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EFFECT OF PRESSURE ON PHONON MODES IN
WURTZITE ZINC OXIDE
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The pressure dependence of first- and second-order Raman frequencies of wurtzite ZnO has been measured up to the
wurtzite-rocksalt phase transition pressure of 8.3 GPa. A small increase of the LO-TO splitting with increasing
pressure is observed. This effect is related to the combined pressure dependences of the electronic dielectric
constant in the phonon region and Born’s transverse dynamic effective charge. Our results indicate a rather weak
dependence of the dynamic charge on pressure, a behavior which is similar to that found for GaN, AIN, and SiC
and different from that of other polar tetrahedral semiconductors.

Keywords: Zinc oxide; 1I-V] semiconductors; Raman scattering; High pressure

PACS numbers: 62.50.+p, 78.30.Fs

INTRODUCTION

Zinc oxide at ambient conditions is a wurtzite-type semiconductor with a fundamental band
gap of 3.4 eV. It is an important material in various fields of applications [1]. Unintentionally
doped ZnO is n-type and usually exhibits a large free electron concentration which leads to a
strong modification of the longitudinal-optic (LO) Raman scattering due to plasmon-phonon
coupling, as occurs in other highly-doped polar semiconductors [2]. As a result, uncoupled
LO Raman modes of ZnO are difficult to observe [3]. Raman measurements of wurtzite ZnO
at ambient pressure have been reported by a number of groups [4—6]. High-pressure Raman
studies of ZnO have been performed up to the phase transition for unspecified [7] and highly-
doped sintered material [8] and, up to 1 GPa, for unintentionally-doped bulk crystals [9].

In this work we report results of a Raman study of unintentionally-doped ZnO measured at
room temperature and under hydrostatic pressures up to ~11.5GPa. We were mainly
interested in the pressure dependence of the LO-TO mode splitting in ZnO, which provides
information on the change of Born’s transverse dynamic effective charge e}. of the lattice
ions [10, 11]. Our experiments cover the stability range of the wurtzite modification which
undergoes a transition to a rocksalt phase at pressures around 8-10 GPa (see, e.g., Refs.
[12-16)).
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EXPERIMENTAL PROCEDURE

After sublimation and oxidation of zinc (99.9995%), the ZnO crystals were grown by chemi-
cal vapour transport in a silica ampoule using ammonium chloride as a transport agent. A
platelet-shape crystal (100 x 100 um? in lateral size and thickness less than 30 pm) was fitted
into a diamond anvil cell. A 4:1 methanol-ethanol mixture served as pressure medium and the
ruby luminescence method was used for pressure calibration [17]. Raman experiments were
performed in backscattering geometry using the 457.9 nm line of an Ar*-ion laser at power
levels below 30 mW. The c-axis of the sample was oriented along the DAC axis. The scat-
tered light was analysed by a Jobin-Yvon T64000 triple spectrometer using a CCD detector.

RESULTS AND DISCUSSION

Figure 1 shows selected Raman spectra of wurtzite ZnO measured for a first upstroke to
11.5 GPa, a downstroke to ambient pressure, and a second upstroke to 8.1 GPa. At pressures
above 8.3(2) GPa (for both the first and second upstroke) the sample transformed to the rock-
salt phase as indicated by the disappearance of the wurtzite Raman modes. Only broad fea-
tures of rather low intensity are seen in all spectra measured above 8.3 GPa (not shown in
Fig. 1). On decreasing pressure from 11.5GPa, wurtzite-phase Raman modes of ZnO
appeared again below 4 GPa. Thus, our room-temperature Raman data indicate the comple-
tion of the wurtzite to rocksalt transition near 8.3 GPa and a hysteresis of about 4 GPa for the
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FIGURE 1 Raman spectra of ZnO as a function of pressure. Spectra were measured during a first upstroke to

11.5 GPa, followed by a downstroke to zero pressure and then a second upstroke. The ambient-pressure spectrum is
expanded by a factor of three in the region around the TO modes.
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onset of the back-transformation to wurtzite. Within a margin of 2 GPa, our wurtzite to
rocksalt transition pressure agrees with experimental results reported by other groups
[12-16] and with calculated transition pressures [1, 18]. For our experimental conditions (sin-
gle-crystal starting material, hydrostatic pressure, laser illumination) we could not obtain a
single-phase metastable rocksalt modification at ambient pressure.

Figure 2 shows the frequencies of the Raman features of wurtzite ZnO as a function of
pressure. Frequencies before and after the phase transition were almost the same within
experimental error. Ambient-pressure frequencies, pressure coefficients, and mode Griineisen
parameters are summarized in Table I. The Griineisen parameters y = (By/wo)(dw/dP) have
been calculated using B, = 143 GPa for the bulk modulus of ZnO at ambient pressure [14].
The main uncertainty in the y values arises from the roughly 10% scatter in the experimental
values given for the bulk modulus (cf. Ref. [13]).

The assignment of the first-order Raman modes E,(low), E,(high), A;(TO) and E,(TO)
(see Tab. ) is straightforward; their frequencies and pressure coefficients basically agree
with data reported in the literature [4-9]. We note that only the scattering by the E, and
A} modes is allowed in the backscattering configuration when the c-axis is oriented parallel
to the laser beam. However, partly due to optical reflection effects in the DAC the E,(TO)
mode could also be observed in some of the spectra. We have observed weak or broad fea-
tures near 213, 331 and 877cm™ ', some of them only during the first upstroke. There is
agreement with two-phonon bands reported previously [4-6]. Based on their pressure coeffi-
cients, we attribute the features at 213 and 331 cm™" (at ambient pressure) to second-order
scattering by the E;(low) branch around the M point of the Brillouin zone, as suggested
by Calleja et al. [6], and to the difference mode E,(high)—E,(low), as suggested by
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FIGURE 2 Frequencies of Raman features of wurtzite-ZnO as a function of pressure. Solid symbols are for the
first upstroke, hollow symbols for the downstroke and second upstroke. Solid lines refer to linear regressions. Error
bars are less than or comparable to the size of the symbols, except for broader bands for which the errors are
indicated in the figure.
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TABLE 1 Ambient-pressure Frequencies, Pressure Dependencies, and Mode Griineisen Parameters for
Observed Raman Features of Wurtzite-ZnO at 300K. Pressure Coefficients and Mode Griineisen
Parameters Reported by Other Authors are Listed for Comparison.

Wy dw/dP
Peak{mode em™?! Cm™'/GPa ¥ 7
Ex(low) 99.5(5) —0.85(5) —1.21 —1.75% —1.80°% —1.69°
Broad band (2nd order) 213(6) —3.9(6) —2.58
Ea(high)—E;(low) 331(2) 5.8(2) 2.49 245 248, 2.28°
A(TO) 379.0(9) 4.33(8) 1.63 1.7%, 1.33%, 1.65°
E\(TO) 411(3) 5.2(2) 1.80 1.76% 1.78°
Ea(high) 437.9(4) 5.11(7) 1.66 1.62% 1.61°, 1.65°
See text 540 0.1°
Ay (LO) at K-M 550.7(9) 6.0(2) 1.56
A(LO)at T’ 576.1(6) 4.75(9) 1.17 1.15% 0.64°
Broad band (2nd order) 877 4.8(7) 0.78
“Ref, [7].
®Ref. [8].
“Ref. [9].

Brafman et al. [9], respectively. We tentatively attribute the broad feature at 877 cm™ ! to the
overtone of the E,(high) mode around the I'M or T'A direction.

An intense asymmetric Raman feature with intensity maximum near 576 cm™"' (ambient
pressure) appears after back-transformation to the wurtzite structure. The 576 cm™" peak
falls in the frequency range where the A;(LO) Raman-active modes arc expected. The cor-
responding frequency pressure coefficient is similar to those of the TO modes (see Tab. I).
We attribute the 576 cm™ ' peak to the A;(LO) mode scattering at the I" point, consistent with
corresponding frequencies reported by other authors [4-6]. The asymmetry, which decreases
with increasing pressure, could be caused by a second component centered near 550 cm™ "
(ambient pressure). In fact, the spectral shape of the asymmetric feature can be well approxi-
mated by a superposition of two Gaussians, one for the dominant feature at 576 cm™' and
one centered at 550 cm™ ', In Table I we list the pressure coefficients of both components.

The low-frequency component seems not to be related to a mode previously observed
at 540cm™" (ambient pressure) [4-6]. At least the two-phonon combinations assigned to
the 540cm™ ' mode do not agree with the pressure coefficient we observe for the feature
near 550 cm™ ' (see Tab. I). We tent to attribute the low-energy component of the A;(LO)
peak to disorder-induced scattering by LO phonons of non-zero wavevector rather than to
a coupled plasmon-phonon mode. This interpretation is consistent with the dispersion of
the LO branch in ZnO and the spread of the calculated LO phonon density of states [19],
according to which the low-frequency feature arises mainly from LO scattering at zone-
edge points (K-M). Within this picture, our results indicate a decrease of the LO branch dis-
persion with increasing pressure.

The absence of the LO scattering during upstroke can be explained by phonon plasmon
coupling. Our crystals had a high residual donor concentration. The interaction of the
large density of free carriers with the electromagnetic field associated to the LO phonons
leads to a modified line shape and scattering efficiency [3,20,21]. The appearance of LO
scattering after the back-transformation to the wurtzite phase indicates a decrease of the
free electron concentration in the back-transformed samples. It appears that defects created
during the wurtzite-rocksalt transition act as electron traps, even at room temperature.

Our experimental data indicate a small increase of the LO-TO splitting of the A, modes as
a function of pressure (see Fig. 3), by an average rate of 0.42(17) cm™'/GPa in the pressure
range from 0 to 8 GPa. This pressure coefficient is positive, in contrast to the decrease of the
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FIGURE 3 Experimental LO-TO splitting in wurtzite ZnO as a function of pressure. The solid line represents a
linear regression.

LO-TO splitting occurring in most of the III-V and 1I-VI compounds [11, 22]. Furthermore,
it is comparable to the small changes of the LO-TO splitting in 3C-SiC (0.85(2) cm™'/GPa
[23]), 2H-GaN (0.4(1)cm™'/GPa [24]), and 2H-AIN (0.1(1) cm™'/GPa [24]).

The LO-TO splitting of the A; modes in wurtzite crystals is related to tensor components
of Born’s transverse dynamic effective charge e} and of the high-frequency dielectric con-
stant &, [24,25]. In order to estimate the pressure-induced change of ¢} in ZnO (2.03 e at
ambient conditions), we use &, =23.75 [26] and a logarithmic volume derivative of
P(6) = 0.27 [27]. With these values we obtain a small change (1.5(8) x 10">GPa™") of
the normalized e}.(P)/e5(0) in ZnO with increasing pressure, corresponding to a Griineisen
parameter of about 0.2(1). A qualitatively similar behaviour has been reported for SiC
[23,25], GaN, and AIN [24]. The results for ZnO. indicate a much smaller change (and
opposite in sign) of the bond ionicity under compression if compared to other II-VI and
most of the III-V compounds [10, 11].

For the zincblende III-V and II-VI semiconductors it is well known that the shear-type
zone-edge TA phonons exhibit negative mode Griineisen parameters [10]. The wurtzite
and zincblende structures differ in the stacking of layers along the cubic [11 1] direction.
The E;(low) modes of the wurtzite structure are related to the cubic TA(L) modes by folding
into the hexagonal zone center. In this way the softening of the E,(low) mode frequency
under pressure can be explained in a way similar to that of the zone-edge TA phonons in
zincblende crystals, i.e., in terms of a critical balance between central and non-central elastic
forces associated with the stretching and bending of covalent bonds [28]. In this context it
should be noted that the shear elastic moduli of ZnO also exhibit a softening under pressure
[29], which is typical of the cubic II-VI compounds and is in part responsible for their
negative thermal expansion at low temperatures [30].

In summary, we have measured pressure coefficients for Raman mode frequencies of wurt-
zite ZnO. Our samples initially did not show any detectable A,(LO) scattering, but developed
a strong A,(LO) feature after pressure cycling through the reversible wurtzite-rocksalt transi-
tion (hysteresis 4 GPa). We attribute this behaviour to phonon-plasmon coupling in the
as-grown sample and its absence in back-transformed ZnO where defects act as electron
traps. We have observed that the LO-TO mode splitting increases slightly in ZnO with
increasing pressure, in contrast to most other III-V and II-VI semiconductors. The transverse
effective charge in ZnO remains almost constant under pressure. This behaviour appears to
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be related to the lack of p-electrons in the anion core [25]. Ab initio calculations of the
dynamic charge of ZnO at ambient pressure [31] could provide a basis for a more detailed
analysis of the observed pressure effects.
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