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Terahertz time-domain spectroscopy (THz-TDS) has been used to investigate electrical properties
of Mg-doped indium nitride (InN). Mg-doping in InN was found to significantly increase terahertz
transmittance. THz-TDS analysis based on the Drude model shows that this high transmittance
from Mg-doped InN is mainly due to the reduction in mobility associated with ionized dopants.
The Hall-effect-measured mobility is typically lower than the THz-TDS-measured mobility for the same
samples. However, the results of both measurements have the same slope in the linear relation between
mobility and density. By introducing a compensation ratio of ~0.2, an excellent agreement in mobilities
of two methods is obtained. © 2011 American Institute of Physics. [doi:10.1063/1.3669538]

Recently, research activities in indium nitride (InN) have
been dramatically increased due to its potential applications in
high-frequency electronic devices and near-infrared optoelec-
tronics. Due to its high electron affinity, as-grown InN is typi-
cally n-type and the growth and identification of p-type InN is
one of the main challenges in the InN research. Recently, a
series of works have been reported on the support of the pres-
ence of buried p-type conductivity in Mg-doped InN
(InN:Mg),' which is separated from the surface electron
accumulation layer by a wide depletion layer. Typically, the
electrical properties of InN:Mg are dominated by the surface
layers and it is difficult to realize the true bulk conductivity of
the buried bulk material. In fact, most of early works on InN
have probed the material properties within the optical penetra-
tion depth (~133 nm for 800 nm optical pulse).® In order to re-
alize the true bulk material properties, it is necessary to
perform a transmission measurement through a sufficiently
thick sample and then the contribution from the surface region
can be small when averaged over the whole film.

Here, we report the optical and electrical properties of
InN:Mg as determined by terahertz time-domain spectros-
copy (THz-TDS), which can measure the complex-valued
electrical conductivity, carrier density, and mobility. Since
THz transmittance through the film was measured in this
experiment, the bulk conductivity and mobility could be
unambiguously obtained. The results show that THz trans-
mittance through the InN:Mg films is ~3 times larger than
that measured for an undoped InN film. From the analysis of
THz-TDS data with the Drude model, we found that the
increase of THz transmission is associated with the reduction
of the electrical conductivity and mobility, which is domi-
nated by the electron scattering due to ionized dopants. The
bulk mobility measured by THz-TDS shows a nearly carrier
density-independent discrepancy with the mobility measured
by the Hall effect. When the compensation of native donors
with doped acceptors with a ratio of 0.2 is included in the

YAuthor to whom correspondence should be addressed. Electronic mail:
hyahn@mail.nctu.edu.tw.

0003-6951/2011/99(23)/232117/3/$30.00

99, 232117-1

calculation, an excellent agreement is achieved in the mobili-
ties measured by Hall effect and THz-TDS.

Waurtzite N-polar (—c-axis), Mg-doped InN films with
different carrier densities were grown by plasma-assisted
molecular beam epitaxy on Si(111) substrates. The film
thicknesses of samples are in the range of 1-1.5 um. Mg dop-
ing was performed with a high-purity Mg (6N) Knudsen cell
and the Mg doping level was controlled by regulating the
cell temperature between 180 and 270 °C. An undoped InN
film was also prepared as a reference material. The electron
densities (V) and mobilities (1) of samples are separately
determined by room-temperature Hall effect measurements
for comparison. The electron density determined by the
Hall effect (Nyga) is 2.0 x 10'® cm ™ for undoped InN film
and Ny,y’s of InN:Mg films are in the range of 0.4 to
2.1 x 10" cm ™. The THz-TDS system is based on a p-type
InAs emitter excited and probed by a Ti:sapphire laser which
delivers ~50 fs optical pulses at a center wavelength of
800nm and a repetition rate of 1 kHz. Normally transmitted
THz signal is detected by a free-space electro-optic sampling
method. Since THz-TDS measures both the amplitude and
the phase of the THz electric field, the absorption coefficient
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FIG. 1. (Color online) Terahertz transmittance of an undoped InN film and
four Mg doped InN films with different carrier densities. While that of the
undoped film is about 0.2, terahertz transmittance of Mg doped InN films is in
the range of 0.65-0.7, nearly independent on the carrier density.
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and refractive index can be extracted without the need of
Kramers-Kronig analysis. The details of THz-TDS system
can be found elsewhere.’

Figure 1 shows the transmittance of THz field in an
undoped and four Mg-doped InN films (samples A, B, C,
and D) with different carrier densities. The transmittance in
each InN film was obtained by comparing the Fourier trans-
formed THz electric field through the InN film to that
through a Si(111) substrate. As shown in Fig. 1, the transmit-
tances in InN:Mg films are much higher than that of the
undoped InN film. Especially, sample A with a carrier den-
sity similar to the undoped InN film has THz transmittance
at least three times higher than that of the undoped InN film.
The complex refractive index (7) and the electrical conduc-
tivity (6(w) = o1 + io,) of the undoped InN film (circles)
and sample A (squares) were obtained from frequency
dependent THz transmittance in Fig. 1. As it can be seen in
Fig. 2, monotonically decreasing 7 and the nearly frequency
independent ¢ of sample A are much smaller than those of
the undoped InN film. We fit the measured complex conduc-
tivity in Fig. 2(b) using the simple Drude model, in which
the complex conductivity is defined by

& (w) = eowrto/(1 — iwry), (1)

where ), is the plasma frequency and 7o is the carrier
scattering time. For the undoped InN film, &(w) could be

replicated with the fitting parameters w, /27 =239 = 1.2 THz
and 79=51 = 2.5 fs. Assuming an electron effective mass
m;, = 0.075m for InN,? these fitting parameters correspond
to an electron density Ntps = 1.4 = 0.2 x 10%cm ™3 and an
electron mobility pppg =1195 %50 cm?/Vs. These values
are in good agreement with Hall effect measurement results of
Nygan=2.0 x 10" cm ™ and Mpan = 1120 cm?/Vs, respectively.

Figure 3 depicts ¢ (w) of InN:Mg samples obtained from
the transmittance curves in Fig. 1. The complex conductiv-
ities of the InN:Mg films are again fitted with the Drude
model in Eq. (1) and the fitting parameters are listed in Table
I. It should be noted that the carrier scattering times of the
InN:Mg films are much shorter than that of the undoped InN
film whereas the plasma frequencies of the InN:Mg films are
similar to that of the undoped film. The carrier lifetimes
including cooling and diffusion time of the InN:Mg films
have been studied separately.” Especially, the spatial redis-
tribution of carriers in diffusion and drift is found to be
responsible for the recombination behavior as well as THz
radiation.

The Drude model in Eq. (1) treats conduction electrons
as free to move and subject to a collisional damping force.
Therefore, the carrier scattering time obtained from our mea-
surement corresponds to the average time between collisions.
For doped semiconductors, free carriers are provided by
the ionized dopants and among various carrier scattering
mechanisms, scattering due to ionized centers is known to be
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TABLE I. Extracted parameters for best fits in Figs. 2 and 3 compared to those obtained from Hall effect measurement.

Sample wp (THz) 7o (fs) Nrps (10" em™) ftrps (cm®/Vs) Niga (10" em ™) tran (i) (cm?/Vs)
Undoped InN 39 51 1.4 1195 2.0 1120

A 36 9 1.2 204 2.1 137 (136)

B 39 11 1.4 255 1.6 176 (170)

C 28 12 0.71 287 0.99 192 (191)

D 21 34 0.40 747 0.43 530 (498)

most dominant for doped InN.'” For InN:Mg, the high density
doping of Mg in InN increases the number of ionized centers
and results in the reduction of collision time compared to that
of the undoped InN film. Figure 4 summarizes the carrier den-
sity dependent mobility for InN:Mg samples, in which prpg
(black circles) is constantly larger than pgy,, (red circles),
whereas the slope in the linear relation between mobility and
density measured for THz-TDS is in good agreement with the
slope found for Hall effect measurements.

Because the contribution of surface layers to the bulk
properties can be ignored for the thick samples (>1 um),""
Ntps and urps obtained by THz-TDS reflect the values in
the bulk InN:Mg. In contrast, Hall effect measurement based
on the van der Pauw method measures the material proper-
ties in two-dimensional, thin regions of samples and its result
can be influenced by the existence of surface layers, includ-
ing the surface accumulation layer and the depletion layer
where the main carrier compensation occurs. In Kane’s two-
band model, the carrier scattering is affected by the non-
parabolicity of the band and the electron mobility controlled
by the scattering due to ionized centers can be expressed as'?

& dE\?
k)y=—52 (=) &k 2
W) = 5 N, (dk) ’ @)

where ¢ is the static dielectric constant, Z is the charge of
the ionized defects, and F; is a k-dependent function. In an
uncompensated material, the density of ionized defect cen-
ters N; is given by N; = Ny/Z, where Ny is the free electron
density. In a compensated material, N; = N¢(1 +0)/(1 — 0)
is a function of the compensation ratio 6 (ratio of minority to
majority dopants).'® With a constant compensation ratio of
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FIG. 4. (Color online) Electron-density-dependent electron mobility meas-
ured by the THz-TDS and the Hall-effect method. Open circles are THz-
TDS-measured mobility corrected by including a compensation ratio
0=0.2.

0=0.2, we obtained remarkably similar values of mobility
183 (open circles in Fig. 4) to gy for InN:Mg. Meanwhile,
according to the previous THz emission measurements from
the same InN:Mg samples, the compensation ratio within the
depletion layer varies with the carrier density."® Therefore,
the estimated value of 0 =0.2 represents the averaged com-
pensation ratio of the bulk InN:Mg comprising the carrier-
density-dependent 6 in the narrow depletion layer.

In summary, using the technique of THz spectroscopy,
THz wave transmittance through Mg-doped InN was investi-
gated. Since THz-TDS measurement is based on the trans-
mittance through the samples, the measured material
parameters correspond to the bulk properties of the samples.
The refractive index and conductivity of InN:Mg were found
to be much smaller than those of undoped InN and it is due
to the reduction of carrier-carrier collision time. Electrical
mobility of InN:Mg films show a linear relation with the car-
rier density, corresponding to electron scattering by ionized
centers. The constant discrepancy of experimental results of
THz-TDS and Hall effect measurement could be explained
by the contribution of the carrier compensation between
native donors and doped acceptors in the depletion layer.
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