medium. The subscripts h
and i represent the host material and air inclusion, respectively. f; is
the volume concentration of air cavity (porosity) and > f; = 1. With
the same assumption on microstructural geometry (L; = 0.5), self-
consistent Bruggeman (BR) theory gives [52]:
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where f; (f) is the volume fraction of constituent material with &; (&;).
Here, €.; = 1 and f; is the air porosity. The subscript 2 denotes to the
host material, i.e., InyGa; _ x\N. The Egs. (9a) and (9b) are applicable in
the range of 0 < f; < 1 but limited for 0.05 < |&;(®) / &1(w)|<20 [53]. By
having the best-fit high frequency dielectric constant, namely €. as
standard reference, the porosity can be calculated by using the
Egs. (8b) and (9b).

4. Results and discussion

Using the relaxed lattice parameters of InN and GaN, &.. of the mixed
crystal InyGa; — N can be calculated based on the Clausius—-Mossotti
(CM) expression as below [41]:

g-—1 . (Ve [E=can—1 Vion [ E=inn—1
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The symbol V refers to the intermediate volume of unit cell for
the mixed crystal InGaN with particular composition, X respective-
ly. The obtained €. cm values were used to simulate the theoretical
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Fig. 1. Non reststrahlen region of s-polarized IR spectra for wurtzite structure InyGa; — x\N
with (a) x = 0.174, (b) x = 0.477, (c) x = 0.719 and (d) x = 0.883. The dotted (solid) lines
refer to experimental (calculated) data.

s-polarized IR reflectance spectra for wurtzite structure InyGa; _ y\N
with x = 0.174, 0.477, 0.719 and 0.883.

Fig. 1 shows the measured room temperature s-polarized IR reflec-
tance spectra for wurtzite structure InyGa; _ x\N with x = 0.174,
0.477, 0.719 and 0.883. The spectral responses from ~1000 to
7800 cm™ ! (non-reststrahlen region) are sensitive to €.z and d. By
fitting the theoretical spectra to the experimental data, €..;g and d can
be extracted. Through curve fitting analysis, we found that the assump-
tion of single layer of InGaN thin film in the model structure gives a poor
agreement between the experimental and theoretical spectra. Mean-
while, the €. r of InyGa; _ xN layers are significantly lower than that
of the usual prediction of CM relation, especially with the increasing of
X. The decrement of €. (A& = €xcm — €w,r) is deduced as the conse-
quence of existence of void component [54], which is related to the
porosity of the InyGa; _ xN (will be discussed later). To verify this state-
ment, the surface morphology and cross-section of the samples were in-
vestigated by FESEM measurements. As seen in Figs. 2 and 3, all InGaN
thin films exhibit significant porous surface morphologies and air cavi-
ties. We believe that the porous surface morphologies of the as-
received InyGa; _ 4N samples is most likely caused by the IlI/V precursor
ratio uses during the growth [54]. The air component (where &. = 1)
plays the most critical role in reducing the dielectric constant of the
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Fig. 2. FESEM surface measurements (top view) of (a) InGaN20, (b) InGaN40, (c) InGaN60 and (d) InGaN80.

InyGa; _ «N thin film. The amount of the air pores in the thin film is re- To further clarify the porous morphology of the samples, FESEM im-
sponsible for the deviation between the CM calculated and the fitted ages were taken at tilted angles, as shown in the inset pictures in Fig. 3.
values of &, i.e., A&. increases with the porosity. It is clear that for each sample, the porosity is higher at the sample
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Fig. 3. FESEM cross-sectional images of (a) InGaN20, (b) InGaN40, (c) InGaN60 and (d) InGaN80. Inset figures display the FESEM images taken at tilted angles.
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surface whereas, the porosity is lower at the region away from the
sample surface. Hence, we proposed a template consisting of two po-
rous layers with different ¢.. for each of the InyGa; _ 4N thin films in
the spectra fitting procedure. Here, the top layer and the bottom layer
of InyGa; _ xN are denoted as L1 and L2, respectively. Based on this as-
sumption, excellent agreement between the calculated and the experi-
mental spectra was obtained, as shown in Fig. 1. The fitting parameters
for non-reststrahlen region were tabulated in Table 1. The total
thickness of these two porous layers (i.e., di; + di») agrees well with
the measured thickness from FESEM as detailed in Fig. 3 for all
InyGa; _ N thin films.

MG and BR models were applied to quantitatively investigate the
porosity of the samples, as shown in Fig. 4. Consistent to the FESEM im-
ages, model analyses of MG and BR showed that the top layer (L1) is less
packed than the bottom layer (L2) for all the samples. The results also
revealed that L1 in all samples possesses large volume fraction of air
which exceeds the MG model limit (i.e., f < 1/3) except for InGaN20
which has low porosity for both layers. Conversely, L2 of all the samples
satisfy the validity of MG model. On the other hand, the necessary con-
dition of BR model is satisfied as well for both of the layers in all the
samples. Note that the difference between the BR and MG calculated
porosity increases with volume fraction of air.

The mentioned procedures used in porosity calculation are only able
to provide a fair estimation. To achieve better result, distinct depolariza-
tion factors which account for different geometrical structures should
be considered. Generally, the EMT predicted parameters are highly
dependent on selected topology [52], microstructural geometry [55]
and self-consistency [56]. Spanier and Herman suggested that a hybrid
model of phenomenological and spectral density functions dielectric
functions can yield the superior results than the mere phenomenologi-
cal model [57]. However, among all the commonly used effective medi-
um theories, MG and BR are exploited due to their simplicity. In Refs.
[56,57], better qualitative agreement with experiments given by MG
approach was claimed. Nonetheless, the authentic porosity is believed
lies in between the self-consistent and non self-consistent theories
limit [52].

We turn to discuss the resonant reststrahlen band properties of
waurtzite InyGa, _ 4N alloys. Fig. 5 shows the experimental IR reflectance
spectra of InyGa; _ xN samples as well as the simulated air/sapphire and
air/AlN/sapphire IR reflectance spectra. Compared to the bare sapphire
spectrum, the dip which originates from AIN can be clearly observed
at =~ 675 cm~ ! (region II). Composition dependence of optical pho-
non mode for the samples can also be easily identified from the shaded
region with horizontal lines (region I), which has high sensitivity to
probe TO mode. The shaded region with slanted lines (region III)
showed the distortion of spectral features, which are sensitive to the
LPP modes and their damping.

Curve fitting of the s-polarized IR reflectance spectra of each sample
are presented in Fig. 6. To visualize the phonon resonances clearly, the
corresponding first derivative (FD) calculation of the spectra are also
performed. Excellent agreement between the calculated spectra and

Table 1

The thickness and high frequency dielectric constant of InyGa; _ N thin films with differ-
ent concentration of In content, x determined from the s-polarized IR reflectance spectra.
L1 denotes to top layer and L2 denotes to bottom layer.

Sample  Composition, x Layer Thickness, d (um) di; +d> &

() ExR €=, M

InGaN20 0.174 L1 0.082 0.412 480 5.7276
L2 0.330 535

InGaN40 0.477 L1 0.132 0.332 3.61 6.6746
L2 0.200 5.61

InGaN60 0.719 L1 0.189 0.367 4.01 7.4582
L2 0.178 5.71

InGaN80 0.883 L1 0.234 0.481 3.63 8.0036
L2 0.247 4.73
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Fig. 4. Comparison between MG calculated and BR calculated porosity of each layers for all
InyGa; — xN samples. The porosity of layer L1 (labeled by filled circle and filled triangle) is
higher than layer L2 (labeled by empty circle and empty triangle) for each sample.

measured spectra is achieved. In the fitting procedure, wro and w.o
are treated as finger-print properties. Hence, we assumed that wro
and oy are identical for both of the upper and lower porous layers of
In,Ga; _ xN thin film. Through acquire the best-fit of experimental spec-
tra, Wror, LPP +, LPP —, and respective damping coefficients are obtain-
ed and tabulated in Table 2. Note that the ®;o,r and w}; are calculated
using Eq. (2) and the relation of w{§ = (orpp+ OLpp—) / OT0, TESPECtively.
Nevertheless, both the co‘g of each InyGa; _ 4N layer increases qualita-
tively with composition. In particular, wg of top layer L1 (larger porosi-
ty) is noticeably lower than w‘{, in bottom layer L2 (smaller porosity) for
all In,Ga; — «N. The contribution of plasmon in L1 is even vanishes for
InGaN20 and InGaN40 which possess overall low carrier concentration.
This coincidence suggests that the carrier concentration decreases when
porosity and pore surfaces increases. The findings are parallel to the
reported results [29-31,58].

In principle, distinct reflectance spectral features would be observed
if the damping is not large. Aforementioned, porous structure would
induced additional Frohlich modes between the TO and LO phonon
modes. Surprisingly, no porosity-induced Frohlich modes are required
to be included in the model structure to obtain a rational fit of the spec-
tra. The absence of the spectral features of Frohlich modes is due to the
large damping constant, which heavily suppress the resonant strengths.
The combination of Eq. (2) and Drude relation illustrates that the LPP +
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Fig. 5. The peculiarities of experimental IR reflectance spectra of InyGa; — \N samples. The

simulated reflectance spectra of air/sapphire and air/AIN/sapphire are presented in dash-
dot-dot line and dotted line respectively.
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Fig. 6. (a)-(d) Room temperature s-polarized IR reflectance spectra and (I)-(IV) the corresponding first derivative spectra of wurtzite In,Ga; — «N thin films with composition x = 0.174,

0.477,0.719 and 0.883. The dotted (solid) lines refer to experimental (calculated) data.

increases from ;o to @, whereas the LPP — converges from zero to wro
as carrier concentration increases exponentially. The characteristics of
the coupled modes depend on the relation between w;o and ,. If
there is no plasmon contribution to the particular oscillator, i.e., 0, =
0, LOPC does not occur and the LPP + can be reduced to @;o. For exam-
ple, the LPP+ mode is similar to w;o for L1 of InGaN20 and L1 of
InGaN40. For the layer which possesses @y o r > wlg as indicated by
in Table 2, its LPP + exhibits LO-like behaviour while LPP — behaves
plasmon-like. On the other hand, the LPP + is plasmon-like whereas
LPP — is TO-like when w}g > 10, as the case of L2 in both InGaN60
and InGaN80 which marked by ‘#'. If the w‘{, is comparable to w o R,
the coupled modes exhibit intermediate plasmon-phonon behaviour.
The calculated (MREI) and measured (IR reflectance) E; optical
phonon modes are summarized in Fig. 7. Overall, the predicted TO
phonon are in good agreement with the experimental data (except
for InGaN 60 which deviation is about 13 cm™!) as compared to
that of the LO phonon. Very often, the deviation of the optical

Table 2

phonon modes between the ideal value and measured values are re-
lated to the strain, thermal expansion and anharmonic phonon-
coupling [59,60]. At temperature T, the IR optical phonon mode
o(T) is given by [59]:

o(T) = 09 + Aws(T) + Awe(T) + Awy(T), (11)
where g is the harmonic frequency of the phonon mode, namely,
the calculated values of E; ®to mrer and ®1omrer in MREI model.
Aws, Awe, and Awyq are the phonon mode shift due to residual strain,
thermal expansion and anharmonic coupling to phonons of other
branches, respectively. The variation of Awro (A®Wto = Oro R —
Oromrer) is random. The TO phonon mode shift is ascribed to the
negligence of temperature-dependent effects. For the biaxial-
strained system, Aws can be calculated using Aws =
2apppexx + bpppézz, With appp and bppp are the phonon deformation
potential of each mode. The values of appp and bppp for E{(TO) are

Optical parameters determined from the curve fitting of s-polarized IR reflectance spectra of wurtzite In,Ga; _ xN thin films. The unit for all parameters is cm ™!, except for T+ and T—,

which refer to the mode behavior of LPP— and LPP + respectively.

K

Samples L OT0,IR Yro OLoR w{é Rl Orpp— Yipp— T Orpp+ Yipp+ Ty
InGaN20 L1 549.8 12.5 716.2 - - - - - 716.2 2.0 LO
L2* 10.2 202.0 323.0 152.5 329.8 P 728.3 46.0 LO
InGaN40 L1 519.0 26.2 655.4 - - - - - 655.4 9.96 LO
L2* 225 380.9 4315 280.7 399.5 P 704.2 131.1 LO
InGaN60 L1* 492.8 184 600.0 308.6 109.7 2414 150.5 P 630.1 15.6 LO
L2# 24.0 811.4 623.3 440.0 1713 TO 908.2 490.2 P
InGaN80 L1* 482.0 17.0 540.0 352.7 278.7 296.9 1904 P 572.6 45.5 LO
L2# 945 948.7 436.1 462.4 83.5 TO 988.8 3709 P
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Fig. 7. E; optical phonon modes of wurtzite InyGa; _ xN. The dashed line and solid line
represent the calculated spectra of wro mrer and oo vren, respectively. The symbols dot
and cross refer to measured E; @ror and oo r, respectively.

taken from Ref. [61] (InN) and Ref. [62] (GaN). The expression of Aw,
is given by:

T=300K / /
Awe(T = 300K) = —woYc / e (1) + 2080 (7' ", (12)
0

Yc denotes to Griineisen parameter. oi(T) and a,(T) represents the
temperature dependent thermal expansion coefficient parallel and
perpendicular the c-axis, respectively. The relevant parameters to
calculate o (T) and o, (T) for E;(TO) mode are adopted from reported
works [60,63-65]. For simplicity, linear extrapolation technique is
employed to obtain the value of the parameters involved in E;(TO)
mode shift calculation, i.e., Aws and Aw, for InyGa; _ ¢N. Lastly, the
contribution of anharmonic coupling of phonons is calculated. Note
that Table 3 is only used to illustrate the contribution of each term
qualitatively. The accuracies of Aws, Awe and Awy depend on the ap-
propriateness of the linearity assumption and the reliability of the
reported parameters used in the calculations.

From Table 3, it is noted that the transition from compressive to ten-
sile in-plane strain occurs with increasing x. The compression typically
results in blueshift of optical phonon mode. Vice versa, the tensile strain
results in redshift of optical phonon mode as long as the contributions
from thermal expansion and anharmonic coupling do not compensate
the strain-induced shift. Among all, the contribution of strain for
InGaN20 is the largest. Nevertheless, small upshift of wro r suggested
that the summation of the Aw. and Awqy nearly acts as an offset to
Aw;. As seen in Fig. 7, the measured wro r of INGaN40, InGaN60 and
InGaN8O0 is lower than the predicted harmonic frequency wro mrer. The
downshift of InGaN40 and InGaN60 is mainly stemmed from the contri-
bution of anharmonic coupling of phonons whereas the redshift of
InGaN80 is mainly attributed to the tensile in-plane strain.

The discrepancy between o r and ®;o mrgr increases markedly
with composition. However, it is unlikely stemmed from the mere tem-
perature effect as the largest deviation approximately up to 70 cm ™' is
reached for E;(LO). There is no doubt that the deviation is associated to
damping-free derivation of @ r. In other words, the ;o g which is

Table 3
€xx €2z and E1(TO) phonon mode shift due to residual strain (Aws), thermal expansion
(Aw,) and anharmonic coupling (Awy).

Samples ey (%) & (%) Aog(cm™!')  Awe (cm™!)  Awg(cm™ ')
InGaN20 —0.4810 0.1634 6.7648 —2.0866 —3.0382
InGaN40 —0.1033 0.0964 0.9324 —2.0684 —6.5640
InGaN60 0.1162 0.1612 —2.9493 —2.0360 —8.4347
InGaN80 0.2971 0.1826 —5.7438 —2.0010 0.0048

calculated from ideal system, is a crude estimation from the practical
measurement. As carrier concentration increases, the strengthen LOPC
effect reduce the accuracy in retrieving the uncoupled E;(LO).

5. Conclusion

In summary, room temperature IR reflectance spectra of uninten-
tionally doped n-type wurtzite InyGa; — xN (0.174 < x < 0.883) thin
films with porous surface morphology were examined. It was found
that the deviation of high frequency dielectric constant, €. (A&. =
€ ideal — €x,r) INCreases with the porosity. Thus, the drop of &.. ;g can
be used as an indicator to study the surface morphology. The E; phonon
modes of wurtzite In,Ga; _ xN were investigated thoroughly. The resid-
ual strain, thermal expansion and phonon coupling are the three main
factors that account for the IR measured E;(TO) phonon mode shift
from predicted harmonic frequency. The behaviour of LPP modes at
which the carrier concentration increases with the composition was
discussed. As the carrier concentration increases, the accuracy in the de-
termination of uncoupled E; (LO) is severely obscured by the strengthen
LOPC effect.
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