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Herein, we report on the intriguing electrical transport properties of compressed AlAs. The relative permittivity
and the resistances of both the grain and bulk boundaries vary abnormally at ~10.9 GPa, accompanied by
the cubic—hexagonal structural transition of AlAs. With further compression, the boundary effect becomes
undistinguished, and subsequently, the electrical transport mechanism converts from boundary- to bulk-
dominated, which gives rise to a significant reduction in the total resistance of AlAs. After being quenched to
ambient pressure, resistances recover to the initial values followed by the re-emergence of the boundary
effect. £y decreases with pressure and its pressure dependence changes at ~14.0 GPa, which rationalizes the
anomalous variation of the electrical transport properties. The experimental results indicate that the boundary
effect can be modulated by compression and increases the resistance difference between the two states.
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1. Introduction

As is well known, grain boundaries are usually undesired in
many applications because they can heavily affect the electrical
transport, mechanical and optical properties of materials such
as carrier concentration, mobility and electrical conductivity."™
Numerous studies are therefore focused on minimizing or
eliminating such undesirable effects of grain boundaries.
Several approaches, such as improving the quality of crystalline
materials®” and intentional doping,®® are applied to minimize
the influence of grain boundaries on electronic devices. On the
other hand, a few efforts have been made recently to apply the
grain boundary effect to optimize the performance of electronic
devices. For instance, by introducing grain boundaries as switch-
able transport channels, Yasaei et al® improved the chemical
sensing of graphene-based electronic devices. Kim et al.*® reduced
the thermal conductivity of thermoelectric materials by improving
the dislocation arrays at grain boundaries to scatter mid-frequency
phonons. Herein, we report that the grain boundary electrical
transport properties can be modulated by compression and are
reversible during decompression, which significantly increase the
resistance difference between two states.
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AlAs is a narrow band-gap semiconductor belonging to the
group III-V family that has attracted extensive interest due to
its practical applications, including hetero-junction bipolar
transistors and high electron mobility transistors."*™® Under
ambient conditions, it crystallizes into a face-centered cubic
structure with F43m symmetry (designated as B3 type).*® There
have been two prior studies on the structural properties of AlAs
under compression: one illustrated that it transformed into the
NiAs structure (B8) under pressure;'”"*® the other proposed that
it went through the B3-B1 structural transition'®! and behaves
as a metal in its high-pressure phases. Although exploring
the metallic state of AlAs is a matter of interest in band-gap
engineering, experimental evidence for whether AlAs is metallic
on high-pressure B8 and B1 phases remains unsettled. Moreover,
the effect of grain boundaries on the electrical transport properties
of AlAs is still not fully understood, limiting the optimization of
AlAs-based applications.

An effective in situ approach to study the bulk and grain
boundary electrical transport properties is the alternate current
(AC) technique, i.e., frequency-dependent complex impedance
spectral analysis, by which one can clearly distinguish the
contributions of bulk and grain boundary effects due to their
different electrical responses under AC excitation signals.
Furthermore, X-ray diffraction (XRD) is of great importance to
make in situ observations of the structural transitions for
rationalizing the anomalous variations of the electrical transport
properties of AlAs. By combining these measurements, we studied
the effect of grain boundaries on the electrical transport properties
of AlAs under compression.

Phys. Chem. Chem. Phys., 2015, 17, 26277-26282 | 26277


http://crossmark.crossref.org/dialog/?doi=10.1039/c5cp03706a&domain=pdf&date_stamp=2015-09-17
http://dx.doi.org/10.1039/c5cp03706a
http://pubs.rsc.org/en/journals/journal/CP
http://pubs.rsc.org/en/journals/journal/CP?issueid=CP017039
SH-USER1
Text Box
HPSTAR
0121—2015


Published on 04 September 2015. Downloaded by University of Illinois - Urbana on 02/10/2015 02:55:03.

Paper

2. Experimental section

The alternating current impedance spectral measurements involve
an AC source signal, U(w, t) = U, cos(wt), loaded onto a sample, and
a response current signal determined as I(w, £) = I, cos(wt — 7).>* The
complex impedance is obtained by Z* = U/I = Z' +iZ" , where the real
(Z') and imaginary parts (Z') are defined as the impedance fractions
in and +n/2 out of the phase of Uw, t), respectively. In our
measurements, a two-electrode configuration microcircuit, wherein
the sidewall of the sample chamber is one electrode and a Mo film
microcircuit integrated on diamond surface is the other, was
employed to measure the impedance spectra of AlAs. The integration
process of the Mo film microcircuit can be found from a previously
reported study.” Fig. 1 illustrates the sectional view of the Mo film
microcircuit. T-301 stainless steel was pre-indented to 40 pm, and
then insulated with a mixture of diamond powders and epoxy.
Subsequently, a hole with 100 um in diameter was drilled in the
center of the indentation by a laser drilling machine and used as the
sample chamber. Powdered AlAs samples (bought from Alfa Aesar
Co. with purity of 99.5%) and small piece of ruby as the pressure
calibrant** were then loaded into the sample chamber. To avoid
introducing impurities and ensure good electrical contact, no
pressure transmitting medium was loaded. The impedance spectra
were obtained using a computer-controlled impedance analyzer
(Solartron 1260) combined with a dielectric interface (Solartron
1296). A voltage signal with amplitude of 2 V, and frequency ranging
from 0.01 to 10" Hz was applied to the sample.

Temperature dependent impedance spectral measurements
were obtained by placing the diamond-anvil cells (DAC) into a
heating cabinet for more than 10 min to achieve thermal
equilibrium. Temperature was monitored by a standard thermo-
couple in contact with diamond.

In situ high-pressure XRD experiments were conducted at
BL15U1 of the Shanghai Synchrotron Radiation Facility (SSRF)
and BLAW?2 of the Beijing Synchrotron Radiation Facility (BSRF)
using the angle-dispersive XRD mode (2 = 0.6199 A). The instrument
parameters, including the distance between sample and detector,
were calibrated using the CeO, standard material. XRD patterns
were fitted by Rietveld refinement on the GSAS program package.”®

3. Results and discussion

Fig. 2(a)-(e) illustrate the Z"-Z' plots of impedance spectra.
Under ambient conditions, two components can be observed in

Mo film electrode

Fig. 1 (a) Configuration of the film microcircuit on diamond anvil cells.
(b) Cross section of the designed DAC.
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Fig.2 The Z’'-Z plots (a)-(e) and Z’—f plots (f)-() of the impedance
spectra of AlAs under compression. Solid and open symbols represent the
data collected under the compression and decompression processes,
respectively.

our results, in which the left (high-frequency) and right (low-
frequency) components describe the bulk and grain boundary
contributions, respectively.>®>” From ambient to 10.9 GPa, the
components corresponding to the bulk effect are smaller than
those of the grain boundaries, indicating that the grain boundary
effect dominates the electrical transport properties of AlAs. However,
in a pronounced conversion, the components related to the grain
boundaries are dramatically reduced and become smaller than those
of the bulk above 10.9 GPa. With further compression, a simple arc
related to the bulk electrical response is observed, indicating that the
undesirable hindering effect of the grain boundaries is much weaker
and can be ignored compared to the bulk effect; ie., applying
compression modulates the grain boundary effect successfully and
drives the conversion of the electrical transport mechanism from
grain boundary-dominated to bulk-dominated.

This pressure-driven conversion of the electrical transport
mechanism can be further revealed by the Z’—f plots of the
impedance spectra. In Z"-f patterns, the position and intensity
of the relaxation peaks describe the type and strength of the
electrical relaxation processes in the samples, respectively.”® As
shown in Fig. 2(f)-(h), the relaxation peaks of the grain boundary
effect lose their intensities rapidly with increasing pressure. Above
12.4 GPa, the relaxation peaks related to the grain boundary effect
disappear but those of the bulk effect stay robust, which further
confirm that the grain boundary effect on total electrical transport
properties is suppressed.

To quantify the pressure effect on the electrical transport
properties of AlAs, the impedance spectra were fitted with a

This journal is © the Owner Societies 2015
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Fig. 3 Equivalent circuit describing the bulk and grain boundary electrical
transport behaviors of AlAs under compression.

commonly used equivalent circuit model (Fig. 3) on the Zview2
impedance analysis software. Two parallel resistors (R) and
constant-phase elements (CPE) were used to describe the bulk
and grain boundary relaxation processes, respectively. The
obtained bulk and grain boundary resistances (Rp, Rgp) and
related relaxation frequencies (fy, fz) are plotted in Fig. 4. In
the low-pressure range (<10.9 GPa), the resistances of both the
bulk and grain boundaries vary smoothly with increasing
pressure. However, Ry, drops rapidly with further compression,
followed by a change in pressure dependence. Above 14.7 GPa,
Ry, decreases linearly with pressure up to 38.1 GPa, the highest
pressure of this measurement. These variations can be more
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Fig. 4 (a and b) Pressure dependence of total resistance (R; = Ry, + Rgp),
bulk resistance (Ry,), and bulk relaxation frequency (f,,) of AlAs in compression
and decompression runs. The insets (a) the pressure dependence of the grain
boundary resistance (Rg) and (b) the pressure evolution of the grain boundary
relaxation frequency (fqp).
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clearly illustrated in the slope of log R,-P plots. By linearly
fitting the log R,~P curves, the obtained slope is —0.027 Q GPa™"
below 10.9 GPa, but drops dramatically to —0.197 Q GPa™*
above 14.7 GPa. In the case of Ry, it decreases markedly and
becomes undistinguished due to the loss of the grain boundary
electrical response above 14.7 GPa. The relaxation frequencies
of bulk and grain boundaries, f;, and fy,, show anomalous
variations from ~10.9 to ~14.7 GPa. During the decompression,
the components corresponding to the bulk effect (Fig. 2(d)-(e))
expand gradually with decreasing pressure. R, increases dramatically
below 14.2 GPa and goes back to its original state with quenching
pressure to ambient. Moreover, the grain boundary effect reappears
at ~14.2 GPa. Ry, increases sharply with decreasing pressure, and
almost returns to its initial value with quenching to ambient
pressure. The behaviors of fi, and fg, track the changes in the
compression run. The slight differences in values of Ry, and fy,
can be attributed to the lattice relaxation after a pressure cycle.
Therefore, it is reasonable to consider that the bulk and grain
boundary effects experience a reversible process in the whole
compression run. Interestingly, it is found that the grain
boundary electrical transport can be modulated significantly
and further increases the difference between the high-resistance
and low-resistance states, which is favored in phase-change
memory materials.?**

In addition, from the impedance data, we can obtain the
dielectric properties of AlAs under compression using the
following relation:**>'

Sr(P) = 1/2n80pfmax (1)

where p is the resistivity and ¢, is the vacuum permittivity.
Fig. 5 shows the pressure dependence of & up to 38.1 GPa. At
ambient pressure, the obtained &, of AlAs is 1337.9, which is
large compared with the intrinsic value (10.06).>> However, our
observation may involve extrinsic mechanisms, such as the
grain boundary barrier layer capacitance effect and spatial
inhomogeneity of the local dielectric response, instead of the
intrinsic features of AlAs.*® The ¢, of AlAs changes slightly as
the pressure changes from ambient to 10.9 GPa, followed by a
noticeable reduction at ~10.9 GPa and a slight decrease above

1.5x10°
i3 -
Iﬂﬂﬂg S Bapratat
1.0x10° |-
R
W I
L2
i ¥ 3

,1\1.1—3_‘%?&;2,\,

T

0.0 Lv 1 1 1 1 1 1 Il
0 5 10 15 20 25 30 35 40

P (GPa)

Fig. 5 Variation of the relative permittivity of AlAs under pressure.
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Fig. 6 Pressure dependence of the carrier transport activation energy of
AlAs in the bulk transport process. The inset shows the InR vs. 1000/T
curves at different pressures.

14.7 GPa. During decompression, & of AlAs shows similar
behavior to the compression process.

Previous band structure calculations predicted that AlAs becomes
metallic in the B8 structure.”* The temperature dependence of the
impedance spectra was investigated to verify whether AlAs becomes
metallic in the high-pressure phase. The obtained bulk resistances
are plotted in the inset of Fig. 6 in the Arrhenius format. R, of AlAs
decreases with increasing temperature within the pressure range of
0-35.7 GPa, which indicates that AlAs remains semiconductive below
35.7 GPa and is inconsistent with the band structure calculation
results.”’ The inconsistency between our observation and the
previously reported band-structure results may be attributed to the
underestimation of the band-gap by first-principles calculations.>***
This underestimation has been previously observed with the
ambient-pressure band-gap of AlAs.*

To gain a deeper insight into the electrical transport behavior
of AlAs under compression, we obtained the carrier transport
activation energy of the bulk transport process (E,) by fitting the
R-T curves. It was found that the In R vs. 1/T curves of AlAs
match well with the Arrhenius electrical transport model.
Hence, we obtained E, from the Arrhenius equation:*®

By = 2ks0 In RIO(1/T) )

where R is the high-temperature resistance, kg is Boltzmann
constant, and T is the temperature. E, represents the carrier
electrical transport activation energy in the bulk conduction process.
E, obtained by fitting the ambient pressure R-T curve is 2.08 eV,
which is consistent with previously reported band-gap result.>” We
therefore consider E, to be the intrinsic band gap of AlAs. As
shown in Fig. 6, E, decreases with pressure, which indicates that
the charge carriers can overcome the band-gap more easily with
thermal vibrations, and thereby increase the carrier concentration
and further improve the conductivity of AlAs. Above 14.0 GPa, the
pressure dependence of E, varies and then drops gently. Based on
the change tendency of E, with P, we infer that E, should be close
to zero at ~45.0 GPa, implying that a further increase in carrier
concentration would be small and AlAs would become metallic.

26280 | Phys. Chem. Chem. Phys., 2015, 17, 26277-26282

View Article Online

PCCP

0

c

=1

g

S

Sl b =

> ® S S
= . =3
2 Phase I i <
2 \5.1GPa —a

Phase 11
15.5 GPa

Fig. 7 (a) Representative XRD patterns of AlAs at various pressures. (b and c)
Show the Rietveld refinement results for Phase | (F43m structure with a =
5.552 A, AL(0, 0, 0) and As (0.25, 0.25, 0.25), Ry = 2.03%, %° =1.215) at 5.1 GPa
and Phase Il (P6s/mmc structure with a = 3.615 A, ¢ = 5.769 A, AL(0, 0, 0) and
As (0.333,0.667, 0.25), R, = 4.12%, %% = 1.523) at 15.5 GPa, respectively. (d and
e) Are the polyhedral views of AlAs in B3-phase and B8-phase, respectively.

We were motivated to determine the origin behind the
boundary- to bulk-dominated electrical transport mechanism
conversion and dramatic drops in resistance. Discontinuous
changes in electrical transport properties usually coincide with
crystal structural transition. High-pressure XRD measurements
were conducted to monitor the structural modification of AlAs
under compression. Fig. 7a plots the representative XRD patterns
of AlAs up to 40.2 GPa. With a gradual increase in pressure up to
11.7 GPa, some new diffraction peaks at ~12.3°, ~16.9° and
~19.8° suddenly emerge, which clearly signal the I-II structural
transition. Above 15.5 GPa, a single-phase pattern of Phase II
appears, indicating the I-II structural transition is complete. Phase
II remains stable up to the maximum pressure of 45.2 GPa. Upon
quenching to ambient pressure, all the diffraction peaks of Phase I
reappear and those of Phase II disappear, indicating that this
structural transition is reversible.

With the Rietveld refinement analysis through the GSAS program
package (Fig. 7b), the patterns of Phase I can be indexed into a face-
centered cubic structure. Moreover, the structure with Fi3m
symmetry matches the patterns better than those with other
symmetries, thus showing better agreement with the previously
reported results.'® It was found that structures with P6;/mmc
symmetry (B8, NiAs structure) are more suitable for Phase II
(Fig. 7c), which is consistent with the literature observation in
ref. 18, whereas different from other studies in which AlAs
transforms into the B1 phase at high pressure."*" This inconsis-
tency is caused by an overestimation of the ground state energy in

This journal is © the Owner Societies 2015


http://dx.doi.org/10.1039/c5cp03706a

Published on 04 September 2015. Downloaded by University of Illinois - Urbana on 02/10/2015 02:55:03.

PCCP

the first principles calculations,**** which increases the difficulty in
distinguishing the relative stability of structures, especially the close
structures that have subtle energy differences. After examining
the structural differences between Phase I and II carefully, we
found that this type of structural transition can be attributed to
crystal distortion of AlAs. A similar observation was also
reported in a previous study.*® The cubic-hexagonal transition
gives rise to the generation of two new Al-As bonds, accompanied
by the coordination number changing from four-coordinated in
the cubic structure to six-coordinated in the hexagonal structure
(Fig. 7e). This significantly changes the electronic structure of
AlAs, including the band-gap.> Further evidence to support the
variation of the energy band-gap can also be found in the change
in carrier transport activation energy at ~14.0 GPa (Fig. 6).

The pressure-induced structural transition contributes to under-
standing the conversion of the electrical transport mechanism from
grain boundary- to bulk-dominated and the dramatic reduction of
the resistance of AlAs at ~10.9 GPa. For bulk conduction, the
cubic-hexagonal structural transition at 11.0-15.0 GPa essentially
modifies the electronic structure of AlAs, which decreases E, and
subsequently increases the carrier concentration, and further gives
rise to the significant reduction of Ry,. During decompression, AlAs
recovers to its cubic structure, resulting in the recovery of E, and
carrier concentration. Consequently, Ry, returns to the initial value
after the pressure is fully released.

In the case of the boundaries’ conduction, previous studies have
shown that the grain boundaries are composed of disordered atoms
and contain large numbers of defects due to incomplete bonding,
which usually trap the charge carriers and act as recombination
centers, subsequently leaving few free carriers for electrical trans-
port.*® The trapped carriers usually result in boundary scattering
effects, which consequently hinder the conduction in the grain
boundaries. Under compression, the recombination centers should
eventually become saturated with the increase in the number of free
carriers due to the decrease in the energy band-gap, and hence no
longer trap the free carriers. Consequently, the grain boundary
effect becomes much weaker compared with that of bulk conduc-
tion. During decompression, AlAs goes back to its original cubic
structure below 10.0 GPa, so that the pressure-induced change in
electronic structure, reduction of E, and increase in carrier
concentration are recovered. Therefore, the grain boundary
effect re-emerges and the electrical transport behavior of AlAs
returns to its initial states after quenching to ambient pressure.

The main contributions to the relative permittivity are the
atomic and electronic polarization with additional contributions
from the microstructure of the sample, including grain size and
boundary states of the samples.*>*" Thus, the unusual changes in
the relative permittivity of AlAs can also cause the pressure-
induced structural transition.

4. Conclusions

In summary, by combining the X-ray diffraction and AC impedance
spectral measurements, we studied the structural and electrical
transport properties of AlAs under compression. The resistances
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of both the grain boundaries and bulk vary abnormally at
~10.9 GPa, accompanied by the cubic-hexagonal structural
transition of AlAs. With further compression, the boundary
effect becomes undistinguished, and subsequently the electrical
transport mechanism converts from boundary- to bulk-dominated,
which gives rise to significant reduction of the total resistance of
AlAs. After quenching to ambient pressure, resistances recover to
the initial values followed by the re-emergence of the boundary
effect. E, decreases with increasing pressure and changes its
pressure dependence at ~14.0 GPa, which rationalizes the
anomalous variation of the electrical transport properties of
AlAs. The experimental results indicate that the grain boundary
effect can be modulated by compression and plays positive roles
in devices such as increasing the difference in resistance
between the two states, which opens up new possible pathways
for designing AlAs-based applications and may also be applicable
in optimizing the performance of phase-change memories.
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