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Cd,Zn;_,O alloys, as a transparent conducting oxide, have recently attracted much attention for
potential optoelectronic applications. In this letter, we report a hydrostatic pressure-induced phase
transition of Cd,Zn;_,O alloys from the wurtzite to the rocksalt structure and its phase diagram
probed using a diamond anvil cell. It is found that the transition pressure, determined by changes in
optical and structural properties, depends sensitively on the composition. As the Cd content increases,
the critical pressure decreases, until at x=0.67 where the alloy is intrinsically stable in the rocksalt
phase even at ambient pressure. The wurtzite phase is light emitting with a direct bandgap that
slightly widens with increasing pressure, while the rocksalt phase has a much wider bandgap that is
indirect. The pressure-sensitive light emission and phase transition may find potential applications in

fields such as stress sensing and energy storage. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4947022]

At ambient condition, ZnO takes the wurtzite crystal
structure and it is a brightly light-emitting semiconductor
with a direct bandgap (E,) of 3.3eV."” The high lumines-
cence efficiency and piezoelectricity of ZnO have rendered it
a candidate material for light emitting diodes” ™ and mechan-
ical energy harvesting devices.” Upon the application of
hydrostatic pressure of ~9GPa, ZnO transforms into the
rocksalt structure, which has an indirect £, of ~2.4¢V and a
direct gap of ~4.6 eV.%7 In contrast, CdO is inherently a
rocksalt-structured semiconductor with an indirect £, of
~2.3¢eV and high free electron density arising from native
defects.®” Uniformly mixing CdO with ZnO leads to a ran-
dom alloy of Cd,Zn,_,0."" At x<0.67, Cd,Zn,_,O has the
wurtzite crystal structure, with a direct E, ranging from 1.6
to 3.3eV covering the entire visible spectrum.” The alloys in
this composition range typically have a high free electron
density ranging from mid-10" to >10**cm > and a respec-
tive electron mobility of ~20cm”® V™' s™!. These properties
make Cd,Zn;_,O a promising candidate for key materials in
light emission, transparent conducting, or photovoltaic
applications.' "

As CdO is rocksalt structured, it is not surprising that
the stable crystal structure of Cd,Zn;_,O at ambient condi-
tions becomes rocksalt as x becomes large (20.67).9 The
accompanying abrupt opening in E,, increase in electron mo-
bility, and quenching of light emission efficiency at this
composition link the structural transition to wide modulation
of the electronic properties. As a result, the Cd,Zn;_,O alloy
system becomes attractive and relevant for potential applica-
tions with the benefit of the phase transition. In this work,
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we explore the wurtzite-rocksalt structural transition of
Cd,Zn;_,O in response to the application of hydrostatic
pressure, as opposed to variation in chemical composition.
The diamond anvil cell (DAC) offers a powerful means of
modulating structural phase transitions and the accompany-
ing physical properties of semiconductors.'>”'* By investi-
gating the light emission, optical absorption, and x-ray
diffraction (XRD) of the Cd,Zn,_,O alloys with a range of
compositions using a DAC, we construct a composition (x) —
pressure (P) diagram of Cd,Zn,_,O. Moreover, density
functional theory (DFT) calculations show that the phase
transition is primarily attributed to volume deformation as
opposed to a reduction in internal energy. Our results estab-
lish the physical picture behind the phase stability and transi-
tion of the CdyZn;_,O system for potential technological
applications.' 13

Cd,Zn,_,0O alloys were grown on soda lime glass using
a dual-source radio frequency magnetron sputtering system
with separate CdO and ZnO targets. The chamber was evac-
uated to 1 x 10~ °Torr prior to deposition. The background
pressure was maintained at ~5 mTorr of Ar at a substrate
temperature of 270 °C during the deposition. The composi-
tion of alloys was controlled by varying the sputtering
power and substrate-to-target distance of the CdO and ZnO
targets. Film stoichiometry and thickness of each sample
were determined by the Rutherford backscattering tech-
nique. The obtained film thicknesses range from 98 to
275 nm.

Hydrostatic pressures were applied by a symmetric DAC
with 300 um culet size. The stainless-steel foil used as gasket
material was indented to a depth of ~30 um, after which a
hole was laser-drilled to form the sample chamber. The pres-
sure transmission medium was a 4:1 mixture of methanol and
ethanol, and pressure was calibrated by the photoluminescence

Published by AIP Publishing.
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1 FIG. 1. (a) Optical absorption coeffi-
cients of the as-grown Cd,Zn;_,O alloys;
% 3 (b) optical bandgap of Cd,Zn; O alloys
determined from the absorption curves.
; The open circle in (b) represents E, of

CdO (x=1.0) from Ref. 9.
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(PL) wavelength of ruby. The glass substrate coated with the
film was polished down to a thickness of <20 um before load-
ing into the DAC. Optical transmission was measured with a
home-made spectrometer system equipped with a tungsten hal-
ogen lamp as the light source and a photo-multiplier tube as
the detector. PL spectra were obtained using a 488 nm laser as
the excitation source. Synchrotron XRD measurements were
performed at Beamline12.2.2 of the Advanced Light Source
(ALS), Lawrence Berkeley National Laboratory. The beam
energy was 18keV (1=0.6888 A), and the XRD signal was
collected with a MAR345 image plate.

First-principles calculations were performed using the
Perdew-Burke-Ernzerhof'® exchange-correlation functional
and the projector augmented wave method'” as implemented
in the Vienna ab-initio Simulation Package.'®'® The Cd
(4d'%55%), Zn (3d'%s?), and O (2s22p4) were treated as the
valence electrons. The core radii in the pseudopotentials
were 2.3, 2.3, and 1.52 Bohr for Cd, Zn, and O, respectively.
We used 2 x 2 x 1 and 2 x 2 x 2 supercells for the wurtzite
and rocksalt phases, respectively, and randomly substitute
corresponding number of Zn by Cd to construct Cd,Zn;_,O
alloys. We relaxed the supercells using a cutoff energy of
550eV and TI'-centered Monkhorst-Pack®®*' k-mesh of
4 x4 x4 or 8 x8x8 for the rocksalt or the wurtzite struc-
ture, respectively, until the force on each atom was smaller
than 0.02 eV/A. Starting from the relaxed structures, follow-
up calculations using 800eV cutoff energy and 6 x 6 X 6 or
10 x 10 x 10 k-mesh were used for the rocksalt or wurtzite
structure, respectively, to determine the energy more pre-
cisely. Tests showed that using these settings the energy con-
verged to within 10~*eV/formula unit (f.u.).

04 06 08 10
xin CdZzn, O

Figure 1(a) shows the optical absorption coefficients ()
of Cd,Zn;_,O alloys with representative compositions. A
clear onset can be identified on these absorption curves,
which was used to extract the optical E, of these materi-
als.®** The E, that we obtained as a function of Cd concen-
tration (x) is consistent within error with the data reported in
Ref. 9 (Fig. 1(b)). In the wurtzite structure (x < 0.67), E, rap-
idly decreases with x from E, = 3.3 eV for ZnO toward a hy-
pothetical E, of ~ 1.4eV for wurtzite CdO (wurtzite CdO
has not been experimentally synthesized). At x ~0.67, how-
ever, E, abruptly increases from ~1.9 to ~2.4¢eV, due to the
wurtzite-rocksalt transition near this composition. As ther-
modynamics implies that pressure drives the structural tran-
sition from the wurtzite to the denser rocksalt structure, our
study focused on compressing alloys with x < 0.67 that are
initially in the wurtzite structure.

Figure 2 shows the pressure behavior of a Cd,Zn;_O
alloy at the composition of x =0.66. The wurtzite alloys all
exhibit bright PL at ambient pressure as shown in Fig. 2(a).
Upon the application of hydrostatic pressure, however, the
PL intensity is rapidly suppressed and eventually quenched
at a threshold pressure, P.. To probe the E, near and above
P., we measured optical absorption of the films inside the
DAC gasket chamber, as shown in Fig. 2(b). The E, deter-
mined from both PL and absorption spectra is plotted as
functions of pressure in Fig. 2(c). It can be seen that in the
wurtzite phase when P < P, E, slightly increases with pres-
sure, with a weak pressure coefficient of dE,/dP ~ 22meV/
GPa. The fact that, as shown in Fig. 2(a), the PL intensity is
reduced gradually rather than abruptly at P, indicates an
inhomogeneous transition, which may be caused by the
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FIG. 2. Pressure dependence of PL (a) and transmission (b) spectra of Cd ¢6Zng 340. Absorption edge energy and PL peak energy as a function of DAC pres-

sure are shown in (c). The asterisk in (a) indicates the ruby luminescence peak.
“release,” which indicates measurements during the pressure releasing process.

All data were measured during the pressure loading process unless labeled with
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polycrystalline nature of these alloy films. It is interesting to
note that after releasing the pressure, the new phase persists,
indicating that the phase transition is irreversible, or with a
wide hysteresis that extends down to ambient pressure.
Similar effects have also been reported for the intrinsic ZnO
under high pressures'>*® and were attributed to kinetic bar-
riers existing in such polycrystalline films that would hinder
the system from transitioning back to the wurtzite structure.

To further investigate the pressure induced evolution of
the crystallographic structure of the Cd,Zn,_,O alloys, in
situ micro-XRD measurements were carried out.*** The
XRD patterns of Cd ¢¢Zng 340 after background subtraction
are shown in Fig. 3(a). Based on the characteristic peaks, the
low-pressure phase can be clearly indexed to a wurtzite
structure. The wurtzite XRD peaks gradually lose their inten-
sity and disappear at P.~4.0 GPa. We note that the peak
position of WZ (0002) in low pressure range (P <4 GPa) is
very close to that of RS (111) under high pressure
(P> 4 GPa). Importantly, the strongest WZ (1000) peak
completely disappears when P > 5.1 GPa, defining P, for the
structural phase transition. At P > P, the material transforms
into a rocksalt structure, with several new weak peaks
indexed as the rocksalt (111) and (200) planes.

The irreversibility of the pressure-induced phase transi-
tion is confirmed by the XRD data: after pressure is released,
the rocksalt structure persists even at ambient pressure. This
effect indicates that the rocksalt structure can be kinetically
stabilized at ambient pressure, and we interpret the wurtzite-
rocksalt transition as a first-order transition with a wide hys-
teresis. This effect will be further analyzed in conjunction
with the DFT calculation in a later part of the article. We fur-
ther calculated the lattice constants and specific volume of
the alloy and plotted them as a function of pressure in Fig.
3(b). It can be seen that a large volume collapse, a 15.4%
reduction in volume, occurs at P..

Figure 4(a) shows the x-P phase diagram of the
Cd,Zn,_,O alloys obtained from our high pressure experi-
ments as well as previously reported P, of ZnO.”?* It can be
seen that the threshold pressure P decreases monotonically
as x increases, defining a concave phase boundary between
the wurtzite and rocksalt phases of the alloys. In order to
understand the phase relations, we have carried out first-
principles calculations on the energies of the two phases at
two different compositions, x=0.625 and x=0.25. The
results are shown in Fig. 4(b). As the pressure increases to
Pc, the enthalpy of the rocksalt phase becomes lower than
that of the wurtzite phase (i.e., AH < 0); the transition pres-
sure P, is 8.84 GPa for x =0.25, and it decreases to 4.37 GPa
for x=0.625. These findings agree with those determined in
our experiments. The enthalpy difference AH can be decom-
posed into an internal energy difference AU and the pressure
term A(PV). AU represents effects of bonding in the crystal
and is positive and nearly independent of pressure, which
acts as an energy barrier to stabilize the wurtzite phase. As
the pressure increases, phase transition occurs when this
energy barrier is overcome by A(PV), which becomes more
negative with pressure because of the smaller volume of the
rocksalt phase. When the Cd fraction is higher, increasing
amount of electrons occupy the deeper Cd-d states of the
rocksalt phase, which decreases AU, lowers the barrier and
eases the transition. When x exceeds ~0.7, AU itself
becomes negative, which stabilizes the rocksalt phase even
at ambient condition.

At thermodynamic equilibrium, phase separation may
occur associated with the wurtzite-rocksalt transformation
for CdyZn;_,O alloys with x < 0.67, akin to that observed in
alkali halides.”*® We did not find evidence for the phase
loop resulting from such separation, but this is consistent
with the kinetic hindrance we observed for the structural
transformation itself. That is, separation (e.g., by diffusion)

(a) 2 ———————— (b)
° Experiment 0.301 x=0.625 r x=025 i
o Simulation PO
9l ® i, = Ref22 | -
= { 4 Ref.9 ;0.15_ P . aa L AU |
% % % < ~. AU . FIG. 4.(a) x-P phase diagram of
E 6- J i 0004« e 1L T . ] CdyZn,_,O alloys. The dashed gray line
2 3 : AR . Tw N is drawn to guide the eye. (b) Calculated
3 y !?;’ RN « DH = energies of the rocksalt phase relative to
a 3 } ] i -0.151 KSR I NS AH the wurtzite phase of Cdg»sZng 3750
APV) T (left) and Cdy»5Zng 750 (right).
Waurtzite Rocksalt RN
04 s ] -0.301 11 N
0.0 0.2 0.4 0.6 0.8 1.0 0 2 4 6 6 8 10 12
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into separate phases having distinct composition is likely
less feasible at room temperature, at least over the timescales
of our experiments, than the local atomic rearrangement
associated with the wurtzite-rocksalt coordination change.
Therefore, our experiments likely document a composition-
ally frozen metastable equilibrium between the two crystal
structures. The result is that intermediate compositions of the
alloy in the high-pressure rocksalt phase can be quenched to
Zero pressure.

In conclusion, we have mapped out the composition-
pressure phase diagram of Cd,Zn;_,O alloys using a DAC
in conjunction with characterization techniques of PL, opti-
cal absorption, and synchrotron XRD. A concave phase
boundary is established between the light-emitting, wurtzite
phase at low pressures and the wide-bandgap, rocksalt phase
at high pressures. The phase transition is first-order with a
wide hysteresis such that the induced phase persists when the
pressure is released to ambient conditions. Namely, the pres-
sure effect is non-volatile within the conditions of our
experiments. As the pressure-driven transition is accompa-
nied with drastic modification of electronic and optical func-
tionalities, potential applications of these alloys may be
envisioned in fields such as stress sensing, light emission,
actuation,?” and thermal/mechanical energy storage.*”
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