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In this letter, we report the characterization of the refractive indices and complex conductivities of

a set of GaN films with different carrier concentrations, InN film, and InxGa1�xN films with indium

content varying from x¼ 0.07 to x¼ 0.14 grown by metalorganic chemical vapor deposition for

frequencies ranging from 0.3 to 3 THz using terahertz time-domain spectroscopy (THz-TDS). The

refractive indices of InxGa1�xN films at THz range are reported. The carrier density and mobility

determined using THz-TDS method show good agreement with four-probe Hall measurements.
VC 2012 American Institute of Physics. [doi:10.1063/1.3684836]

The InxGa1�xN compound is a promising ternary alloy

system which receives a lot of attentions thanks to its tunable

band gap that varies from the near infrared region of

�0.7 eV (InN) to the near ultraviolet region of �3.4 eV

(GaN).1 InGaN/GaN materials have been widely used in var-

ious applications like high efficiency solar cells,2 high-

brightness blue to green light emitting diodes,3 or laser

diodes,4 as well as non-phosphor based direct white light

generation.5 The unique properties of this material like the

high break down field, large electron saturation velocity, and

chemical stability at high temperature also make them a

promising candidate for high power electronics for micro-

and milli-metre waves, especially terahertz (THz) waves in

which highly efficient emitters and detectors are still bottle-

necks.6 Recently, there have been reports on using InN and

InGaN/GaN quantum wells for THz generation.7–9 To design

an efficient InGaN/GaN based THz device, it is a prerequi-

site to know the optical properties of InxGa1�xN films at the

frequencies of interest. Terahertz responses of GaN10–13 and

more recently InN14 epilayers have been reported using tera-

hertz time-domain spectroscopy (THz-TDS), and conductiv-

ities have been determined using a simple Drude model.

Optical properties of high In content InxGa1�xN materials in

visible range have also been studied,15–17 but the properties

of this compound over the terahertz range have yet to be

reported.

In this letter, we report the characterization of the refrac-

tive indices of InxGa1�xN films with In concentration of

x¼ 0, x¼ 0.07, x¼ 0.10, x¼ 0.14, and x¼ 1 for frequencies

ranging from 0.3 to 3 THz using THz-TDS. GaN samples

with different doping levels are used to study the effect of

the carrier concentration on the optical and electrical

responses in the THz range and to benchmark with the litera-

ture reports. The InxGa1�xN samples are grown by metalor-

ganic chemical vapor deposition (MOCVD) on GaN

template on (0001) sapphire substrate. The precursors uti-

lized are trimethylgallium, trimethylindium, and ammonia

for gallium, indium, and nitrogen, respectively. First, a thin

(�35 nm) GaN seed layer is grown on a sapphire substrate at

low temperature (�530 �C) followed by high temperature

(�1050 �C) growth of an undoped GaN layer with a thick-

ness of about 2 lm. In the case of InxGa1�xN samples, a

200 nm–300 nm-thick InxGa1�xN layer as measured by

cross-sectional scanning electron microscopy (SEM) with In

contents of x¼ 0.07, x¼ 0.10, and x¼ 0.14 is then grown at

different growth temperatures and determined using x-ray

diffraction (XRD) and secondary ion mass spectroscopy

(SIMS).17 For the InN sample, a 50 nm-thick In0.3Ga0.7N

layer is grown as a transition layer, followed by a 300 nm-

thick InN layer. For the GaN samples, one undoped GaN (u-

GaN) and two n-type Si-doped GaN (n-GaN) with respective

carrier concentrations of 2.5� 1017 cm�3, 1.8� 1018 cm�3,

and 3.3� 1018 cm�3 and thicknesses of 2 lm, 3.8 lm, and

2.1 lm are grown. Mobility and carrier density are character-

ized by four-probe Hall measurements and compared with

the values obtained from the THz-TDS analysis. The THz-

TDS data are obtained using a TeraView Spectra 3000 sys-

tem, in which the THz wave is generated by focusing a

mode-locked Ti:sapphire laser beam with a wavelength of

800 nm and pulse width of �100 fs onto a low temperature-

grown GaAs photoconductive antenna. The generated THz

wave is collimated and focused on the samples by off-axis

parabolic gold-coated mirrors. The set-up is placed in a

chamber purged with dry nitrogen to minimize the water

vapor absorption.

The THz-TDS method determines the optical properties

of a thin layer by comparing it with another layer of known

index. In the sample characterization, we remove the part of

the layer of interest by inductively coupled plasma (ICP)

etching using Cl2 and BCl3 gases to compare and analyze the

THz-TDS signals from the as-grown layer structure and the

top layer-removed sample. The THz-TDS measurement is

done in two steps: we first compare the THz-TDS signals

through the empty chamber and the effective substrate, e.g.,

sapphire (0001) in the case of GaN samples, to determine the

index of the substrate. Then, we compare the signals goinga)Electronic mail: a.gauthier-brun@ed.univ-lille1.fr.
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through this effective substrate and through the as-grown

sample. Through comparing the THz transmission spectra,

we can obtain the properties of the top layer.

Figure 1 shows the temporal signal of the THz pulses

and their Fourier transform, respectively, for the u-GaN sam-

ple. We do not take into account multiple reflections in the

sample, so only the data from the initial peak are represented

and used for the analysis. The transmission coefficient of a

pulse propagating through a sample of known thickness and

index is given by

HðxÞ ¼ EfilmðxÞ
Eref ðxÞ

¼ 2nðns þ 1Þeiðn�1Þxd=c

ðnþ 1Þðnþ nsÞ þ ð1� nÞðn� nsÞei2nxd=c
; (1)

where n(x) and ns(x) are the refractive indices of the layer

of interest and the effective substrate, respectively, and d is

the thickness of the layer that was etched away. By fitting

numerically Eq. (1) to the measured transmission function,

we can extract the value of n(x). The dielectric function

e(x) and the complex conductivity r(x) are determined as

eðxÞ ¼ nðxÞ2 ¼ edc þ i
rðxÞ
xe0

(2)

with edc being the dielectric constant. edc¼ 9.4,18 and 13.119

for GaN and InN, respectively. There are no calculated or

measured values for InxGa1�xN, so we assume the dielectric

constant to be similar to GaN given the low value of x for

our samples.

In semiconductors, the free carrier contribution to the

properties of the material at long wavelength below the

bandgap is determined by the intraband transitions of the

partially filled band. Omitting the restoring force of the free

carriers, this leads to the simple Drude model for which the

complex conductivity r(x) is related to the carrier concen-

tration N and the mobility l,

rðxÞ ¼
e0x2

ps0

1� ixs0

; (3)

where xp is the plasma frequency x2
p ¼ Ne2

e0m� and the relaxa-

tion time s0 ¼ lm�

e , where m* is the effective electron mass.

The value of m* is taken as 0.22m0
20 and 0.14m0

21 for GaN

and InN, respectively, with m0 the mass of the free electron.

Due to the lack of values for m* for InxGa1�xN for our com-

positions, we use the GaN effective electron mass for

InxGa1�xN. The values of N and l are extracted by fitting

the conductivity from the THz-TDS analysis and are finally

FIG. 1. (Color online) Terahertz time domain spectra (a) and their Fourier

transform spectra (b) transmitted through the nitrogen-filled chamber (air),

the etched part of a GaN sample (effective substrate), and the entire sample

(film). For clarity, the later was shifted of þ3 ps.

FIG. 2. (Color online) Real (a) and imaginary (b) parts of the refractive

index for three GaN samples (lines) with different carrier concentrations

(values between brackets) and comparison with values provided in other

works by Fang et al. (see Ref. 13), Zhang et al. (see Ref. 10), Tsai et al. (see

Ref. 11), and Guo et al. (see Ref. 12) (symbols).
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compared to the carrier concentration and mobility from the

four-probe Hall measurements.

Figure 2 presents the real and imaginary parts of the re-

fractive indices for the three GaN samples with different car-

rier concentrations extracted from the THz-TDS numerical

fitting and those of GaN samples previously reported.10–13

At 1 THz, the refractive index is determined to be 3.14 for u-

GaN (N¼ 2.7� 1017 cm�3), 6.48 and 7.62 for n-GaN at

N¼ 1.8� 1018 cm�3 and N¼ 3.3� 1018 cm�3, respectively.

The index measured by Zhang et al.10 for a sample with a

smaller carrier concentration (N¼ 0.9� 1016 cm�3) is lower

at �2.8, while Fang et al.,13 Tsai et al.,11 and Guo et al.12

provide intermediate values ranging from �3.6 to �7 for

carrier concentrations between N¼ 6.1� 1017 cm�3 and

N¼ 2.0� 1018 cm�3. At frequency higher than 2 THz, the

difference of refractive indices for different doping concen-

trations in GaN sample becomes smaller, while at frequency

lower than 1 THz, the refractive index of the highly doped

GaN sample increases quickly due to the stronger plasma

effect. The optical index depends on both carrier concentra-

tion and mobility, but the carrier concentration varies by two

orders of magnitude (�1016 cm�3 to �1018 cm�3) while the

mobility varies by just one order (�102 cm2 s�1 V�1 to

�103 cm2 s�1 V�1) as determined by Hall measurements for

our samples. Since the conductivity varies more with the

large variations in the carrier concentration, so do the dielec-

tric function and the optical index.

FIG. 3. (Color online) Real (a) and imaginary (b) parts of the refractive

indices of a set of InxGa1�xN samples with different indium contents. x¼ 0

(GaN), x¼ 0.07, x¼ 0.11, x¼ 0.14, and x¼ 1 (InN).

FIG. 4. Real (lozenges) and imaginary (circles) parts of the conductivities

of GaN (a), In0.07Ga0.93N (b), and InN (c) samples. The best fit using a

Simple-Drude model is displayed in plain lines.
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The refractive indices and extinction coefficients for u-

GaN (black solid line), InxGa1�xN with x¼ 0.07 (red circle),

x¼ 0.10 (blue lozenge) and x¼ 0.14 (green cross) and InN

(black dotted line) are presented in Figure 3. The indices of

InxGa1�xN are between the ones of GaN and InN and are or-

dered by indium atomic fraction. At 1 THz, the refractive

index of GaN, In0.07Ga0.93N, In0.10Ga0.90N, In0.14Ga0.86N,

and InN are 3.14, 3.61, 5.93, 5.98, and 14.63, respectively.

The extinction coefficients are 1.27, 2.73, 5.58, 5.71, and

17.92, respectively. The values for In0.10Ga0.90N and

In0.14Ga0.86N are very close to each other and do not exhibit

the same gap as GaN and In0.07Ga0.93N or In0.07Ga0.93N and

In0.10Ga0.90N. This was also observed in the optical refrac-

tive index results of the same samples in the visible range,

where the refractive indices at 633 nm were 2.39, 2.40, 2.42,

and 2.43 for GaN, In0.07Ga0.93 N, In0.10Ga0.90N, and

In0.14Ga0.86N, respectively. This is believed to be due to the

alloy scattering, inhomogeneity and a growing number of

defects with x, as showed by the higher V-pit density in the

TEM images.17 The higher indium concentration increases

the internal strain, modifying the band gap structure and

resulting in a lower refractive index value.22 For InN, values

are found to be around 25% smaller than the one reported

previously.19 On top of the threading dislocation phenom-

enon, it has been observed in the SIMS analysis that gallium

has diffused through the InN layer and that the indium frac-

tion is actually varying between 0.8 and 1.

Results of the numerical iteration on the conductivity

using the simple Drude model are presented in Figure 4 for

non-intentionally doped GaN, In0.07Ga0.93N, and InN. The

values for conductivity are of different orders of magnitude

up to 6 X�1 cm�1 for GaN, 15 X�1 cm�1 for In0.0.07Ga0.93N,

and 300 X�1 cm�1 for InN.

Finally, the values of carrier concentration and mobility

from THz-TDS analysis and four-probe Hall measurements

are compared to check the validity of our analysis, as shown

in Table I. A relatively good match is observed and the best

fitted carrier concentrations and mobilities are in good agree-

ment with the values provided by Hall measurement.

Two different behaviors are observed. For GaN and InN

samples, the carrier concentration from THz-TDS is lower

than the one from Hall measurements while mobility is

higher in the case of THz-TDS. On the other hand, the results

from InxGa1�xN seem to be a closer match but display a

higher carrier concentration and a lower mobility for THz-

TDS. The different natures of the measurement (in-plane for

the Hall measurements, normal to the layers for THz-TDS)

explain this difference, along with the varying growth qual-

ity. As shown for the conductivity of In0.07Ga0.93N, the cor-

relation between the Drude model and the measured data at

any given frequency can be relative, but when integrated on

the whole range, the final results are very close to the Hall

measurements.

In summary, optical characterization has been conducted

on GaN, InN, and InxGa1�xN in the THz frequency range

through THz-TDS. The carrier concentration and mobility

determined from the THz-TDS are in good agreement with

those from Hall measurement. Results on GaN with different

carrier concentrations and on InN are consistent with previ-

ous report and demonstrate strong relationship between car-

rier concentration and optical index; the refractive index and

conductivity of InxGa1�xN films with In fractions of

0.07–0.14 are measured from the THz-TDS method and

shown to increase with the indium concentration. These

results are important for InxGa1�xN-based THz device

applications.
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