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We have performed high-pressure Fourier transform infrared reflectance measurements on a free-

standing InN thin film to determine the refractive index of wurtzite InN and its high-pressure rock-

salt phase as a function of hydrostatic pressure. From a fit to the experimental refractive-index

curves including the effect of the high-energy optical gaps, phonons, free carriers, and the direct

(fundamental) band-gap in the case of wurtzite InN, we obtain pressure coefficients for the low-

frequency (electronic) dielectric constant e1. Negative pressure coefficients of �8.8� 10�2 GPa�1

and �14.8� 10�2 GPa�1 are obtained for the wurtzite and rocksalt phases, respectively. The results

are discussed in terms of the electronic band structure and the compressibility of both phases.

VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4903860]

Group-III nitride semiconductors (GaN, InN, and AlN)

and their alloys (InGaN, AlGaN, and InAlN) exhibit unique

properties that are already being exploited to design and fab-

ricate high-performance electronic and optoelectronic devi-

ces. In particular, after the discovery of the low band-gap of

InN (0.65 eV at room temperature) and the associated small

electron effective mass and large electron mobility, In-rich

InGaN alloys emerged as promising active materials to develop

numerous device applications, including high-frequency tran-

sistors or optoelectronic devices working in the near-infrared

spectral range. In spite of much work dealing with the funda-

mental properties of the group-III nitrides, many questions

regarding the electronic structure, bonding properties, or optical

response of these compounds remain to be investigated.

High-pressure experiments provide valuable information

about the fundamental properties and structural stability of

semiconductor materials. In particular, the data obtained with

high-pressure optical measurements allow one to test the

results of theoretical calculations dealing with their electronic

or lattice-dynamical properties. Besides the energy gaps, the

dielectric constants are among the most relevant quantities

that characterize the electronic properties and optical response

of semiconductors. The pressure dependence of the dielectric

constants can be linked to the pressure behavior of the polar

phonon frequencies and the critical points in the electronic

band structure, and also to the stability of the material.

Pressure coefficients for the refractive index n or the

low-frequency (electronic) dielectric constant e1 have been

obtained in the past by means of ab initio calculations for

both wurtzite1–3 and zinc-blende2,4,5 InN. The values

reported in those studies exhibit significant discrepancies,

with differences of more than one order of magnitude in

some cases. Thus, experimental work dealing with the deter-

mination of the pressure coefficients of the refractive index

and/or dielectric constants of InN would be highly desirable,

and it would provide additional insight into the pressure

behavior of other optical phenomena such as the TO-LO

splitting6–8 and LO-plasmon coupling.8

In the present work, we carry out Fourier transform infra-

red (FTIR) reflectance measurements to investigate the pres-

sure behavior of the (ordinary) refractive index of wurtzite

InN (w-InN) and its high-pressure (rocksalt) polymorph (rs-

InN) in the transparency region. An analysis of the refractive

index is performed by using a single Lorentz-oscillator model

to account for high-energy critical points plus an M0-type

critical-point model of the dielectric function to include the

contribution from the direct band-gap of the wurtzite phase.

Phonons and free-carrier effects are also included in the

model. Relative pressure coefficients for e1, ð1=e1Þde1=dP,

equal to �8.8� 10�3 GPa�1 and �14.8� 10�3 GPa�1, are

obtained for w-InN and rs-InN, respectively. In the case of the

wurtzite phase, the experimental value is in good agreement

with the lowest range of values predicted theoretically.2,5

From our data and analysis, the pressure dependence of the

high-energy critical points in the electronic structure of w-InN

and rs-InN is also evaluated.

For the present work, we used an InN epilayer grown by

plasma-assisted molecular beam epitaxy (MBE) on sapphire.

Hall-effect measurements revealed a background electron

density ne< 2� 1018 cm�3. A free-standing InN flake was

mechanically extracted from the sapphire substrate and

selected for the present experiments. A preliminary optical

measurement of the flake revealed that the initial thickness

of the InN layer was d0 � 3.4 lm. Gold was subsequently de-

posited by evaporation on the back side of the flake in order

to enhance the reflectivity signal. The gold layer also serves

to isolate the sample Fabry-Perot (FP) cavity in order to

avoid modulations of the sample interference fringes by

other FP cavities within the diamond anvil cell (DAC) sam-

ple space. The flake was then loaded into a gasketed
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membrane-type DAC, with powdered KBr as pressure trans-

mitting medium. The applied pressure was measured with

the ruby fluorescence method.

FTIR reflectivity measurements were performed with a

TEO-400 FTIR spectrometer equipped with a thermal source

(globar), KBr beam-splitter, and a liquid nitrogen-cooled MCT

detector.9 The modulated infrared beam was focused on the

sample by using a gold-coated Cassegrain-type reflective micro-

scope objective (15� magnification). With these objectives, the

spot size on the DAC pressure chamber is lower than 70 lm.

Figure 1 shows typical reflectance spectra acquired at

different hydrostatic pressure values. Several orders of inter-

ference can be seen in all the spectra. Around 2000 cm�1,

signal corresponding to absorption by the diamond anvils

has been removed for clarity. In the high-energy range of the

figure, the observed interferences smear out due to direct

absorption by the fundamental band-gap of w-InN (around

5300 cm�1 at 0.4 GPa, corresponding to a photon energy of

0.66 eV). With increasing pressure, all the interference bands

are blueshifted and new orders of interference progressively

show up. At 12 GPa, the interference bands in Fig. 1 display an

abrupt blueshift in relation to the spectra acquired at lower pres-

sures. This observation can be attributed to the wurtzite-to-rock-

salt phase transition, which in InN is known to occur around

13.5 GPa.6,8,10 The abrupt displacement of the interference

bands to higher wavenumbers is a consequence of the sudden

reduction of the sample thickness due to the �16.4% volume

collapse after the wurtzite-to-rocksalt phase transformation.10

Below 800 cm�1, the curves of Fig. 1 show an abrupt

increase of reflectivity that can be attributed to the polar phonon

modes of the InN lattice most likely coupled to the background

free electrons typical of as-grown InN. Specific far-infrared

measurements in this spectral region would be necessary in

order to study in detail the pressure dependence of the vibra-

tional and free carrier contributions to the reflectivity spectra.

In the present work, the pressure-dependence of the (ordi-

nary) refractive index of InN at different wavenumbers has

been determined by accurate indexation of the interference

maxima and minima of the reflectance spectra. At zero pres-

sure (P ¼ 0 GPa) and taking into account the measured thick-

ness of the epilayer (d0 � 3.4 lm), a refractive index equal to

n � 2:6 well below the fundamental band-gap of w-InN is

obtained, in agreement with the previous experimental deter-

minations.11,12 The pressure dependence of the sample thick-

ness was evaluated with a Murnaghan equation of state, using

a zero-pressure bulk modulus of B0¼ 143 GPa (186 GPa) and

its corresponding first derivative B0
0 ¼ 4.6 GPa (6 GPa) for the

wurtzite (rocksalt) phase.8 This treatment does not take into

account the pressure dependence of the c/a crystallographic

axes ratio in w-InN, which can be shown to have a negligible

effect on the resulting n(k) values. To obtain the refractive

index of the rocksalt phase, the effect of the 16.4% volume

collapse arising from the phase transition on the epilayer

thickness was also taken into account.

Figure 2(a) shows the wavenumber dependence of the

refractive index thus obtained (open symbols) for the wurt-

zite phase at different pressure values. The solid lines corre-

spond to the results of a theoretical fit that will be discussed

below. As can be seen in the figure, the refractive index of

w-InN decreases with increasing pressure, implying a nega-

tive pressure coefficient (dn=dP< 0). Given that from a mi-

croscopic point of view the refractive index is expected to

increase (decrease) with density (electronic polarizability),

the negative sign of dn=dP in w-InN, which is characteristic

of tetrahedrally bonded semiconductors, is mainly deter-

mined by the partly covalent character of the bonds (see the

discussion in Ref. 13; the Phillips ionicity of w-InN is

�0.578, see Ref. 2) together with its relatively small com-

pressibility. Under these conditions, the positive contribution

to dn=dP of the electronic density increase with pressure

cannot compensate the strong negative contribution arising

from the pressure reduction of the electronic polarizability

arising from the blueshift of the optical gaps.13

As expected, above the phonon region and below its

fundamental band-gap, the refractive index of w-InN is more

or less constant and takes a value around 2.6 at ambient

FIG. 1. Reflectance spectra of wurtzite InN at different pressure values

(curves up to 9.1 GPa) and of rocksalt InN (curve at 14.2 GPa). The curve at

12 GPa is close to the wurtzite-to-rocksalt transition. In all the spectra, the

sixth order of interference has been marked with a black dot.

FIG. 2. Experimental refractive index at different pressures for wurzite (a)

and rocksalt (b) InN as obtained by indexing of the interference maxima and

minima observed in the reflectance spectra (open symbols). The solid curves

are the results of a fitting model that includes the high-energy optical gaps,

the polar lattice, free-carrier effects, and the direct fundamental band-gap in

the case of w-InN.
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pressure (Fig. 2), consistent with the n ¼ 2:54 value pub-

lished in the literature.11 In contrast, stronger dispersion of

the experimental refractive index is observed in the vicinity

of its direct fundamental band gap. In the low wavenumber

region (below 2000 cm�1), the contributions of the polar lat-

tice and the free carriers to the optical response yield a sud-

den decrease of the measured refractive index.

Figure 2(b) shows the corresponding experimental re-

fractive index data points obtained for rs-InN as a function

of wavenumber and for different pressure values. As in the

case of the wurtzite phase, we observe that dn=dP< 0,

which, in part, can be explained by the even lower compres-

sibility of the rocksalt polymorph. Note that in the low wave-

number region the abrupt reduction of n as a consequence of

phonons and free-carrier effects is still evident. In contrast,

as expected for an indirect band-gap compound like rs-

InN,14,15 the refractive index barely depends on wavenumber

well above the polar phonon/plasma edge (>3000 cm�1).

Given the narrow fundamental band-gap of w-InN and

the presence of residual free carriers in this compound, for

the analysis of the wavenumber dependence of nð1=kÞ plot-

ted in Fig. 2, one cannot assume that this compound is fully

transparent. The effect of the polar lattice, free carriers, and

the fundamental absorption edge has to be taken into account

to model the optical response of the material. For the present

analysis, we calculate the real ðerÞ and imaginary (ei) parts of

the dielectric function eðxÞ ¼ er þ iei ¼ ðnþ ijÞ2, where j
is the imaginary part of the complex refractive index (i.e.,

the extinction coefficient), as follows:

er xð Þ ¼ egap xð Þ þ 1þ x2
PBV Pð Þ
x2

0 Pð Þ

 !
þ 4p vr;l þ vr;eð Þ; (1a)

eiðxÞ ¼ 4pðvi;l þ vi;eÞ; (1b)

where egapðxÞ and 1þ x2
PBVðPÞ=x2

0ðPÞ include contributions

of the fundamental band gap and high-energy transitions (see

below), while vlðxÞ ¼ vr;lðxÞ þ ivi;lðxÞ ¼ ðe1=4pÞðx2
LO

�x2
TOÞ=ðx2

TO � x2 � icxÞ and veðxÞ ¼ vr;eðxÞ þ ivi;eðxÞ
¼ �ðe1=4pÞx2

pe=ðx2 þ ixCeÞ correspond to the susceptibil-

ities of the polar lattice and the free carriers, respectively.

For w-InN, the polar lattice susceptibility includes the

pressure-dependence of the E1(TO) and E1(LO) phonon fre-

quencies, xTO and xLO, which have been studied in detail

elsewhere.7,8 For the rocksalt phase, the polar lattice contri-

bution was neglected. Additional measurements in the far-

infrared region should be performed to obtain the pressure

behavior of the optical phonon modes (see, for instance, Ref.

16 for the case of MgO). The free-electron density ne, which

enters the calculation of the plasma frequency of the back-

ground free carriers xpe, is left as a free adjustable parame-

ter. To reduce the number of adjustable parameters, we take

constant phononic and electronic damping parameters of c ¼
25 cm�1 and Ce ¼ 250 cm�1, respectively. These values are

somewhat larger than those typically observed in as-grown

w-InN (for instance, c � 5 cm�1 and Ce � 125 cm�1 in Ref.

12), which allows us to take into account the expected life-

time reduction of phonons and plasmons with increasing

pressure. The use of different combinations of c and Ce val-

ues that are much smaller than the photon wavevector in the

spectral range of interest does not significantly modify the

conclusions of the present analysis. In the real part of the

dielectric function, Eq. (1a), besides the lattice and free car-

rier contributions, two additional terms have been included.

First, a contribution arising from the direct fundamental gap

of w-InN, egapðxÞ ¼ C0x�2½2� ð1þ xÞ1=2 � ð1� xÞ1=2�, cor-

responding to an M0-type 3D critical point with parabolic

bands,16 with x ¼ �hx=EgðPÞ; for the calculations, we use the

pressure dependent band gap energy, EgðPÞ (given in Ref.

15). The absorption strength of the critical point, C0, which

can be assumed to be independent of pressure,17 is obtained

from a fit to the ambient pressure spectrum (C0 ¼ 7:8). Note

that below the fundamental band-gap (x < 1) the imaginary

part of egapðxÞ is zero. Second, the contribution from the

high-energy critical points in the electronic band structure of

InN has been included through the second term of Eq. (1a).

The high-energy critical points are modeled in terms of an

average band-gap value, x0, and the contribution of valence-

band electrons is taken into account with a Drude-like dielec-

tric function with plasma frequency xPBV . For the fits, the

quotient KðPÞ ¼ x2
PBVðPÞ=x2

0ðPÞ is left as a free adjustable

parameter. Thus, taking the x! 0 limit of Eq. (1a), e1 is

simply given by the expression e1 ¼ 1þ C0=4þ KðPÞ.
In the particular case of the rocksalt polymorph, the

above model is valid (with C0 ¼ 0 due to the indirect

bandgap), since the contribution of all the direct optical gaps

is included in the single Lorentz oscillator of energy x0. In

this case, the energy of the oscillator is equivalent to the

Penn gap of the semiconductor.

The solid curves in Fig. 2 show the results obtained with

the above model, where only the free electron density and

KðPÞ ¼ x2
PBVðPÞ=x2

0ðPÞ were left as free adjustable parame-

ters. In all cases, values around ne¼ 1018 cm�3, consistent

with the Hall measurements performed on the sample, pro-

vided good agreement between calculated and experimental

curves in the low wavenumber spectral range. This can be

seen in Fig. 2, which shows that the theoretical and experi-

mental curves compare well for both w-InN and rs-InN at

different pressure values and throughout the whole spectral

range considered in this work. Figure 3 shows the pressure

dependence of the calculated refractive index at two different

photon energies (400 and 600 meV) as obtained from the fits

FIG. 3. The refractive index at two selected frequencies (expressed in

energy units) is plotted as a function of pressure for both phases, wurtzite

and rocksalt. A discontinuity of the refractive index at the transition pressure

is also illustrated with a vertical dashed line.
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of Fig. 2. This figure clearly reflects the negative pressure

coefficient of the refractive index in both phases. Just above

the transition pressure, the refractive index exhibits an abrupt

increase, which can be mostly attributed to the density

increase after the phase transition from w-InN to rs-InN. As

can be seen in the figure, the experimental pressure coeffi-

cient of w-InN is sizably larger at 600 meV, close to the

direct band-gap, in relation to the value at 400 meV. This ob-

servation is a consequence of the large dispersion of the re-

fractive index close to the direct fundamental band-gap of

the wurtzite phase. In contrast, the pressure coefficient of rs-

InN barely depends on photon energy, since in this case the

pressure behavior of the refractive index is determined by

the high-energy critical points.

We show in Fig. 4 the pressure dependence of the low-

frequency dielectric constant that is obtained from the fits to

the experimental results of Fig. 2 for both phases. From a lin-

ear fit to the data of Fig. 4, we obtain relative pressure coeffi-

cients ð1=e1Þde1=dP of �8.8� 10�3 GPa�1 and

�14.8� 10�3 GPa�1 for w-InN and rs-InN, respectively.

These values, together with theoretical results from different

works,1,2,4,5 are displayed in Table I. As can be seen in the

table, for w-InN, our experimental (1/e1)de1/dP values

agree well with the lowest range of reported theoretical val-

ues (Ref. 2, and also Refs. 2 and 5 for the case of zb-InN).

Unfortunately, there is no theoretical data to confront the

much larger absolute value of the (negative) pressure coeffi-

cient measured in rs-InN (�14.8� 10�3 GPa�1).

From the pressure dependence of KðPÞ ¼
x2

PBVðPÞ=x2
0ðPÞ as obtained from the fits to the experimental

data of Fig. 2, and taking into account that the pressure

behavior of x2
PBV is determined by the increase of density,

we obtain relative pressure coefficients for the high-energy

optical gaps of both phases through the expression

1

K

dK Pð Þ
dP

¼ 1

B
� 2

x0

dx0

dP
: (2)

For w-InN, we find from our fits that ð1=x0Þdx0=dP ¼
0:011 GPa�1, which is only slightly higher than the value

that can be inferred from the first maximum of eiðxÞ at

around 5.3 eV calculated by Duan et al.3 at 0 and 13.4 GPa

(0.0085 GPa�1). For the rocksalt phase, the value that we

obtain from the fits is very similar (0.0096 GPa�1). Bearing

in mind Eq. (2), these similar values indicate that the more

negative value of (1/e1)de1/dP in rs-InN can be mostly

attributed to the lower compressibility (lower 1=B) of the

rocksalt polymorph, i.e., to a lower positive contribution of

the pressure-induced increase of the density of polarizable

units in the material.

The ð1=e1Þde1=dP value obtained in the present work for

w-InN is sizably more negative than those obtained in w-GaN

and w-AlN (see, for instance, the recent results by Go~ni et al.,18

who have measured ð1=e1Þde1=dP ¼ �6� 10�3 GPa�1 and

�1.6� 10�3 GPa�1 for w-GaN and w-AlN, respectively). As

can be inferred from Eq. (2), the less negative pressure coeffi-

cients of e1 � 1þKðPÞ in these two compounds cannot be

attributed to a compressibility effect, since they have lower 1=B
values (5� 10�3 GPa�1 in w-GaN and 4.8� 10�3 GPa�1 in w-

AlN, see Ref. 17). Thus, our results and analysis suggest that

the pressure-induced blueshift of the high-energy optical band-

gaps in w-InN must be sizably larger than those in w-GaN or

w-AlN, giving rise to a more pronounced (negative) pressure

dependence of the dielectric constants.

In conclusion, we have studied the pressure behavior of

the refractive index of w-InN and its high-pressure poly-

morph rs-InN. In the low wavenumber region (<1000 cm�1),

the refractive index of both phases is strongly affected by

free carrier effects. For the analysis of the refractive index

curves as a function of pressure, dispersion due to the funda-

mental direct band-gap of the wurtzite phases has to be taken

into account. From a fit to the experimental data including

the high-energy electronic transitions through a single

Lorentz oscillator plus lattice vibrations, free carriers, and

the direct (fundamental) band-gap in the case of wurtzite

InN, we have obtained pressure coefficients for e1. In the

case of the w-InN, our experimental (1/e1)de1/dP values

(�8.8� 10�2 GPa�1) agree well with the lowest range of

theoretical values reported in the literature. A much larger

absolute value of the (negative) pressure coefficient is meas-

ured in the case of rs-InN (�14.8� 10�2 GPa�1), which is a

consequence of the lower compressibility of the high-

pressure polymorph.

The work was supported by the Spanish Ministry of

Economy and Competitiveness (MINECO) under Project

Nos. MAT2010-16116, MAT2012-38664-C02-2, and

MALTA-CONSOLIDER INGENIO 2010 CSD2007-00045.

FIG. 4. The relative low-frequency dielectric constant obtained from the fits

is plotted as a function of pressure. The relative pressure coefficient is

obtained with a linear regression.

TABLE I. Experimental (expt.) and calculated (calc.) values of the low-

frequency dielectric constant and its relative pressure coefficient, (1/

e1)de1/dP, in wurtzite (w), rocksalt (rs), and zincblende (zb) InN. The ex-

perimental values obtained for rs-InN in the present work, marked with an

asterisk, were obtained at pressures above 12 GPa.

Phase e1 (1/e1)de1/dP (10�3 GPa�1) Method

w 6.7 �8.8(8) Expt. (this work)

w 7.16 �8.6 Calc. (Ref. 2)

w 8.26 �68 Calc. (Ref. 1)

rs* 7.7 �14.8(8)* Expt. (this work)

zb 8.56 �52 Calc. (Ref. 4)

zb 6.15 �7.8 Calc. (Ref. 2)

zb 6.72 �7.4 Calc. (Ref. 5)
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