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We report on the intriguing structural and electrical transport properties of compressed InN. Pronounced
anomalies of the resistivity, Hall coefficient, electron concentration, and mobility are observed at
~11.5 GPa, accompanied by a wurtzite—rocksalt structural transition confirmed using high-pressure XRD
measurements and first-principles calculations. The pressure-tuned electrical properties of wurtzite and
rocksalt InN are also studied, respectively. Particularly, compression pressure significantly decreases
the electron concentration of rocksalt InN by two orders of magnitude and increases the mobility by
ten fold. The obvious variations in electrical parameters can be rationalized by our band structure
simulations, which reveal a direct—indirect energy crossover at 10 GPa, followed by the rapidly increasing
patterns of the energy gap with a pressure coefficient of 33 meV GPa™ . Moreover the electron effective
mass and energy gap are found to well satisfy with the k-p model. Definite correlation between the
structural change and the electrical transport properties should shed a new light on building InN-based

rsc.li/pccp applications in the future.

1. Introduction

Indium nitride (InN) usually crystallizes in the wurtzite phase
(w-InN, space group P63mc) under ambient conditions," exhibiting
better physical properties including the highest mobility,
electronic drift velocity, peak drift velocity, and the lowest
electron effective mass among the group-III nitride semi-
conductor materials. Thus InN shows significant applications
in high-frequency, high-speed electronic devices,>* and THz
emission.»® Furthermore, by varying the composition of
quaternary (InAlGa)N alloys, the energy gap (E,) can be tuned
over a wide spectral range from near-infrared to ultraviolet,
which hints at the potential application of InN in high-
efficiency solar cells, light emitting diodes, and large-aperture
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photoconductive antennas.®” However, a further improvement
in the quality of InN samples (e.g., surface roughness and
charge carrier concentration) is needed. Considerable efforts
have been made to enhance the electrical and optical properties
of InN by morphological variations including nanorods, nano-
wires, and size-confined nanobelts, etc.®°

High pressure has been shown to be a powerful factor
in modulating the crystallographic and electronic structures
of materials. Pioneering studies illustrated that both electrical
parameters and energy gaps can be tuned significantly in
compound semiconductors by compression,'®'* which provides
a new possible route for modulating the physical properties
of InN.

Under high pressure, Ueno et al. have carried out X-ray
diffraction (XRD) studies on InN, and proposed that InN went
through a structural transition from the wurtzite phase to the
rocksalt phase (c-InN, space group Fm3m) at about 12.1 GPa."?
Subsequently, Pinquier et al. conducted Raman spectral measure-
ments to state that w-InN went through a gradual transition
starting from 11.6 GPa and fully transformed into the rocksalt
structure above 13.5 GPa."»'* Over the following years, many
groups confirmed the wurtzite-rocksalt structural transition by
means of XRD spectra, Raman scattering, and infrared reflectance
techniques, etc.">™"” Alternatively, theoretical studies on InN
were also conducted to discuss the electronic structure and
compressibility of both phases.'® ' Despite the fact that great
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efforts have been made in studying the crystal and electronic
structures of InN under pressure, it remains unexplored
how the compression tunes electrical parameters necessary
for InN-based applications, including the resistivity (p), Hall
coefficient (Ry), charge carrier concentration (n), and mobility
(w), etc. Moreover, much work is still needed to establish the
correlation between the structural change and the electrical
transport properties, the lack of which precludes further under-
standing of the kinds of nitride functional materials.

Motivated by the above mentioned issues, we conducted high-
pressure in situ synchrotron X-ray diffraction and electrical measure-
ments on InN combining theoretical simulations. XRD spectra were
recorded to monitor the structural modification, which is still
not well-defined but of great importance for understanding the
changes in the physical properties of InN under compression. In
addition, resistivity and Hall-effect measurements were adopted
to study the pressure-induced modulation of electrical para-
meters. First-principles calculations were applied to illustrate
the structural transition mechanism and band structure details,
and then rationalize the variations in the electrical transport
properties under compression.

2. Experimental and
computational details

Polycrystalline InN powder bought from Alfa Aesar Co. with a
stated purity of 99.9% was used as the sample. X-ray diffraction
data for powder samples under ambient conditions were collected
using a RIGAKU diffractometer with monochromatic Cu-Ko radia-
tion, and the patterns show better agreement with the wurtzite
phase (JCPDS file No. 50-1239) (Fig. 1(a)). High pressure was
generated using a nonmagnetic diamond anvil cell (DAC) with
an anvil culet of 300 pm in diameter. A nonmagnetic rhenium
flake used as the gasket was indented to ~50 um in thickness.
A hole with 200 pm in diameter was drilled in the center of the
indentation using a laser. Then, a mixture of alumina powder and
epoxy was inserted and compressed into the hole as the insulating
layer. Subsequently, another hole with 150 pm was drilled and
served as a sample chamber. The thickness of the sample under
pressure was determined using a micrometer with a precision of
0.5 pm, and the deformation of diamond anvils was taken into
account.”” No pressure medium was loaded in order to avoid
additional errors in electrical measurements. The ruby fluores-
cence method was used for the pressure calibration. van der Pauw
configuration electrodes were integrated on the diamond surface.
The fabrication method of probing a microcircuit on diamond
has been reported previously.”>* Fig. 1(b) and (c) show the
microcircuit and the sectional view of DAC to illustrate the
sample loading method.

In situ resistivity and Hall-effect measurements under high
pressure were conducted using the current reversal method to
avoid thermoelectric offsets. The current, typically 100 mA, was
sourced by a Keithley 2400 Source Meter and the voltage was
measured using a Keithley 2700 Multimeter. All instruments
were connected to a computer via a Keithley Kusb-488 interface
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Fig.1 (a) X-ray diffraction patterns of InN under ambient conditions.
(b) Configuration of a microcircuit on a diamond anvil. Here 1, 2, 3, and
4 are the silver wires. (c) Cross section of the designed DAC.

adapter and a general purpose interface bus. The measurement
process was automatically performed using the van der Pauw
method. Hall-effect measurements were carried out in a mag-
netic field of 1.5 T.

In situ high-pressure XRD experiments were conducted at
the Beamline X17C of the National Synchrotron Light Source
(NSLS) using an angle-dispersive XRD source (/1 = 0.406750 A).
A methanol-ethanol-water (16:3:1) mixture was used as the
pressure transmitting medium. The experimental parameters
including the distance between the sample and detector were
calibrated using the CeO, standard materials. Bragg diffraction
images were integrated using FIT2D software to obtain inten-
sity versus diffraction angle 20 patterns. XRD patterns were
fitted using the GSAS program package.”®

First-principles calculations were conducted using the density
functional theory (DFT) and pseudopotential method.”” Electronic
structures were simulated using the CASTEP code inserted in
Materials Studio.”® The electron-ion interaction was described
using the Vanderbilt-type ultrasoft pseudopotential.>® The exchange
and correlation terms were described by generalized gradient
approximations (GGAs) in the scheme of Perdew-Burke-Ernzerhof
(PBE) parameterization.>® The geometric optimization of the unit
cell was carried out using the BFGS minimization algorithm.”® The
configurations of In and N were 4d'°5s°5p" and 2s°2p°, respectively.
Convergence of the total energy was checked with respect to both
plane wave cutoff energy and k-point density, which were obtained
using the Monkhorst-Pack method.*" The one-electron valence
state was expanded on a plane wave basis with a cutoff energy of
500 eV. Integration in the Brillouin zone was performed using
special & points generated with 11 x 11 x 6 and 13 x 13 x 13 mesh
parameter grids for wurtzite and rocksalt InN, respectively.
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The chosen plane-wave cutoff energy and the number of &
points were carefully checked to ensure that the total energy
converged to better than 1 meV per atom. The space group of
wurtzite InN was P63mc (No. 186) at 0 GPa with calculated
lattice parameters a = b = 3.52 A, ¢ = 5.7024 A, and one internal
parameter u = 0.375"° and the space group of rocksalt InN was
Fm3m (No. 225) at 11 GPa with calculated lattice parameters
a=b=c=4.63 A.*° The relative stability of different structural
phases is examined by comparing their enthalpy values.

3. Results and discussion

XRD measurements were carried out to monitor the structural
modification of InN under compression. Fig. 2(a) shows the
selected XRD patterns of InN at various pressures. At ambient
pressure, the pattern of InN can be well indexed into the
wurtzite (P63mc) structure as in the previously reported
results.’ It is found that, upon gradually increasing the pres-
sure up to 12.9 GPa, new diffraction peaks at ~10.25° suddenly
emerge, which clearly signals the starting of wurtzite-rocksalt
structural transition. With further compression of up to 16.7 GPa,
other three new diffraction peaks gradually appear at ~14.52°,
~17.06°, and ~17.82°. Above 23.8 GPa, the transformation is
complete and no further transition is observed up to 30.8 GPa, the
highest pressure in this work. The structural transition is found to
be reversible. After the release of full pressure, InN recovers to
the ambient-pressure wurtzite structure. As shown in Fig. 2(b) the
patterns of c-InN can be indexed into the rocksalt structure. The
lattice parameters at 16.7 GPa are refined to a = b = ¢ = 4.55 A.
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Fig. 2 (a) Representative XRD patterns of InN at various pressures. (b)
Rietveld refinement of c-InN at 16.7 GPa (R,, = 1.62% and Ry, = 4.21%). (c)
Volume versus pressure curve of w-InN and c-InN obtained using XRD and
geometry optimization. (d) Lattice parameters as a function of pressure for
w-InN.
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The structural transition is accompanied by a pronounced
volume collapse of ~18.7%. The compressibility of the c/a
ratio in w-InN is found to be approximately linear without any
anomaly before the structural transition (Fig. 2(d)).

A discontinuous change in the electrical transport properties
usually coincides with crystal structural transition. As shown
in Fig. 3, the original value of p is 2.5 x 107> Q cm under
ambient conditions, and the p—P curves of InN can be divided
into three stages of I, I, and II as 0-4.4 GPa, 4.4-11.5 GPa, and
11.5-22.0 GPa, respectively. Stage I’ is mainly attributed to the
reduction of particle gaps and the recombination of grains
under low compression. In stage I, p increases smoothly with
pressure elevation. At 11.5 GPa, a pronounced variation is that
p changes its pressure dependence and increases rapidly with
pressure up to 22.0 GPa, which is the cause of the wurtzite-
rocksalt structural transition of InN and further the increase of
the energy gap in c-InN (more details can be found in band
structure calculations). Remarkably, it is unusual that p increases
continuously with pressure after the pressure-induced structural
transition, which probably supplies the potential applications for
InN materials and excites our further research interests. Under
decompression, p decreases smoothly upon quenching to
ambient pressure, and does not return back to its original value.

To further study the charge carrier transportation of InN
under compression, the pressure dependencies of Ry, n, and p
were examined by in situ Hall-effect measurements, as shown
in Fig. 4. Under ambient conditions, Ry, n, and u are —3.6 X
102 em® €1, 2.0 x 10*° em ™3, and 63.0 cm® V" s~ ', respectively.

At low compression pressure (around a few GPa), the
uncontrolled particle gaps in the InN sample usually can be
considered as potential barriers and heavily hinder the trans-
portation of charge carriers. These types of particle gaps should
be significantly decreased with loading pressure and lead to an
increase in n and a decrease in u. From 1.5 GPa to 4.4 GPa,
further compression turns to drive the recombination of grains
in the sample, which indicates that the atoms among grains
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Fig. 3 Pressure dependent resistivity (p) of InN at room temperature. ', I,
and Il are assigned to three stages (I’ and | represent the wurtzite phase;
Il is the rocksalt phase).
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Fig. 4 Pressure dependent Hall coefficient (Ry), charge carrier concen-
tration (n), and mobility (1) of INN at room temperature. Pressure range is
also assigned to three stages as I, |, and Il, consistent with the p—P curves.

undergo a rearrangement transition from disordered to a
relatively stable and ordered state.’>*® New chemical bonds
should be rebuilt between adjacent atoms nearby grains with
the decrease of the inter-atomic distance. Hence, the dangling
bonds tend to reduce with pressure, leading to the reduction of
the defect concentration. The above factors result in the
decrease of n and the increase of x4 from 1.5 to 4.4 GPa.

Before and after 11.5 GPa, it is obviously found that the
wurtzite-rocksalt structural transition of InN results in a series
of discontinuous changes in Ry, 1, and y, which are attributed to
a comprehensive contribution of the variations in both crystal
periodical vibrations and band structures during the transition. In
w-InN, the decreased mobility is almost completely compensated
by the increased charge carrier concentration, which is considered
as the cause of slightly increased resistivity below 11.5 GPa. In
cInN, n decreases continuously with pressure elevation because
of the broadening of the energy gap, in turn, will reduce the
electron scattering probability and increase the electron mean free
time. Therefore, ;1 is found to increase synchronously. Such a
phenomenon probably extends to a higher pressure. Backwards,
the pressure tuned modulation for w-InN is also checked, which
makes n and p achieve the minimum and maximum value at
4.4 GPa, respectively. The above factors, ideally, affect the ability
of InN materials to exhibit higher THz emission and better
optoelectronic properties,®® and provide a new idea of high-
temperature high-pressure (HTHP) synthesis on different phases
of InN with excellent stability and good performance.
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It is possible to investigate the subtle variations in electrical
parameters during the phase transition using electrical mea-
surements. However, it is insufficient if what we really want to
do is to discuss the possible correlation between the phase
structure and charge carrier transportation. We need access to
the first-principles calculations for the purpose of exploring the
mechanism behind structural transition and rationalizing the
anomalous variations in the electrical transport properties.

The calculated enthalpy curve (relative to w-InN) confirms the
energetic stability of the high-pressure rocksalt structure of InN.
Above 10 GPa, the rocksalt phase is more stable, in agreement
with our XRD observations (Fig. 5(a)). A large volume collapse of
~17.8% is also found to significantly reproduce the experimental
data. Phonon calculations establish the dynamical stabilities of
the calculated rocksalt structure in view of the absence of
imaginary frequencies (Fig. 5(b)). Above structural transforma-
tion derives from the significant reduction of the bonding angle
of the nitrogen-indium bonds In(1)-N-In(2) and the decrease
of the mean distance of two indium atoms along the c-axis (In1)
and the off-axis (In2) (Fig. 5(c)),” which drive the transition
into a rocksalt structure, where the In1-N-In2 angle decreases
to 90°. The lattice rebuilding will modify the electronic struc-
tures of c-InN, and hence, bring about many significant varia-
tions in electrical parameters (Table 1).

Fig. 6 summarizes the energy gap versus pressure of InN
obtained from the band structure calculations. In w-InN at
0 GPa, the valence-band maximum (VBM) and the conduction-
band minimum (CBM) are both located at the G point. The
energy gap between the VBM and CBM is found to be very low
positive, E; ~ 0.08 eV, which can be attributed to an over-
estimation of ‘GGA or LDA error’ for pd repulsion*’™* and
hence, of the shift of the VBM towards higher energies.
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Fig. 5 (a) Enthalpy curve (relative to w-InN) of c-InN as a function of
pressure. Enthalpies are given per atom. Inset is calculated volume versus
pressure data. (b) Phonon spectrum distribution of c-InN at 12 GPa.
(c) Polyhedral views of InN in the wurtzite phase at 0 GPa and the rocksalt
phase at 12 GPa, respectively.
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Table 1 Pressure dependent Eg and [n p for the wurtzite and the rocksalt phase of InN, respectively

Phase Pressure stage (GPa) (2ksT) " dE,/dP (GPa ') (theoretical) Error (%) d(In p)/dP (GPa ') (experimental) Error (%)
Wurtzite 4.4-11.5 0.018 3.19 0.023 5.45
Rocksalt 11.5-26.1 0.482 2.86 0.513 4.02
(a) 2.0 the result of the movement of the CBM away from the VBM
—@—Present work, Wurtzite phase caused by the enhancement of hybridization between the In
—@—Present work, Rocksalt phase . . . .
5p-orbit and the N 2p-orbit with pressure elevation (the bottom
154 o half of Fig. 6(b)).
% 1 5°GW<D(>WZ) SUTTEE © HSEOGRs) In the intrinsic range the resistivity of semiconductors can be
2 1.0 g,,./;nﬁ W represented by the following formula: p = p, exp[Ey/2ksT], where pq
& ] ﬁ/ HSEO8(wz) is constant that is approximately independent of pressure as
§ compared with the exponential term, E,. And p is the resistivity,
E 0.5 o— @ LOARS) kg is the Boltzmann constant, T represents the temperature.*®>°
6,6, LG e GOARS) In this work, we also examined dE,/dP obtained from band
00d H W structure calculations and d(Inp)/dP obtained from resistivity
| /O/PBOE(WZ) measurements in both wurtzite and rocksalt phases, respectively.
o Taking no account of the errors from the thickness measure-
VST ment and the fitting procedure, it can be found that dE,/dP and
b 0 3 6 pgressu:ez(epa)15 oo u d(In p)/dP satisfy the Arrhenius relationship better as given by
( ; 5.0 / \ NV ;10.0 @_/ == eqn (1) when C is predefined as 1.
% 25 7 ocPa %5.0 X | 126Pa d(In p)/dP = (C/2kT)(dE,/dP) (1)
«© ©
2 0.0%s AN o /\ where C is constant for the purposes of revision control and is
g_2'5 3 affected by different calculating methods. These results clearly
& indicate that the increased resistivity of InN can be seen as a
067 K consequence of the energy gap broadening.
4
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Fig. 6 (a) Pressure dependent energy gap (Eg) of InN. The solid spheres
are this work; the empty symbols from ref. 38-40. (b) The top half
represents the band structures in w-InN at O GPa and c-InN at 12 GPa
along with the selected high-symmetry lines, respectively. The bottom half
is the corresponding total and partial density of states at 0 GPa and 12 GPa.

Nevertheless, it has been well established that pressure deriva-
tives of E, calculated within the same framework are worth
learning.**™*” Meanwhile, to guarantee the accuracy of E, at
different pressures, we checked the energy gap at various levels
of theory where the HSE and GW methods were adopted for
comparison, as shown in Fig. 6(a) (see more details in the ESIT).
From this it is found that E, of w-InN increases smoothly with
increasing pressure, and then the VBM shifts from the G point
to the L point at 10 GPa followed by the wurtzite-rocksalt
structural transition, which indicates that pressure realizes
the direct-indirect crossover of the energy gap of InN. Above
10 GPa, E, of c-InN shows a sharp increase and continues to
increase with a pressure coefficient of 33 meV GPa ', which is

This journal is © the Owner Societies 2017

In our Hall-effect measurements, InN shows the priority to
electron conduction below 26.8 GPa at room temperature. In
fact, InN is one of the representatives for a n-type extrinsic
semiconductor. Almost all electrons participating in the conduc-
tion are from the donor ionization rather than the intrinsic
excitation. Thus, the electron concentration of InN approximately
equals to the ionized donor concentration (N;), i.e., n & N;. On
the other hand, the mobility is mainly controlled by the donor
scattering, which is defined by eqn (2),

K= fn = gTa/my* (2)

where u, refers to the electron mobility, g is the electron charge
absolute value, 7, is the electron mean free time, m,* is the
electron effective mass. Besides, 1, oc Ni ' = n~'. Thus, the
resistivity can be proportional to the electron effective mass as a
whole, which is calculated using eqn (3),

p = 1/nqu = my*ng’t, oc my* (3)

Moreover, the electron effective mass can be calculated from
band structures with eqn (4),

mn*/mo = hz/(dZE/dkz)k:k min/mo (4)

where m, is the free electron mass.

Fig. 7 indicates that the electron effective mass is basically
proportional to the energy gap of InN, consistent with the k-p
model.>" Combined with the results of eqn (3), it is clearly
shown that the electron effective mass is one of the critical factors to
make the energy gap of InN coincide with experimental resistivity.
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Fig. 7 Energy gap dependent electron effective mass of INN. Reum>
indicates the residual sum of squares about the linear fitting results.

The increase of the energy gap directly causes the increase of
resistivity. Band structure calculations conclude a good agree-
ment with the results of the electrical transport properties,
beneficial for building InN-based applications in the future.

4. Conclusions

In summary, the accurate high-pressure in situ XRD, resistivity,
Hall-effect measurements and first-principles calculations were
carried out on InN. We observed a series of abnormal electrical
responses to the pressure driven wurtzite-rocksalt structural
transition around 11.5 GPa, and found that compression
pressure produces a decrease of the electron concentration
and an increase of mobility, and hence finishes modulates
the electrical performance of wurtzite and rocksalt InN, respec-
tively. Furthermore, first-principles calculations revealed the
variation mechanism of electronic and crystal structures
induced by compression. Band structure simulations show that
the energy gap increases with pressure elevation and that there
is a significant direct-indirect gap transformation at 10 GPa.
Meanwhile the calculated electron effective mass and energy
gap were found to well satisfy with the kp model. Above
calculations rationalized the anomalous variations in electrical
parameters in the full pressure range and built the correlation
between the structural change and the electrical transport
properties. Our results reported here should raise the hopes
of InN material-based optoelectronics with high performances
and good stability.
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