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ABSTRACT

In this paper, we report the tuning effects on the structural stability and transport properties of ZnO
under high pressure at room temperature after doping it with a series of alkali metal elements (Li, Na,
and K). Generally, substitution at the Zn site (with the large ionic radii of the 1st group elements) leads to
p-type conductivity with an increase in the Zn-O bond distance. Whereas, the external high pressure
compresses the crystallite size, leading to increased lattice strain and band gap reduction in this semi-
conductor material. As a result of lattice strain hindrance upon compression, the larger ions rather than
the smaller ions try to counteract the high pressure due to ionic force repulsion within the lattice. By
combining synchrotron x-ray diffraction, Raman spectroscopy and insitu resistant measurements under
pressure on Li-, Na-, and K-doped ZnO nanomaterials, we demonstrated that the critical phase transition
pressure of ZnO from wurtzite to rock salt changes from 9 GPa to 13 GPa, and a resistance change
anomaly occurs around these transition pressures. This study of the structural, vibrational stability and
transport properties of a series of alkali metal element-doped ZnO under pressure provides an efficient

way to modify these types of semiconductor materials for technological applications.

Published by Elsevier B.V.

1. Introduction

ZnO has gained much research interest due to its unique prop-
erties and wide spread applications. It is a wide and direct band gap
material (3.32 eV) with a large excitonic binding energy of 60 meV.
It appears in three different crystal structures; a hexagonal wurtzite
structure, zinc blende structure and rock salt phase, but the wurt-
zite structure only appears under normal conditions. ZnO has po-
tential applications in LEDs, sensors, solar cells and spintronic
device fabrication. The sintering and doping processes decide the
basic properties and potential applications of ZnO [1].

The structural stability and phase transformation of materials
have been extensively studied in the fields of materials science,
condensed matter physics, geophysics and industrial engineering
[2—4]. Moreover, the mechanism of pressure-induced phase tran-
sitions have been widely investigated ranging from studies on the
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Earth's interior dynamics to multifunctional materials with tailored
properties [5—7]. During a pressure-induced phase transition,
structural impurities including defects, voids, dislocations, stacking
faults, and twinning play vital roles in material deformation,
nucleation, and growth. These impurity factors can be reduced by
decreasing the particle size [8,9]. Generally, bulk crystals are often
structurally imperfect while nanocrystals are considered defect-
free [10], thus nanomaterials are considered to be more stable
than their bulk counterparts. During the nucleation of a new phase,
multiple domains often take part in bulk samples, whereas only a
single nucleation domain participates in nanocrystals [8,9]. The
surface area increase in nanocrystals produces a higher surface
energy than bulk materials, which alters both their phase transition
routes and onset transition pressures.

Several groups have individually claimed a pressure-tuned
structural transition in conventional ZnO-diluted semiconductor
materials. Initially, Saitta et al. [11] and Boulfelfel et al. [12] theo-
retically predicted a wurtzite to rock salt phase transition, which
was later confirmed experimentally at 9 GPa during compression
measurements [13]. Kumar et al. [14] studied the pressure-induced
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structural transition of ZnO in both its nano and bulk crystal forms.
The structural transition of their nanocrystalline sample occurred
at 10.5 GPa, which was 1.5 GPa higher than the bulk form. This type
of difference in the transition pressure has also been confirmed in
other nanomaterials like Si, CdSe, CdS, PbS, ZnS, and Fe;Os3
[3,15—19]. Moreover, the coexistence of rock salt and wurtzite
phases was observed in nanosize samples too [14] and confirmed
by Raman scattering experiments under high pressure [20]. The
wurtzite to cubic transformation in ZnO nanowires begins at 9 GPa
and completes at 13.8 GPa [21]. Chen et al. studied the pressure
effect on ZnO photoluminescence and reported an enhancement of
the direct band gap energy within the wurtzite structure [22,23].
The same structural transition was also observed at 11.3 GPa by ZnO
electrical resistance measurements [24]. An internal perturbation
such as doping is one of the most effective ways of controlling the
structure and properties of ZnO [3,15—19]. The pressure required to
trigger a phase transition in the Mn-doped ZnO system
(ZngogMngg20) was lowered from 9.5GPa to 6.5GPa [25,26].
Bouibes and Zaoui theoretically analyzed the high-pressure sta-
bility of ZnO with an ab initio evolutionary algorithm using the
USPEX code and confirmed the predicted wurtzite to cubic phase
transition at 10.45 GPa [27].

Recently, Pazhanivelu et al. reported unexpected ferromagne-
tism in pure and 1st group element-doped ZnO nanoparticles [28].
The doping elements occupied the interstitial sites rather than the
substitution sites, with partial migration of their small atomic radii,
and therefore acted mainly as donors. Furthermore, doping with a
series of 1st group elements with increasing ionic radii lead to a
simultaneous change in bond length, where the ZnO lattice size and
structural stability under high pressure were largely affected by
doping. In this paper, we report our systematic investigations on
the structural, vibrational, and resistivity properties of selected
samples under pressure to explore the effect of pressure that leads
to a structural transition and its dependence on the ionic radii of
the substitution elements in ZnO.

2. Experimental details

Pure ZnO and 1st group element-doped nanoparticles
(Zng95Lip 050, Zng gsNag 050, and Zng 95K 050) were prepared using
a co-precipitation method [28]. The starting reagent materials were
zinc acetate, 1st group elements acetates and oxalic acid. Initially,
we dissolved the acetates and oxalic acid in deionized water in a
0.4 M solution with a ratio of 1:1. Then, the mixed solution was
stirred continuously for 3h and kept undisturbed overnight to
precipitate. The collected precipitates were centrifuged several
times with intermediate washing with deionized water and
acetone, respectively, and the samples were dried at room tem-
perature for 24 h. Finally, the end product was sintered at 350 °C for
6h in an open atmosphere. The nanocrystalline phases were
confirmed by a Bruker D2 phaser XRD diffractometer with a Cu K,
line and a wavelength of 1.54 A [28].

Hydrostatic pressure up to ~20GPa was generated using a
symmetrical diamond anvil cell with a pair of 300 micron diamond
anvils. The stainless steel T301 gasket was pre-indented to
40—45 pm thick and a hole of 120—150 pum in diameter was laser-
drilled in the indented region to form the sample chamber. The
prepared ZnO and 1st group element-doped ZnO nanopowders
were pre-compressed to pellets, and loaded into the chambers with
a small ruby ball. Neon gas and silicone oil were used as the
pressure-transmitting media for the XRD and Raman scattering
experiments, respectively. The insitu high-pressure x-ray diffrac-
tion (XRD) experiments were carried out at the 16BM-D beam line,
High Pressure Collaborative Access Team (HPCAT) at the Advanced
Phonon Source (APS), Argonne National Laboratory, with a

wavelength of 0.3101 A. The diffraction data were recorded with a
two-dimensional area detector Mar 345 image plate, then the Fit2D
program was used to integrate one-dimensional profiles for struc-
tural refinement using the GSAS program [30,31]. Insitu high-
pressure Raman spectra were taken at HPSTAR by a Raman spec-
trometer (Renishaw) with a 532 nm excitation laser. In both insitu
high-pressure studies, the pressures applied on the samples were
determined by the ruby fluorescence method [32].

3. Results and discussion
3.1. Morphological studies of pristine nanoparticles

Surface morphology measurements of the prepared nano-
particles were carried out using high-resolution scanning electron
microscopy (SEM). The SEM micrographs of ZnO, ZnggsLig 50,
Zng95Nag 050, and Zngg5Ko 050 are shown in Fig. 1(a)-(d). All the
synthesized nanoparticles exhibit a poly-dispersed irregular
spherical morphology. In general, the shape and size of nano-
materials are determined by a combination of kinetic and ther-
modynamic effects. The surface morphology and dimensions of the
synthesized particles strongly depend on reaction conditions such
as the initial concentration of the precursors, molar ratio, temper-
ature, and pH of the solution. Therefore, the size or shape of the
compounds can be easily tuned by controlling these experimental
conditions. In our preparation process, ZnO nuclei were generated
via a reaction between Zn?* and 0% in a solution. The freshly
formed nuclei of ZnO tend to grow into larger particles. However,
the growth rates of the various faces of the nanoparticles can be
kinetically controlled by selective adsorption and desorption on
their surfaces. This phenomenon is explained by the Ostwald
ripening process, where larger particles grow at the expense of
smaller particles. Reduction in the surface energy is the primary
driving force for grain growth and morphological evolution [33].
The doping 1st group elements such as Li, Na, and K with ZnO
nanoparticles decreases the surface free energy through segrega-
tion, allowing segregated atoms to move to the surface and smaller
grains to agglomerate. The incorporation of 1st group elements in
the ZnO host material increased grain agglomeration.

Transmission electron microscopy (TEM) images were used to
confirm the formation of the pure and Li, Na, and K-doped ZnO
samples as shown in Fig. 2(a—d). In general, the shape-controlled
synthesis of nanoparticles is a kinetically controlled process,
where low-energy facets are maintained while high-energy facets
are destroyed, leading to the formation of a particular subsequent
shape enclosed by low-energy planes. Doped synthesis materials
have different morphologies because the dopant may preferentially
adsorb on specific crystallographic planes and then change the
direction and growth rate of the nanoparticles. The evolution of the
shape and size of ZnO was achieved by adding different types of
dopant (Li, Na, and K) into the chemical reaction. The surface of the
ZnO nanoparticles absorbs the dopant to form Zn — (Li, Na, and K)
dopant bonds, which may slow down the facet growth rate. The
shape evolved from Zn (OH), to ZnO seeds. When K is doped in the
growth process, it retains the high surface energy and spherical
shape, whereas the Li- and Na-doped samples tended to reduce the
surface energy and form a hexagonal shape. From our TEM images,
poly-dispersed and well-defined particles were observed. The pure
ZnO and Li and Na-doped ZnO samples exhibited a hexagonal-like
shape, whereas the K-doped sample was spherical. A selected area
electron diffraction (SAED) pattern confirmed the polycrystalline
nature of the sample. Individual diffraction spots reflected the ZnO
nanoparticles but no Li, Na, and K nanoparticle reflection planes,
suggesting that all the 1st group elements were incorporated in the
ZnO lattice.
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Fig. 1. SEM pictures of the (a) ZnO, (b) Zng.gsLip 050, (€) ZnggsNags0, and (d) Zng g5Ko.0s0 samples.

To determine the elemental composition and the percentage of
dopant in the ZnO nanoparticles, an appropriate amount of samples
were dissolved in nitric acid and de-ionized water and examined by
inductively coupled plasma optical emission spectrometry (ICP-
MS). The observed compositions are given in Table 1, which shows
that the dopant percentages were around 5%, confirming their
significant presence in the ZnO lattice. The ICP-MS analysis
revealed that the Zn concentration reduces from 61% to 53% with
1st group elements doping. Furthermore, 4.1% of Li atoms, 3.9% of
Na atoms, 4.31% of K atoms were incorporated into the interstitial
sites rather than the substitution sites, with partial migration of
their small atomic radii. Therefore, the dopants acted mainly as
donors, compensating the extra electrons arising from the Zn?*
interstitials in the prepared ZnO and leaving uncompensated or
localized acceptors for room temperature ferromagnetism in these
samples [28]. Doping ZnO with1t group elements stabilized the
prepared samples despite their charge neutrality, which is also
reflected in previous characterization measurements [28,29]. Of all
the dopants, K achieved a higher dopant concentration in the host
lattice and induced a morphological variation (as seen in the TEM
images).

3.2. High-pressure XRD

The X-ray diffraction patterns of the ZnO, ZnggsLig 50,
Zng gs5Nag 050 and Zng g5Kg 050 nanoparticles at different pressures
up to ~25 GPa are shown in Fig. 3(a)-(d), respectively. The XRD data
of the prepared samples were analyzed with GSAS software. At
ambient conditions, all the characteristics peaks of the prepared

samples matched a single-phase hexagonal wurtzite structure with
space group of P6smc, which agrees with reported data [28]. As the
externally applied pressure increased, a phase transformation from
a wurtzite P63mc to rock salt Fm-3m phase occurred in all samples,
but at different transition pressures. Recently, this phenomenon
was theoretically proven by Bouibes and Zaoui using an ab initio
evolutionary algorithm [27]. The pressure regions for the pure
wurtzite, a mixture of the wurtzite and rock salt phases, and the
pure rock salt phases are summarized in Table 2 for the ZnO,
ZnggsLig 50, ZnggsNages0, and ZnggsKpes0 samples. Table 2
shows that the ZnO transition pressure value increased with1®
group element-doping and with the increasing ionic radii of the
substituted 1st group elements.

The strain in each crystal grain of the powder sample and the
small grain size effect broadened the XRD peaks. In synchrotron X-
ray diffraction, the grain size and strain of diffraction line to width
is given as:

2

FWHM?cos*f = (3) + gsin®0

where FWHM is the full-width at half-maximum of the diffraction
profile on the 26 scale and the symbols d, A and ¢ denote the grain
size, X-ray wavelength, and strain, respectively. The estimated
values of the crystalline size and lattice strain in both phases of all
samples are shown in Fig. 4(a)-(b) as a function of pressure,
respectively. From Fig. 4, we observed the following common fea-
tures for the ZnO, ZnggsLig 50, ZnggsNagos0, and ZnggsKg 050
samples: (i) the lattice strain increased with applied external
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Fig. 2. Micrographs of ZnO (a), Zng gsLig 050 (b), ZnggsNag,0s0 (c), and Zngg5Ko 050 (d) samples characterized by TEM. The micrographs at different length scales (panel (i), (ii) and
(iii) have a 10, 50,and 100 nm length scale) and corresponding SAED patterns (panel (iv)) for all samples.

Table 1
Observed composition concentration of Zn and 1st group elements with ICP-MS
measurements of each sample.

Samples Zn concentration (%) Dopant concentration (%)
ZnO 61.78 _

Zno 9sLio.050 54.38 41

Zng95Nag 050 59.79 3.99

Zng.95K0.050 53.65 431

pressure in both phases; (ii) the crystalline sizes decreased with
applied pressure, both in the hexagonal and cubic phases; and (iii)
the doping effects from pure ZnO to K-doped ZnO increase the
crystalline size, while strain decreases it.

The pressure dependence of the unit cell volume derived from

the GSAS fittings for both the observed phases are given in Fig. 5(a)-
(d) for the four prepared samples. The Birch-Murnaghan (BM)
equation of state was fitted to each phase and all their sample data
points to estimate the bulk moduli (Bp) and initial volume (Vp) for
both the low- and high-pressure phases of the four samples.
Fig. 6(a) and (b) show the initial volumes and bulk moduli (By) of
both phases with respect to the ionic radii. At zero-pressure, the
isothermal bulk moduli (Bp) value of the pure ZnO sample is
178 GPa, which agrees with the literature. However, the By values of
15%group element-doped ZnO decreased in both the low-pressure
and high-pressure phases.

In general, the phase transition in nanosized particles needs a
higher pressure than bulk particles due to the higher surface energy
possessed by nanoparticles. Conversely, in our case, the 1st group
element-doped ZnO samples had larger unit cell volumes than the
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Fig. 3. X-ray diffraction patterns collected at different pressures for the (a) ZnO, (b) ZnggsLig050, () ZnggsNag 050, and (d) ZnggsKoes0 samples.

Table 2

Transition pressure values derived from high-pressure XRD data for the start of the rock salt cubic phase, mixed phase region, and end of the wurtzite phase for ZnO,

Zng,95Li0.050, Zno.95sNa,050, and Zng.95Ko,050.

Samples Pure wurtzite phase Start of rock salt cubic phase -end of wurtzite phase Pure rock salt cubic phase
Zn0 8.10GPa 9.05—-13.11 GPa 14.15 GPa
Zng 95Lig 050 8.58 GPa 10.52—14.17 GPa 15.02 GPa
Zng95Nag 050 12.70 GPa 13.82—-15.84 GPa 17.61 GPa
Zng.95K0.050 12.75GPa 13.35—-18.97 GPa 19.54 GPa

pure ZnO sample. The phase transition pressures were also higher
than the pure ZnO sample. The incorporation of 15'group elements
in ZnO enhanced its stability, i.e., the wurtzite phase was sustained
at higher pressures. The change in the volume percentage from the
waurtzite to rock salt phase transition decreased with an increase in
the ionic doping elements' radii, as shown in Fig. 6(c), which con-
firms the counteracting effect of doping with external pressure.

3.3. High-pressure Raman analysis

Raman spectroscopy is a sensitive characterization tool for local
bonds, material quality, phase orientation, and the interaction of
phonons in samples. The high-pressure Raman spectra of pure and
15group element-doped ZnO nanoparticles are displayed in
Fig. 7(a)-(d). The vibrational modes of wurtzite ZnO are assigned by
group theory as A1+ 2B1+ E1+ 2E2. The A1, E1, and E2 are active
modes, and B1 is a non-active (forbidden) mode for the pure ZnO

wurtzite structure. The two polar modes are assigned to A1 and E1,
which are split further into transverse (TO) and longitudinal (LO)
vibration modes. The 2E2 modes are related to the lattice vibrations
of the Zn atoms and are non-polar modes that act as an E2 low and
E2 high mode.

In the wurtzite structure there are six vibrational modes,
2TA(M), 2E2, E2 high, A1(TO) and [2(E2H - E2L)], at around 210,
350, 436, 570, 680, and 606 cm~!, respectively. As the external
pressure increases gradually, the intensity of the E2 high mode
decreases. The E2 mode is a characteristic vibrational mode of the
wurtzite structure, and reflects the structural characteristics of ZnO.
Due to doping, the E2 mode shifts towards a higher wavenumber
through strain inducement in the lattice at ambient conditions. In
addition, due to the effect of external high pressure, the E2 high
mode moves towards a higher wavenumber and decreases in in-
tensity because of lattice strain and the phase transition,
respectively.
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When the structural transition occurs, all the wurtzite vibra-
tional modes vanish and two new broad peaks appear at 140 and
537 cm™ 'due to intrinsic lattice defects, which are associated with a
phase transition at high pressure. This same phenomenon was re-
ported by Xiaoqgin Yan et al. [34]. Moreover, new rock salt phase
vibrational modes appeared at 9.15, 10.87, 11.28, and 12.53 GPa for
the pure, Li-, Na- and K-doped ZnO nanoparticles, respectively. The
observed Raman spectra of these samples are shown in Fig. 8(a—d).

The phase transition pressures based on the Raman spectrum
analysis on all four ZnO systems are summarized in Table 3, which
shows that the transition pressures of the B4 to B1 structures in-
crease with respect to the dopant ion sizes (Li, Na, K) in ZnO.
Furthermore, the E2 high mode of the wurtzite phase remains well
beyond the transition pressure (12.95, 13.94, 16.27, and 17.39 GPa
for the pure, Li-, Na- and K-doped ZnO nanoparticles, respectively)
while the other Raman modes of the pure and doped ZnO samples
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disappear.

3.4. High-pressure resistivity

Fig. 9(a) shows the electrical resistance measurements of pure
ZnO nanoparticles as a function of pressure at room temperature.
As the applied pressure increases, the resistance increases sharply
and reaches its maximum at 9.34 GPa, when the structural phase

transition occurs. In general, the resistivity change in semi-
conductor materials under high pressure mainly arises due to a
band gap change, which influences the number of electrons in the
conduction band and holes in the valance band. Sans et al. [35]
reported the pressure effect on the optical-absorption edge of a
wurtzite ZnO sample. They observed a monotonic shift in the ab-
sorption edge towards higher energy as external high pressure
increased. Therefore, the increase in electrical resistivity with
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Samples Pure wurtzite phase Start of rock salt cubic phase - end of wurtzite phase (mixed phase) Pure rock salt cubic phase
ZnO 8.39 GPa 9.15—-12.95GPa 13.26 GPa
Zno.os5Lig.050 10.05 GPa 10.87—13.94 GPa 14.51 GPa
Znp 95Nag 050 10.54 GPa 11.28-16.27 GPa 17.65 GPa
Zn0.95K0.050 11.48 GPa 12.53—17.39 GPa 18.08 GPa
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Fig. 9. (a) Resistance of pure ZnO particles vs. applied pressure during compression and decompression at room temperature; (b) Resistivities of pure, Li-

Pressure (GPa)

particles vs. applied pressure during compression at room temperature.

applied pressure observed in our

samples was due to band gap

widening. Between 9.34 GPa and 14.52 GPa, we observed a mixture
of wurtzite and rock salt phases and the resistance dropped from

Pressure (GPa)

, Na-, and K-doped ZnO

the maximum value. During the transformation of the wurtzite to
rock salt phase in pure ZnO, the coordination number changed from
4 to 6. Wickham et al. [36] discussed that the mechanism of
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stacking disorder creation and destruction leads to atom plane
sliding in the fourfold coordinated phase, which changes the
electron density or crystal conductivity. Our electrical resistivity
measurement directly reflects that the variation in the electron
state is related to atomic structural variation under pressure, and
hence, the transition pressure is related to a structural transition. By
increasing pressure above the transition pressure, the resistivity
started to increase slightly again. During decompression, the
highest resistivity was observed at 6.03 GPa i.e., ZnO reverted to a
wurtzite structure. Generally, hysteresis relates to the presence of a
structural transition due to externally applied pressure. When
compared to compression, the structural transition upon decom-
pression happens at a lower pressure. The original nanosize parti-
cles of the sample compressed together and formed a compact
bulk, which may result in a decrease of electrical resistivity during
decompression.

In order to compare the 1st group elements doping effect, the
electrical resistivity of all 1st group element-doped ZnO samples
were taken after considering their geometrical dimensions, and the
results are shown in Fig. 9(b). Under pressure, the electrical re-
sistivity increases with the ionic radius of the doping elements in
ZnO, and the peak resistivity pressure shifts with the transition
pressure, i.e., the bigger the doping elements radius, the higher the
resistivity value and transition pressure. Here, we observed two
scenarios where resistivity increased with doping. First, the 1st
group elements acted as acceptor dopants in the ZnO lattice, the
divalent Zn ions were replaced by monovalent ions such as Li, Na,
and K ions, and then holes were created, which were compensated
by the electrons arising from the Zn?* interstitials in the prepared
ZnO. The hole concentration at the anion site increased, and the
total density of states (DOS) at the Fermi level and the exchange
interaction became smaller. Thus, the 1st group element-induced
acceptor state was strongly localized within the gap region. This
localization reduced the acceptor mobility [29]. Second, the lattice
defects occurred in the prepared nanoparticles because of 1st group
element incorporation into the ZnO lattice, reaction process and
sintering. The lattice defects, such as the Zn interstitials and oxygen
vacancy, played a vital role in the resistivity of prepared samples.
The oxygen vacancy acted as a trap centre, and the delocalized
electrons recombined with the oxygen vacancy defects. The charge
mobility of the prepared samples decreased due to the presence of
lattice defects [37].

4. Conclusion

In 1%'group element-doped ZnO, doping elements such as Li, Na,
and K occupied the Zn interstitial sites rather than the substitu-
tional sites. Thus, doping Na and K in ZnO induced lattice strain, and
tuned the Zn-0 bond lengths due to their larger ionic radii. During
the application of pressure, the crystalline size decreased due to the
compression pressure, and subsequently, the lattice strain
increased for all the samples. As a result, doping-induced lattice
strain was hindered upon compression; the larger ions, rather than
the smaller ions, tried to counteract the high pressure, due to ionic
force repulsion within the lattice. As such, the disappearance of the
wurtzite phase was also delayed to the high-pressure range. Here,
the critical pressure of the cubic phase appearance increased from
~9 GPa to ~13 GPa from the pure to K-doped ZnO samples, respec-
tively. The wurtzite phase stabilized more due to the increased
monovalent ion size and the pressure required for the phase

transition enhanced further.
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