N

N
N

HAL

open science

High-pressure Raman spectroscopy study of wurtzite

Zn0O

Frédéric Decremps, Julio Pellicer-Porres, A. Marco M Saitta, Jean-Claude

Chervin, Alain Polian

» To cite this version:

Frédéric Decremps, Julio Pellicer-Porres, A. Marco M Saitta, Jean-Claude Chervin, Alain Polian.
High-pressure Raman spectroscopy study of wurtzite ZnO. Physical Review B: Condensed Mat-
ter and Materials Physics (1998-2015), American Physical Society, 2002, 65 (9),

RevB.65.092101 . hal-01921305

HAL Id: hal-01921305
https://hal.sorbonne-universite.fr /hal-01921305
Submitted on 13 Nov 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

10.1103/Phys-


https://hal.sorbonne-universite.fr/hal-01921305
https://hal.archives-ouvertes.fr

High pressure Raman spectroscopy study of Wurtzite ZnO
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The high pressure behavior of optical phonons in wurtzite zinc oxide (w-ZnO) has been studied
using room temperature Raman spectroscopy and ab-initio calculations based on a plane wave
pseudopotential method within the density functional theory. The pressure dependence of the zone-
center phonons (E2, A1 and E1) was measured for the wurtzite structure up to the hexagonal—cubic
transition near 9 GPa. Above this pressure no active mode was observed. The only negative
Griineisen parameter is that of the EX” mode. E;(LO) and (TO) frequencies increase with increasing
pressure. The corresponding perpendicular tensor component of the Born’s transverse dynamic
charge e% is experimentally found to increase under compression like e (P) = 2.02 + 6.4 - 107%.P
whereas calculations give e (P) = 2.09—2.5-10">. P (in units of the elementary charge e, P in GPa).
In both cases, the pressure variation is small, indicating a weak dependence of the bond ionicity with
pressure. The pressure dependence of the optical mode energies is also compared with the prediction
of a model that treats the wurtzite-to-rocksalt transition as an homogeneous shear strain. There is
no evidence of anomaly in the E2 and A; modes behavior before the phase transition.

PACS numbers: PACS: 78.30.-j, 64.70.Dv, 91.60.GF

HEP/123-qed

Zinc oxide belongs to the wide band-gap semiconduc-
tor family with large ionic characters of chemical bonds?.
The ionic size or relative electronegativity has been used
to explain high pressure structure changes in ANBS=V
semiconductors. First principles calculations have shown
that the zinc-blende (or wurtzite)—rocksalt— $-Sn tran-
sition sequence is a common feature for most semiconduc-
tors. However, recent experimental identification of new
intermediate phases (like cinnabar in CdTe for example)
and the systematic absence of some phases (rocksalt (rs)
for covalent compounds and 5-Sn for all except the most
covalent) invalidate the traditional transition sequence
and, consequently, question the standard theoretical ap-
proach. In a recent Letter, Ozolind and Zunger® sug-
gested that phase transitions are accompanied by phonon
softening, whose instability has to be taken into account
in the calculation to correctly predict the phase diagram.
The latter outcome can also be discussed in terms of
the transition mechanism, where the presence of negative
Griineisen parameters of phonon modes may play an im-
portant role. Recently, a new intermediate structure has
been proposed in the wurtzite to rocksalt transformation
path of GaN, along which the optical A1 and EA*" modes
are expected to be affected by the new bond formations?.
Wurtzite ZnO, which transforms under pressure into the
rs phase at 9 GPa, may provide a good example of this
trend.

Wurtzite ZnO belongs to the Cg, (P6zmc) space
group. The primitive cell includes two formula units,
with all atoms occupying 2b sites of symmetry Cjs,.
At the T’ point of the Brillouin zone, group theory
predicts the existence of the following optics modes:
Fopt=A1+2B1+E1+2E,. Frequency from the Blf’“’ and
B9 silent modes has been calculated at 260 and 540
cm~! respectively. A;, E; and E; modes are Raman
active. In addition A; and E; are infrared active, and

therefore split into longitudinal and transverse compo-
nents (LO and TO). The mode assignment at ambient
conditions is well established in the literature®. To the
best of our knowledge, no calculation and only two ex-
perimental attempts have been made to study the w-ZnO
phonon frequency shift under pressure®”. In the first ref-
erence, the authors report the evolution of two phonon
frequencies, E}Q”gh and EX?, over a relative small pressure
range (0-1 GPa). In the second one, the pressure depen-
dence of four Raman modes (E5" Elw A;(TO) and
E1(TO)) are given up to ~7.5 GPa. However no experi-
mental details is described, neither on the sample nor on
the apparatus (high pressure cell, pressure transmitting
medium or pressure measurement). This lack of infor-
mation is detrimental to any discussion, especially in our
case where, on compression at room temperature, non-
hydrostatic stresses are known to affect considerably the
phonon response of the crystal. Here, we report the re-
sults on the high pressure behaviour of optical phonons
in w-ZnO from both Raman experiments and ab-initio
calculations.

For the high pressure Raman experiments, two samples
were cut as platelets from a large, colorless and transpar-
ent single-crystalline cube of w-ZnO purchased from SPC
Goodwill. The sample was tailored to about 30x20 pm?
surface and 20 um thick. One crystal was polished with
plane parallel surfaces normal to the hexagonal c-axis,
and the other one with surfaces normal to the c-axis.
The high pressure cell was a membrane diamond anvil
cell (DAC)®. A stainless steel gasket was preindented to
50 pm and a 200 pgm hole was drilled in the center by
spark-erosion. Neon gas loaded at high pressure (0.15
GPa) was used as a pressure transmitting medium be-
cause : (i) it is hydrostatic up to 16 GPa?, (ii) it is
chemically inert, (%) it has no luminescence and no Ra-
man activity. Pressure was systematically measured be-



fore and after each Raman spectra using the fluorescence
emission of a ruby sphere!® placed close to the sample
into the gasket hole. The accuracy was better than 0.1
GPa at the maximum pressure reached. Raman spectra
were excited with the 514.5 nm line of an Ar™ laser fo-
cused down to 5 um with a power level of about 500 mW
at the entrance of the DAC. The scattered light was an-
alyzed with a Dilor XY triple spectrometer and a liquid-
nitrogen-cooled CCD multichannel detector. All spectra
were recorded in the backscattering geometry with unpo-
larized light. In this geometry, Eo, A;(TO) and E;(TO)
are allowed with incident radiation perpendicular to the
c-axis, and Eg, A;(LO) with light parallel to the c-axis.
The Raman frequencies were determined from a com-
puter fit of the peaks with a Lorentzian profile. The

accuracy was better than 1 cm™!.

Phonon frequencies, Born effective charges, and the
dielectric constant €., have been calculated from first-
principles in the framework of density-functional the-
ory and local-density approximation, by using the
PWSCF code'!. We adopted the density-functional
pertubation theory (DFPT) approach!? and a standard
local-density approximation plane-wave/pseudopotential
scheme. Norm-conserving pseudopotentials of the
Troullier-Martins form'3 have been used, with the in-
clusion of 3d electrons of Zn in the valence shell. Tests
carried out with zinc 3d electrons in the core and non-
linear core-correction gave an unsatisfactory accuracy on
phonon frequencies. We used a cutoff of 70 Ry and a
8x8x4 mesh of special k-points for Brillouin zone inte-
gration. At each pressure, w-ZnO has been relaxed with
respect to the € ratio and the internal parameter u, and
phonon frequencies have been calculated at these opti-
mized structural parameters. Because of the polar char-
acter of ZnO, the dynamical matrix displays nonanalytic
behavior in the limit q—0, arising from the long-range
character of the Coulomb forces. The calculations of LO
modes is nonetheless straightforward, since the LO-TO
splitting only depends on the phonon frequencies, the di-
electric constant and the Born effective charges, which
can all be directly calculated in the DFPT framework.

Before performing the high pressure experiment we ex-
amined the optical zone-center phonons of w-ZnO at am-
bient pressure with light parallel and perpendicular to the
c-axis. We employed the large single crystal from which
the micrometric samples used in the high pressure ex-
periments were extracted. The Eo, A;(TO) and E;(TO)
modes are clearly seen in the spectra. On the contrary,
the A;(LO) mode is hardly observable and not seen at
high pressure (crystal in the DAC). The frequency as-
signment, as well as a comparison with ab-initio results
and previous works, is presented in Table I. The Ra-
man spectra in both configurations also show additional
features at 331 and 552 cm™'. In reference® they are
tentatively assigned to second order structures by com-
parison with flat regions in the dispersion curves.

Under pressure, with incidence parallel to the c-axis,
only E5 single phonon mode was apparent when focusing

TABLE I: Experimental and theoretical Raman-active w-ZnO
I'-point phonon frequencies (in cm™!) at ambient conditions.

Mode this work (exp.) this work (theo.) Ref.'* Ref.

Ebkw 99 92 101 101
Ebioh 439 449 444 437
A1(TO) 382 397 380 380
E,(TO) 414 426 413 408
A1 (LO) 574 559 579 574
E;(LO) 580 577 591 584

at the center of the sample. In the same configuration,
A1(TO), E1(TO) and a new mode at 580 cm~! appear
with the laser light focused on the sample border. The
new mode is much more intense than the A; (LO) found in
ambient conditions. Its frequency is also slightly higher.
The E;(LO) mode is forbidden in the backscattering ge-
ometry. However, it has been observed in ZnO in the
forbidden X (ZZ)X geometry®. We have thus assigned
the mode appearing at 580 cm~! to the E;(LO) mode.
Our assignment should be considered as tentative since
the new mode is observed only when we focused on the
sample border. In this situation, the incidence direction
with respect to the crystal axes is not defined and mixed
modes may be obtained. In that geometry, typical Ra-
man spectra of ZnO at various pressures are shown in
Fig. 1.
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FIG. 1: Raman spectra of single-crystalline ZnO under dif-
ferent hydrostatic pressures in the backscattering geometry.
The spectra are shifted upward for clarity.



TABLE II: ZnO mode Griineisen parameters -; of the zone-
center phonons

symmetry this work (exp.) this work (theo.) Ref.”

Ekv -1.6 -1.67 -1.75

Ehioh 2.0 1.84 1.62
A,(TO) 2.1 1.70 1.70
E.(TO) 1.8 1.80 1.76
E:(LO) 1.4 1.30 -

The pressure dependence of the phonon frequencies for
the two high-pressure runs are shown in Fig. 2. No dif-
ference between the two runs is observed. Around 8.7
GPa, the disappearance of all Raman peaks reflects the
onset of the wurtzite-rocksalt structural transformation
in excellent agreement with the previous high-pressure
studies. EX™ is the only mode which exhibit a nega-
tive pressure dependence. The frequency shift of Eg”’gh,
A1(TO), E1(TO) and E;(LO) modes increase with pres-
sure and no anomaly up to the transition pressure is de-
tected. The frequency dependence of EX* and ES*9" are
in perfect agreement with the low pressure values ob-
tained from Mitra et al®. On the other hand, while our
frequency data seem to agree with those of Minomura’
(except A1(TO)), the discrepancy in the corresponding
Griineisen parameters is important (except for Eq(TO),
see Table II). It is difficult to account for that disagree-
ment since no calculation details are given in Ref.”. We
suspect the author to have used a different bulk mod-
ulus. Here, the mode Griineisen parameters ; are de-
fined as: ~; = —(flll:ﬁ)P:O = 50 ‘;’I’;‘. The isothermal
Birch-Murnaghan equation of state was used to deter-
mine By=170 GPa and B’=4 from the X-ray diffraction
data V(P)1°.

The experimental LO-TO splitting of the E; phonon
mode increases with a small pressure dependence (+2%
at 5 GPa, see Fig. 2), in good agreement with theo-
retical results where no variation of the E; or A; LO-
TO splitting is obtained in the same pressure range. It
is noteworthy that this splitting increases (nearly con-
stant from calculations) with pressure, an uncommon be-
havior for ANB® Y semiconductors except SiC®, AIN
and GaN'7. The change of the Born’s transverse dy-
namic charge e} under compression can be determined
from the measured frequencies using (in S.I. units):
(ex)? = An?Vypeoeao(Vip — V2o), where V is the vol-
ume per formula, p is the reduced mass, ¢ is the vac-
uum permittivity and e, is the high frequency (opti-
cal) dielectric constant!®. At ambient pressure, and with
€00 (P=0)=3.95-¢¢, the experimental effective charge val-
ues are 2.02 and 2.4 (in units of the elementary charge
e) for the E; and A; modes respectively. The evolution
of the high frequency dielectric constant €., under high
pressure has not been measured. To our knowledge only
the dependence of the ordinary (n,) and extraordinary
(n) refractive indices at 0.5893 ym has been measured!®.
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FIG. 2: Top: Pressure dependence of the observed optical
phonons. Open (full) symbols: propagation of light perpen-
dicular (parallel) to ¢. Bottom: (vpo —vro) E1 phonon mode
splitting versus pressure. Solid lines are linear least-square fits
to the experimental points.

In order to estimate the pressure behavior of e, from our
measurements, we suppose that the pressure dependence
of 5, and n? are equal. With this assumption, we obtain
(in S.L units): (%5 ) p_, = 2n0(%%) p_, = —0.014 -
GPa~!. The behavior under pressure of the normal-
ized perpendicular tensor component ek /e’ (0) is plot-
ted in Fig. 3. The effective charge in w-ZnO increases
under compression with dek/OP = 6.4 - 1072 (in units
of the elementary charge e per GPa). Theoretically, €
and the effective charge have been found to decrease lin-
early with pressure: (‘9513")13:0 = —0.025 - ¢ GPa™!
and de/OP = —2.5-1073. However, if we constrain
the calculations to use the experimental pressure depen-
dence of €., we obtain de}./OP ~ 0. These results may
indicate a small variation of the w-ZnO bond ionicity
when compressed between 0 and 4 GPa. In comparison,
the de%./OP experimental value for SiC'6 is 5.3 - 1073,
0.15- 1073 for AIN'” and —1.3 - 1073 for GaN'7. Above
4 GPa, Fig. 3 shows a saturation of e},. However, the re-
fractive indices (and thus the dielectric constant) have
only been measured between 0 and ~1 GPa'?, which
means that our e (P) values above that pressure range




have been obtained from an extrapolation of £, (P).
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FIG. 3: Experimental pressure and volume dependence of the
perpendicular component e} under compression normalized
to its ambient pressure value e7.(0) = 2.02. For comparison,
dotted lines represent the experimental values of e’ for SiC6,
AIN'" and GaN'".

We now turn the discussion to the simple homogeneous
orthorhombic shear strain path proposed to picture the
w to rs mechanism of transition*. This model predicts
that under pressure, a relaxation of the structural pa-
rameter u from ~ % up to % is expected to occur in
the wurtzite structure (i.e. below the phase transition)
which gives rise to a new intermediate phase isomorphic
to h-MgO. In addition to the expected (and experimen-
tally observed) negative mode Griineisen parameter of
E? at T, the previous model predicts the optic A; and

low
E;”gh modes at T to be affected by the w —h-MgO tran-
sition. However, in the pressure range probed during
the present work (from atmospheric up to the transition
pressure, i.e. 9 GPa), no instability of these modes is ob-
served. Our results show a discrepancy with the A; and
E; anomaly expected from calculations and agree with
the conclusions derived from long-range order probe (x-

4

ray diffraction experiments) by Desgreniers?’, where the
evaluation of the normalized integrated intensity of the
(002) and (101) diffraction lines indicated no deviation
of the u parameter from its ideal value.

In summary, the LO-TO splitting of the E; phonon
mode has been experimentally and theoretically found to
be weakly pressure dependent. This unusual behavior is
related to a small variation of the chemical bonds ionicity
of w-ZnO with pressure. Moreover, the present observa-
tion of optical phonon under pressure does not show any
softening of the optic A1 and E}Q”g " modes as theoretically
expected®. All Griineisen parameters show positive val-
ues except that of EX, which is a quite common feature
in II-VI compounds. However, from first-principles cal-
culation on w-ZnO, we predict (in good agreement with
Ref.*) u parameter to shift up to 0.5 at a volume of 24.08
A (i.e. ~21 GPa). Experimentally, the w-to-rs first-
order transition limits the pressure range of w structure
existence and, consequently, does not allow the second-
order process observation (via optical phonons instabil-
ities for example). However, if we refer to the phase
diagram of ZnO?', it may be possible to constrain the
structure to be still tetrahedrally coordinated at low tem-
perature in order to make the wurtzite — NaCl transition
to occur at higher pressure, rendering the second-order
process directly observable for the first time in semicon-
ductors.
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