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Abstract
This study explores the effects of both Mg and pressure on the lattice dynamics and
crystalline properties in Zn;,,MgiO (0 = x = 0.10) using Raman spectroscopy. The
incorporation of Mg and the application of external pressure cause distinct phonon vibrational
behaviors in ZnO. Accordingly, the 202.7, 332.7, and 511.5 cm™ phonons, which were
controversially assigned, can be defined. Detailed high-pressure Raman results show that the
pressure-induced metallic phase transition pressure of Zn;«MgxO decreases with incresing
Mg content. This fact is a consequence of Mg-induced increase in both crystal ionicity and
anisotropy. The experimentally measureable transverse effective charge, which is defined as a
dipole moment per unit displacement induced by slight movement of an atom, is adopted to
trace the crystal ionicity of Zn;,Mg,O. Additionally, the E;-A; splitting of the longitudinal
and transverse optical phonon modes is analyzed which vyields insight into the

pressure-dependent crystal anisotropy of Zn; xMgxO via Raman techniques.
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Chapter 1 Introduction

An urgent and worldwide need for renewable energy sources has aroused widespread
research interest into potential photovoltaic materials; such research efforts may pave the way
to gradual phase out nuclear power. Oxides are one of the promising materials owing to their
natural availability, environmental stability, and eco-friendly characteristics [1]. Moreover,
due to its large electronegativity, oxygen forms chemical bonds with almost all elements to
give the corresponding oxides. Zinc oxide (ZnO) is a wide bandgap (~ 3.4 eV at 300 K)
semiconductor and crystallizes preferentially in the hexagonal wurtzite type structure.
Compared to ZnSe and GaN, the relatively strong polar binding, deep excitonic level (~ 60
meV), and biocompatibility with organic systems make ZnO highly attractive for functional
optoelectronic devices [2~10]. Upon substitution of an increasing fraction of the Zn atoms by
Mg, the band gap of Zn;Mg,O can be engineered toward deep ultraviolet region [11,12].
Additionally, the ionic radius of Mg?* (0.57 A) closely matches to that of Zn** (0.60 A),
making this ternary alloy suitable for a barrier material in ZnO-based heterostructures
[2,4~6,11] and solar-blind devices [12].

The technological importance has been motivating detailed and fundamental
investigations of Zn;xMg,O as well as their application-oriented researches. Although the

optical properties of Zn;xMg,O have been extensively studied, the effects of both Mg and



pressure on the lattice dynamics and crystalline stability of Zn;.xMg,O remain unexplored, in
particular the transverse effective charge, crystal anisotropy, phase transitions, and phonon
deformation potentials. Previous Raman studies on ZnO at ambient and high pressure
conditions obtained partly unclear and contradictory results. (i) The origins of the vibrational
modes at 202.7, 332.7, and the phonon at 511.5 cm™ which appears only after intentional
doping are controversially discussed [14~18]. (ii) The signs of the pressure-dependent LO-TO
splitting and transverse effective charge in ZnO are contrary. Decremps et al. and Manjon et
al. found that the LO-TO splitting and the transverse effective charge of the E; mode in ZnO
increase upon compression [19,20]. However, Reparaz et al. demonstrated a decreasing
behavior for both A; and E; modes with increasing pressure [21]. (iii) Previous high-pressure
Raman measurements show that the wurtzite-to-rocksalt phase transition of ZnO completes at
around 8.3 - 9.0 GPa [19,20,22]. The values are far below the experimental result (above 12.8
GPa) made from high resolution angular dispersive x-ray diffraction (XRD)[23]. Such a
deviation is likely due to weak signal intensity, large pressure interval, and undetected
low-frequency (< 100 cm™) E, vibrational phonon. Therefore, these evident inconsistencies
are also strong motivations for a thorough study on the high-pressure Raman phonon
dynamics in Zn;xMg,O.

In this paper, Raman scattering of Zn;,MgO (0 = x = 0.10) are studied

systematically as a function of Mg composition at ambient condition and under hydrostatic



pressure. In order to investigate thoroughly the lattice dynamics and crystalline stability of the
Zn;4xMg,O, both the upstroke and downstroke high-pressure Raman measurements are
carefully performed. The origins of the vibrational modes at 202.7, 332.7, and 511.5 cm™ are
determined based on the high-pressure Raman results. Additionally, the pressure dependence
of the transverse effective charge, the crystal anisotropy, and the pressure-induced metallic
phase transition of Zn;.«Mg,O with various Mg concentrations are also studied.

This thesis is organized as follows. This chapter introduces the fundamental properties of
Zn;4xMgxO semiconductors. Chapter 2 introduces the high-pressure and micro-Raman
techniques used in this thesis. Chapter 3 discusses the effects of both Mg and pressure on the
lattice dynamics and crystalline properties in Zn;.«Mg,O. Finally, Chapter 4 summarizes this

thesis.
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Chapter 2

Experiments

In this chapter, we will introduce the experimental setup and techniques that were used in

our study. The experimental setup includes Diamond Anvil Cell and micro-Raman system.

2.1 High-pressure Technique

2.1.1 Diamond Anvil Cell

The high pressure environment is generated by diamond anvil cell(DAC). The schematic
illustration of the DAC, which is a convenient tool for optical measurements, is shown in Fig.
2-1. The principle of all high-pressure cells can be described as follows. A force F is applied
to a small surface area(S), creating a pressure P = F/S. One can produce ultra-high pressure
by reducing the size of the surface area (culet) of diamonds. The DAC is a convenient and
easy tool to operate. The sample which is placed between two brilliant-cut diamonds is put
into a thin metallic foil (gasket). As the applied force pushes the two opposite anvils together,
the two opposite diamond anvils are compressed to each other, producing high pressure
environment. The culets are separated by a thin gasket, which was predrilled with a circular
hole (sample chamber) by using an electrical discharge machine. The culets of the diamonds
are all 500 um. The thickness of the gasket is about 0.3~0.2 mm. The sample chamber is
around 170um in diameter. After the sample is loaded into sample room, a drop of
pressure-transmitting medium is filled to ensure hydrostatic conditions.

In the Fig.2-1, “A” is the hemisphere rockers on which the diamond anvil was mounted;
“B” is diamond; “C” is a gasket. A spring lever-arm is employed to generate force on the

diamond surfaces. Force is applied through the lever-arm by turning the screws, which make
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the two opposite diamonds pressing mutually. Therefore, a hydrostatic and continuous varying

pressure conditions are obtained.



2.1.2 Pressure Medium

To obtain a hydrostatic pressure environment within the sample chamber, a pressure
medium is required. Traditionally, water is considered as a bad pressure medium because it
transfers to solid ice VI and VII at 0.6 and 2.1 GPa, respectively. The 4:1 methanol-ethanol
mixed liquid as a pressure-transmitting medium, which is widely used in high-pressure
measurements, is used in our experiments. The hydrostatic pressure was determined by the
spectral shift of the ruby R1 line. The R1-R2 splitting in the ruby fluorescence was

maintained well up to 25.4 Gpa as shown in Fig.2-2.



2.1.3 Pressure Calibration

Various methods of pressure calibration involving the DAC have been used. Pressure in
the DAC was estimated by calculating force over area, the known fixed point and the internal
makers such as NaCl or silver in high-pressure X-ray studies. These methods are not
convenient and are often proved to be inaccurate.

In 1972, the calibration of pressure in the DAC was overcome and became the most
convenient method later. This breakthrough was successful because of the use of visual
microscopic studies in the DAC. Foreman et al. first calibrated the shift of the R-line ruby
fluorescence peaks as a function of pressure in the DAC, and demonstrated that this shift
could be used as a convenient internal pressure calibration [1]. The technique incorporates a
ruby crystal with the sample of interest and measures the pressure dependence of the sharp
ruby R1 line fluorescence. The R-line of Cr**—droped ALO, shifts linearly to long wavelength
with hydrostatic pressure in the range of 0.1 ~ 22.0 GPa. The R-line broadens if the ruby
experiences non-hydrostatic stresses. A tiny ruby chip of 5-10pum along with the sample in the
pressure medium is excited by an Ar-ion laser. Figure 2-3 shows the energy levels and the

resulting absorption and luminescence for Cr** ions in ruby [2].
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2.2 Micro-Raman Scattering Experiments

2.2.1 The Principle of Raman Scattering

In 1928, C. V. Raman, Indian physicist, first observed the inelastic scattering
phenomenon of light in materials. When light encounters the surface of a semiconductor, most
part of the light will be elastically scattered (Rayleigh scattering). There is no change in
photon frequency during these elastic interactions. However, a small fraction of the light
interact inelastically with phonon modes, producing outgoing photons whose frequencies are
shifted from the incoming ones. This interaction of incident light with optical phonons called
Raman scattering. When the polarization of optical phonon is transverse (longitudinal)
relative to their wavevector of photon, it is call TO (LO) mode. The photon loses energy by
emitting a phonon (Stokes shifted) or gains energy by absorbing a phonon (anti-Stokes
shifted). The law of conservation energy and momentum must be applied in the process. The
conservation conditions can be written as

hve =hv; thvg (2.2)

ks =ki xkog (2.2)
Where v; and vs are the incoming and scattered photon frequencies, respectively, ki and ks
are the incoming and scattered photon wavevector, respectively, while vo and kp are the
phonon frequency and wavevector, respectively. The intensity of the anti-Stokes modes is
normally much weaker than that of the Stokes modes. Raman scattering is inherently a weak
process, but lasers provide enough power such that the spectra can be routinely measured [3].

All the Raman parameters — frequency and intensity, line shape and linewidth,
polarization behavior — can be used to characterize the lattice, impurities, and free carriers in a
semiconductor. The intensity gives information about the crystalline conditions. The

linewidths increase when a material is damaged or disordered, because these conditions
14



increase the phonon damping or break the momentum conservation during the Raman
scattering process. The frequencies of the phonons can be used to determine the degree of

alloying in a ternary material [4].
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2.2.2 Experimental Setup

In Fig. 2-4, the schematic diagram of the Raman scattering experiment is shown. In this
work, the Raman scattering measurements were performed by a Jobin-Yvon micro-Raman
system. The Raman spectra were collected in backscattering configuration and at room
temperature by using the 514.5 nm line of an Ar’-ion laser as excitation. The intensity of
Raman lines were normalized to the laser power as measured by a power meter. Usually, a
laser beam with a power of 90 mW was focused to a size of ~5um on the sample surface in
the DAC. To exclude the Reyleigh scattering, the 514.5 nm holographic notch plus filter was
used to filter out the Reyleigh scattering of the laser. The spectra were analyzed by a iHR550
spectrometer equipped with a multichannel LN2-cooled charge-coupled device (CCD). Finally,
the spectrometer was contraolled by a computer, which was used to store and plot the

collected data.
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2.2.3 Experimental Process

Zn;xMg,O powders were synthesized by the citric acid assisted sol-gel method in an
aqueous solution using stoichiometric zinc nitrate hexahydrate [Zn(NO3),-6H,0] and
magnesium nitrate hexahydrate [Mg(NOs),-6H,0]. The mixture was first heated and stirred in
80 °C water bath until the formation of gels, followed by further heating up to 120 °C in a
furnace for 12 h to evaporate the solvent. Finally, the powders were post-annealed at 800 °C
in air for 2 h to remove the organic residuals. To obtain high pressure up to about 20GPa, the
Zn;4xMgxO powders and ruby chip (about lum in size) were sealed with the pressure
transmitting medium in the sample chamber which was a hole of 170um in diameter and
100um thick drilled on gasket which has an original thickness of 250um. The Zn;MgO
powders were loaded along with ruby chip into a diamond anvil cell. The pressure
determination was done by reading the peak position of the ruby R1 fluorescence line. The
pressure gradient was less than 0.5 GPa, as determined by measurements made at various

positions of the sample chamber.

17



computer

Confocal hole

Ar* 514.5nm /

0 oflll

Objective

~170pm

Coupling {1

Sample chamber

514.5
Gasket e

Notch Filter

Fig. 2-4 Schematic diagram of micro-Raman system

18

iHRS50




References

[1] R.A.Forman, G.J.Piermarini, J.D.Barnett, and S.Block, Science 176, 284 (1972)
[2] E.Huang, J. Geol. Soc. China 32, 924(1992)
[3] I.LF.Chang and S.S.Mitra, Phys. Rev 172, 924(1968)

[4] A.Chergui, J.Valenta, and J.L.Loison, Semiconductor Science Technology 9, 2073 (1994).

19



Chapter 3 Results and Discussion

In this chapter, Raman scattering of Zn;«MgO (0 =x = 0.10) are studied
systematically as a function of Mg composition at ambient condition (Sec. 3.1) and under
hydrostatic pressure (Sec. 3.2). In order to investigate thoroughly the lattice dynamics and
crystalline stability of the Zn;.\MgxO, both the upstroke and downstroke high-pressure Raman

measurements are carefully performed.

3.1 Raman scattering study of Zn; ,Mg,O at ambient pressure

Fig. 3-1 shows the SEM images of the Zn;\MgO (x = 0 and 10 %) powders. The
average crystalline sizes(dsi,e) for ZnO and ZnMgO powders are about 300 and 500 nm in
diameter, respectively. A slight increase in particle size can be observed as Mg is incorporated.
The Zn;«Mg,O particle sizes (ag<<ds~ Aexc) are far above the ZnO exciton Bohr radius (ag
~ 2.34 nm) [1] and close to the excitation wavelength (Aexc), Which means the quantum
confinement and the size effects can be neglected. Figure 3-2 shows clear Raman spectra of
Zn;xMg,O (x = 0, 3, 7, and 10 %) at 300 K and ambient condition together with mode
assignments for the observed peaks. According to the group theory at the 7" point of the
Brillouin zone, the optical phonons in ZnO wurtzite structure belong to the irreducible
representations: /ot = Ay + E; +2E, +2B;, where the A; and E; phonons are both Raman and

20



IR active, the E; phonons are only Raman active, and the B; phonons are silent. As shown in
Fig.3-3, both E; and E; phonons are associated with the atomic motions in a-b plane whereas
the atomic motions of A; and B; phonons take place along the ¢ axis.The crystal anisotropy
induces splitting of the A; and E; phonons; these polar modes further split into longitudinal
optical (LO) and transversal optical (TO) components due to the long-range Coulomb
interaction. The symmetry of nonpolar E, phonons are denoted as E) and E}'",
representing the lower and higher frequency branch due to the vibrations of heavier and
lighter atoms, respectively. Totally, there are six Raman-active optical phonon modes in ZnO
wurtzite structure. Compared to the well-defined orientation of the ¢ axes for bulks and films
on specific substrates, the crystal-axes of powders are randomly tilted relative to the laser
excitation polarization. Therefore, the peculiar crystalline geometries, along with the large
angular aperture of the focusing objective (N.A. = 0.35) result in the observation of all Raman
phonon modes.

As can be seen in Fig. 3-2, for undoped ZnO sample, the two intense peaks of E,(98.8
cm™) and E)9"(438.3 cm™) dominate the entire Raman spectrum. The phonon peaks appear
at 380.6 and 411.1 cm™ are assigned to the A;(TO) and E;(TO) phonons, respectively. A broad
and asymmetric phonon at around 580.0 cm™ comprises two adjacent peaks of A;(LO) and
E1(LO) phonons at 574.4 and 584.0 cm™, respectively. In addition to the above mentioned
phonons, three modes at 202.7, 332.7 cm™, and 511.5 cm™ (x > 0) are also found. The origins

21



of these phonons are still controversial and will be discussed later. All the observed Raman
phonon frequencies and the comparisons with previous works for ZnO are reported in Table
3-1. In this work, the zone-center optical phonons are observable at both Stokes and
anti-Stokes sides of each Raman spectrum. Moreover, the phonon frequencies are all identical
under various excitations (457.9, 488.0, and 514.5 nm).

In order to get a deeper insight on the lattice dynamics of Zn;Mg,O (0 =x= 0.10),
the highlighted zone-center optical phonons are displayed in Fig.3-4(a)(c). The phonon
frequency and the LO-TO splitting for each phonon are listed in Table 3-2. Clearly, as Mg is
substituted into ZnO, the A;, E;, and E)X* [Fig.3-4(b)] phonons together with the acoustic
phonons shift toward higher frequencies. However, the E"[Fig.3-4(c)] and 332.7 cm™
phonons behave oppositely. These phonon shifts are accompanied by intensity quenching and
linewidth broadening, which could be attributed to Mg-induced translational crystal
asymmetry and alloy fluctuations. Additionally, as shown in Table 3-2, the LO-TO splittings
for both A; and E; modes increase with increasing Mg content. The results imply that ZnO
becomes more ionic when Mg is incorporated. This behavior correlates well with the fact that
the ionicity (f;; Phillips’ ionic scale) of MgO (0.841) is larger than that of ZnO (0.616) [3].

In general, the substitution of Mg for Zn atoms declines the reduced mass of the
oscillator, as a result, the Raman phonons shift toward higher frequencies. However, it is not
the case for the E["and 332.7 cm™ phonons. This is because the E!™" phonon corresponds
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mainly (~ 85 %) [4] to the vibrations of the oxygen (lighter) atoms, thus, the influence of Mg
on the E}""phonon is nearly negligible. The difference in atomic masses, mwg(24) <mz(65),
cannot be the reason for the decreasing of E)" phonon frequency. As previously
demonstrated, the lattice constant a of Zn;.xMgsO increases monotonically with x [5].
Therefore, it is the lattice expansion in a-b plane accounting for the E)""phonon softening
(see Fig.3-3). This result indicates that the E)"" phonon vibration is more sensitive to the
lattice constant than the cation mass. Similar trend is also found for the vibrational mode at

332.7 cm™ previously assigned to either the transverse acoustic overtone at K-M-2 point [6] or

the difference between the E}'" and EYX* in ZnO [2]. As x is increased, the phonon
frequency correlates well with the difference between EJ®" and E)* modes. Moreover, the
phonon shift agrees well with the opposite vibrational behaviors of E;* and E}'" phonons.
These experimental results reveal that the EJ —EX" complex phonon is highly likely the
origin of the 332.7 cm™ mode. Such an assignment will be further confirmed under high
pressure measurements.

In addition to the host Raman phonons of ZnO, a vibrational mode at 511.5 cm™(denotes
as D hereafter) is observed when Mg is intentionally incorporated. Interestingly, with
increasing Mg content the intensity of D mode slightly enhances but its frequency remains
unchanged. The origin of this phonon was controversially discussed. Kaschner et al. reported
the observation of this additional phonon in N-doped ZnO films and interpreted the
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occurrence as N-related local vibrational mode due to N in substitutional O site [7]. However,
Bundesmann et al. disputed this interpretation since they detected the phonon in ZnO films
doped with Fe, Sbh, and Al, intentionally grown without N incorporation [8]. Due to the large
differences in mass among these dopants, the authors suggested the intrinsic host lattice
defects as the origin. Manjon et al. attributed this phonon in N-doped ZnO films to the
disorder-activated 2 B/** mode due to the relaxation of Raman selection rules induced by the
breakdown of the crystal symmetry [9].

In the present case, the D mode cannot be ascribed to N-related phonon because the
Zn;xMgxO powders are all grown without additional N-doping and it is invisible in ZnO. Also,
the D mode cannot be an activated silent B/* mode because:(i) the silent modes are both
Raman and IR forbidden, (ii)B;-related phonons have not been observed in Zn;xMg,O even
under high-pressure conditions (higher crystal asymmetry), and (iii) the D mode behaves
entirely different from B/ which should shift toward higher frequencies with increasing x
(see Fig.3-3). Based on these observations, a structure or a complex defect with different
crystal symmetry to the host lattice is accounted for the D mode in Zn;.xMgO (x> 0).
Therefore, in our study we suggest the complex defects of Zn and O interstitials (Zn,-O))
induced by Mg incorporation as its origin. Zinc (oxygen) vacancies and antisites can be ruled
out since they degrade the entire crystal isotropy without providing related phonon modes
[10]. Further evidences for the Zn,-O, complexes will be discussed later under high pressure.
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3.2 Raman scattering study of Zn; ,Mg,O under high pressure

Fig. 3-5(a) shows the pressure-dependent Raman spectra of ZnO recorded with
increasing pressure up to 20.0 GPa. The pressure dependence of the phonon frequencies are
illustrated in Fig. 3-5(b), in which the frequency evolution can be fitted linearly (see Table
3-3). As the external pressure is applied, the reduction in lattice constants should shift all
Raman phonons toward higher frequencies. However, two remarkable exceptions of the E,
and the 202.7 cm™(marked with an asterisk) phonons are found in Fig. 3-5(a). The softening of
the E,* phonons on increasing pressure are observed in all the Zn;xMgO (0 <x= 0.10)
samples discussed herein. Similar experimental result was also found in wurtzite GaN (see
Table 3-4) [11]. As suggested by Saitta and Decremps, the soft Ces elastic constant is
responsible for the negative pressure coefficient of the E)* phonon in GaN, InN, and ZnO
[12]. However, it is not the case for wurtzite AIN, SiC, and BeO, which exhibit positive
pressure coefficients in accordance with the calculated pressure dependence of the Cgs elastic
constant [12,13]. Previous assignments to the vibrational mode at 202.7 cm™ are 2 ES or
2TA in terms of Raman measurements made at ambient pressure [2,6]. In the present study,
we find that its frequency correlates well with that of the EX* phonon. Furthermore, the
phonon shifts equally with the EX* phonon toward higher frequencies (as Mg content
increases) or lower frequencies (as external pressure increases). Based on these facts, we can
conclude that the 202.7 cm™ phonon should have significant contribution of the E; phonon,

25



thus, it can be assigned to 2 EX* mode.

As shown in Fig. 3-5(a), the pressure-induced phonon shifts are accompanied by
significant fall in their intensities. With increasing pressure up to 9.6 GPa, the Raman spectra
drastically change. Three additional phonons with similar intensities simultaneously appear at
around 150, 550, and 590 cm™, respectively, and the latter two peaks overlap as a broad
vibrational band in the range between 500 and 650 cm™. Above 9.6 GPa, the Ay(TO), A:(LO),
E;(TO), and E1(LO) phonons gradually vanish, and the Raman spectra are dominated by the
150, 550, and 590 cm™ phonons. As the pressure further increases to 13.2 GPa, the two
intense E; and E}""phonons in wurtzite structure absolutely disappear, and the sample
darkens. These phenomena are strong evidences of pressure-induced metallic phase transition
[14~18]. In fact, the first-order Raman phonon modes are forbidden by the selection rules in
rocksalt structures. Thus, the metallic phase transition should be accompanied by the
wurtzite-to-rocksalt phase change as previously reported [19,20,21]. The wurtzite-to-rocksalt
phase transition of ZnO finishes at around 13.2 GPa, determined using detailed high-pressure
Raman measurements, agrees well with the previous high resolution angular dispersive XRD
result (above 12.8 GPa) by Mao’s group [22]. A close inspection of the three additional modes
in Fig. 3-5(a) indicates that these phonons emerge at around 9.6 GPa and become pronounced
with increasing pressure until the wurtzite-to-rocksalt phase transition finishes (~ 13.2 GPa).
Clearly, these phonons are less sensitive to pressure than the first-order Raman phonons in the
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wurtzite phase. In rocksalt phase, these additional phonons are still observable and slightly
shift to higher frequencies with increasing pressure. The broad vibrational band within 500 to
650 cm™ was also found in previous Raman spectra of ZnO at high pressure conditions
[19,20]. Based on these findings, we can conclude that these additional Raman phonons
appeared at high pressures are vibrational modes of rocksalt ZnO. The complicated Raman
signals in the pressure range between 9.6 and 13.2 GPa reflect the coexistence of wurtzite and
rocksalt phase, i.e.the ZnO undergoes a gradual phase transformation from wurtzite to
rocksalt in accordance with the XRD results [22].

Fig. 3-6 and 3-7 show the upstroke pressure-dependent Raman spectra together with
phonon frequencies of Zng9;Mgo.030 and Zng93Mgo 070, respectively. Figure 3-8(a) and 8(b)
show the upstroke pressure-dependent Raman spectra and phonon frequencies of
ZNno.90Mgo.100, respectively. As compared with ZnO, several interesting conclusions can be
drawn. (i) In addition to the A;, E;, and E; phonons, the D mode whose frequency is not
affected by the Mg concentration at ambient pressure shifts to higher frequencies with
increasing pressure. (ii) The additional modes of Zngg9oMgo.100 appear at around 8.1 GPa.
This result indicates that the onset of the wurtzite-to-rocksalt phase transition for
ZNo.9oMgo.100 is lower than that of ZnO (~ 9.6 GPa). (iii) The first-order Raman phonon
modes in wurtzite phase including the intense EY* and EJ'"modes vanish at 10.4 GPa.
Also, the color of the sample in the DAC suddenly changes from bright (at ambient pressure)
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to dark (at 10.4 GPa) as shown in Fig. 3-9(a) and (b), respectively. In other words, the
metallic phase transition of the ZnggMgo 100 finishes at around 10.4 GPa which value is
lower than that of ZnO (~ 13.2 GPa).

Prior to discussing the effect of Mg on the phase transitions, we turn to studying the
downstroke pressure-dependent Raman spectra of ZnO and Zngy goMgo.100 as shown in Fig.
3-10(a) and 10(b), respectively. The downstroke pressure-dependent Raman spectra of
ZNo.97Mgo03O and ZnggsMgoo7O are shown in Fig. 3-11(a) and 3-11(b), respectively.
Obviously, upon decompression the rocksalt phase is maintained beyond the upstroke
phase-transition pressure for all the samples, showing substantial phase hysteresis. The ZnO
and Zng goMgo.100 revert to the wurtzite phase, where the E)* and E;" phonons reappear
first, at about 2.4 and 1.2 GPa, respectively. It is worth mention that the degree of phase
hysteresis (pressure difference between the finish of the upward transition and the onset of
downward transition) falls with increasing Mg content. Further releasing the pressure, the rest
of the wurtzite-phase phonons including the D mode appear. Once the applied pressure is
absolutely released, the samples exhibit a time independent behavior even after two months.
Such an unusual hysteresis effect(> 10 GPa) was also found for AIN, GaN, InN, and
zincblende (3C-type) SiC[23,24]. However, materials such as ZnSe, CdSe, and CdTe, exhibit
quite small phase hysteresis (< 3 GPa). This is because the lattice compressibility is
considerably higher for ZnSe(bulk modulus By = 62.4 GPa), CdSe(B, = 53.1 GPa), and
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CdTe(Bo = 42.4 GPa)(considered to be softer because of their lower modulus values) than
3C-SiC (Bo = 321.9 GPa), AIN (Bo = 208.0 GPa), GaN (B, = 200.0 GPa), InN (B, = 125.5
GPa), and ZnO (By = 135.3 GPa) [11,16,25~28]. The obtained upstroke and downstroke phase
transition pressures for all the Zn;xMgO (0 =x= 0.10) are summarized in Table 3-3.
Clearly, all the phase transition pressures decline with increasing Mg concentration. Due to
the differences in atomic radius, mass, and electronegativity between Zn and Mg, the crystal
becomes destabilized as the substituted Mg content increases. Moreover, the existence of Mg
in ZnO may cause crystal defects (the D mode) which would soften the lattice by generating
large distortions and increase the crystal anisotropy. These facts indicate that the substituted
Mg atoms tend to reduce the crystalline stability and induce crystal defects, as a result, the
phase transition pressures decline. Similar phenomena have been observed in other 1I-VI
ternary compounds, such as ZnFeSe [14], ZnSeTe [15],ZnCdSe [16], ZnSe:Cl [17], and
ZnMnTe [18].

Table 3-3 lists the linear pressure coefficients(dwi/dp) and the mode Grineisen
parameters (y;) of the zone-center optical phonons for all the Zn;.\MgxO samples. The mode

Gruneisen parameter is defined using the relation [29],

dinw ) (B, \(de,
”Z_(dlnv]‘(wm}(dp}’ ?

where w; denotes the phonon mode frequency, wjo indicates the phonon frequency at ambient

pressure, By is the bulk modulus defined as the inverse of the isothermal compressibility, and
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V is the molar volume in cm*mol. In the present work, By, = 135.3 GPa obtained from
high-resolution XRD approach is adopted for all the samples [25]. As shown in Table 3-3,
several conclusions can be summarized. (i) The phonon pressure coefficients, dwi/dp and y;,
for EX* phonons are all negative values. Moreover, the pressure coefficients of dwi/dp for
the EJ'"—E}“mode are in excellent agreement with the subtracted values between individual
E)9"and E)"phonons. These peculiar pressure-dependent phonon behaviors are strong
evidences further confirming its assignment. (ii) The dwi/dp and y; of the D mode remain
nearly unchanged over the entire Mg range of interest(0.03 =x= 0.10). Moreover, its
phonon pressure coefficient dwi/dp is very close to the values of A;(TO) and E}" phonons
whose vibrations correspond mainly to the oxygen atoms. These experimental results reveal
that the complex Zn-O, defects with different crystal symmetry to the host lattice induced by
additional element incorporation is highly likely the origin of the D mode.(iii) The trends,
dwoldp <dwro/dp and y_o <yro, are found through out the samples, indicating that the LO-TO
splitting falls with increasing pressure.(iv) The pressure coefficients for the A; modes are all
less than those for the E; modes irrespective of their transverse or longitudinal character,
reflecting that the E;-A; splitting increases with increasing pressure.

Fig. 3-12(a) and 3-12(b) show the pressure-dependent LO-TO splitting of Zn;,Mg,O (0
=x= 0.10) for A; and E; modes, respectively. In both cases, it is clear that the LO-TO
splitting diminishes under pressure. Table 3-4 compares the phonon pressure coefficients of
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ZnO with 111-V compounds AIN, GaN, and InN. Obviously, the trend, dwro/dp <dw_o/dp, is
found for all these 111-V materials, while ZnO is the only material exhibits a pressure-induced
decrease of the LO-TO splitting. This result agrees well with observations made for other
I1-VI compounds such as ZnSe and ZnTe [14,18], where the LO-TO splitting decreases with
pressure. However, as shown by the data in Fig 3-12 and Table 3-5, the sign of the d(A®)/dp
and y oo for ZnO are in clear contrast with the previous study by Decremps and co-workers
[19], implying a different pressure dependence of crystal ionicity in ZnO.

To study the crystal ionicity of Zn,.,Mg,O, the transverse or Born effective charge (e;)
was calculated using the relation (in SI units) [19],
()" =47V pee. (o) — i) (2)
where V is the volume per pair, W is the reduced mass of an anion-cation pair, & is the vacuum
permittivity, &, is the high frequency dielectric constant, and w0 (wto) is the experimental
Raman phonon frequency. For the reduced mass of Zn;Mg«O we use the equation:
u={Mqx[xM,, + @=X)M, I}/ {M, +[xM;, + (1= x)M ]}, where Mo, Mz, and Myq are
the atomic weights of O, Zn, and Mg, respectively. The high-frequency dielectric constant of
Zn1,Mg,O is taken as ¢ _(x)=(@1-X)e,(Zn0O)+ xe,(MgO), where the value &.(ZnO) =
3.95¢p and &,(MgO) = 2.94¢, at ambient pressure are used in this study[19,30,31].The
calculated transverse effective charge values at ambient condition are reported in Table 3-5.
The values are 2.10e and 2.01e(with e the elementary electron charge) for the ZnO A; and E;
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modes, respectively. These values correlate closely with previous studies [19,32]. Similar to
the LO-TO splitting, a slight increase in e; for both A; and E; modes is found as the Mg
content is increased. This result is a consequence of an effective transfer of charge from the
cation Zn to the anion O, which can be interpreted by saying that ZnO becomes more ionic
upon the incorporation of Mg. The degree of ionicity is an important factor that determines
the pressure-induced phase transition pressure. For example, the highly covalent material SiC
starts to transform into rocksalt phase at ~ 100 GPa with the reverse transition begins at ~ 35
GPa. However, the less covalent GaN starts to transform at a much lower pressure of ~ 37 and
25 GPa for upward and downward transition, respectively [23]. The higher ionic materials
such as MgO and CdO even favor rocksalt phase at ambient pressure.

The pressure-dependent transverse effective charge for Zn;«MgyO (0 =x= 0.10) can
be determined from the measured phonon frequencies using Eq. (2). The reduction of the
unit-cell volume with hydrostatic pressure is described by the Murnaghan equation of state
[33]. For the pressure-dependent &., We use de./dp = -0.014¢, GPa'[19]. The resulting
transverse effective charge values are plotted as a function of pressure in Fig. 3-13(a) and
3-13(b) for A; and E; modes, respectively. For comparison, the e; is normalized to its value
at ambient pressure. The obtained parameters de; /dp Yoy and d[e; /e; (0)]/dp for all the
samples are all negative values (see Table 3-5). Moreover, the experimental results for
wurtzite AIN and GaN [11], and zincblende SiC and GaAs are also plotted for comparison in
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Fig. 3-13 [27,34]. It is clear that the e; /e; (0) falls under compression for all the Zn;.\Mg,O
samples, i.e. the Zn;,Mg,O becomes more covalent at high pressures. This experimental
phenomenon is similar to GaAs and GaN (slight decrease), but is in clear contrast to that of
SiC and AIN (see Fig.3-13 and Table 3-6). For ZnO, the decreasing behavior again contrasts
with the previous work by Decremps et al. who found an increased pressure-dependent
e, /e;(0) [19]. Interestingly, we found that the effects of Mg and external pressure on the
transverse effective charge of ZnO are contrary. At ambient pressure, ZnO becomes more
ionic upon the incorporation of Mg, while it becomes more covalent upon compression.
Consequently, the substituted Mg atoms tend to reduce the pressure dependence of the LO-TO
splitting and the transverse effective charge in Zn;xMg,O.

For a wurtzite structure, the crystal anisotropy,A( c/a), is determined by the deviation of
the c/a ratio from its ideal value (1.633), i.e. A(c/a) = c/a — 1.633[33]. It has been pointed out

that the phonon frequency ratio [ o) — @y r0)]/ @e, 0, IS Proportional to the structural

anisotropy of a given structure[34]. Thus, there might be relations between the phonon

frequency ratio[e; (1o, — @, (r0)]/ @e, o, Measured by high-pressure Raman scattering and the

crystal anisotropy A(c/a) obtained from high-pressure XRD measurements for Zn; \Mg,O. Fig.
3-14 shows the dependence of [ o)~ @y q0)]/ @10y ON A(c/a) and pressure for
Zno.9oMgo.100 with c/a = 1.602 and d(c/a)/dp = -0.0005 GPa™ [35,37]. Significantly, in both
cases a linear relationship is found and the evolution can be described using the following
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fits,

[@e, (r0) = @n 1)) @ 10y =S-A(C/ @) =t-P(GPa), (3)
yielding the slope s = 1.59 and t = 7.92 x 10 cm™/GPa. The TO and LO phonon frequency
ratios at ambient pressure along with the fitted slopes for all the samples are listed in Table
3-7. The TO (LO) phonon frequency ratio at ambient pressure is 0.048 (0.007), 0.061 (0.012),
0.074 (0.016), and 0.091 (0.021) for GaN [11], InN [36], ZnO, and AIN [11], respectively.
These values qualitatively agree with the variatiom(in  c/a) for the above materials at
ambient condition[35]. The results unambiguously show that the crystal anisotropy in ZnO is
larger than that in GaN and InN but smaller than that in AIN. Based on the overall phonon
frequency ratios and the fitted slopes shown in Table 3-7, we can conclude that both Mg and
pressure increase the crystal anisotropy of ZnO. Accordingly, it is obvious that the higher Mg
content in Zny,MgxO, the faster the crystal becomes anisotropy, which results are in

accordance with the Mg-induced decreasing of the phase transition pressures.
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Table 3-1. Room temperature Raman phonon frequencies and the comparisons with previous
works for ZnO.

Phonon Frequency w; (cm™)

Phonon Mode Brillouin Zone :
(0 Points/Lines This Ref. Ref. Ref. Ref. Ref.
work 6 2 19 32 39
EQw r 988 101 99 99 981 101
2EXY; 2TA CLMH 2027 208 203
Egigh — EIZOW; 2 Phonons IK-M- Y 332.7 332 333
A4(TO) r 3806 380 378 382 3774 380
E1(TO) r 4111 408 410 414 4109 407
Epo" T 4383 437 438 439 4379 437
2LA M-K 485.0 483
2LA L,M,H 539.8 541 536
A4(LO) r 5744 574 574 574 5779 574
E1(LO) r 5840 584 590 580 587.2 583
TA+TO H,M 615.8 618
TA+LO L,H 657.8 657
TA+LO M 666.2 666
LA+TO M 698.2 700

LA+TO L-M 720.5 723

39



Table 3-2. Zone-center optical phonon frequencies and the LO-TO splittings for Zn;.xMg,O
(0 = x = 0.10).

Phonon Mode Phonon Frequency w; (cm™)
Q) x=0% X=3% X=7% x=10%
Elow 98.8 99.4 100.4 101.2
A 332.7 331.6 331.0 330.5
A(TO) 380.6 381.8 382.7 383.5
E.(TO) 411.1 412.1 413.2 414.0
Epo" 438.3 438.0 437.7 437.5
D - 511.5 511.5 5115
A;(LO) 574.4 577.3 582.8 585.2
E.(LO) 584.0 589.4 597.5 601.3
Phonon Splitting Phonon Frequency Aw (cm™)
A1(LO) — A((TO) 193.8 195.5 200.1 201.7

E4(LO) - E4(TO) 172.9 177.3 184.3 187.3
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Table 3-3. Linear pressure coefficients (dwi/dp), mode Grineisen parameters (y;), and phase
transition pressures for Zn;xMgO (0 = x = 0.10).

Mg Phonon dw;i/dp Gruneisen Phase Transition
Content Mode Parameter Pressure
() (i) (cm™/GPa) () (GPa)
EXY -0.76 -1.04
ENO" — EW 5.67 2.31
A(TO) 473 1.68 9.6 +0.2°
0% E1(TO) 4.98 1.64 13.2+0.2°
Epo" 4.86 1.50 26+0.2°
A:(LO) 4.14 0.98
E1(LO) 4.32 1.00
EXY -0.71 -0.97
S 5.52 2.25
A(TO 4.67 1.65
1(TO) 9.2+0.2%
EL(TO) 4.95 1.63 A
3% . 12.6+0.2
£ 4.77 1.47 ]
2.4+0.2
D 4.61 1.22
A(LO) 4.26 1.00
Ei(LO) 4.49 1.03
EXW -0.68 -0.92
A 5.41 2.21
AL(TO 4.62 1.63
(10) 8.5+ 0.2°
E1(TO) 4.97 1.63 \
7% - 11.8+0.2
E) 4.70 1.45 ]
1.8+0.2
D 4.64 1.23
A:(LO) 4.32 1.00
E1(LO) 4.60 1.04
EXY -0.66 -0.88
S 5.33 2.18
A(TO 4.60 1.62
(T0) 8.1+0.2°
E1(TO) 4.96 1.62 A
10% - 10.4 +0.2
ED 4.62 1.43 ]
1.4+0.2
D 4.62 1.22
A1(LO) 4.38 1.01

E«(LO) 4.71 1.06
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*The onset of wurtzite-to-rocksalt phase transition.
"The finish of wurtzite-to-rocksalt phase transition.
“The onset of rocksalt-to-wurtzite phase transition.
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Table 3-4. Experimental pressure coefficients (dwi/dp), the mode Griineisen parameters (y;),
and the LO-TO splittings in wurtzite ZnO, AIN, GaN, and InN.

Zno AIN? GaN? InNP
dcoi/dp Vi dcoi/dp Vi dcoi/dp Vi dcoi/dp Vi
Mode  (cm™/GPa) (cm™/ GPa) (cm™/ GPa) (cm™/GPa)

Elow -0.76  -1.04 012  0.10 0.30  -0.40 - -
A(TO) 473 168 440 151 390 147 581  1.66
Ei(TO) 498  1.64 455 141 394 141 - -

EN" 486 150 499 158 420 150 556 142
A(LO) 414 098 - - 440  1.20 596  1.26
Ei(LO) 432  1.00 460  1.06 - - - -

LO-TO  Aw  d(Aw)/dp Aw  d(Ao)/dp Aw  d(Ao)/dp Aw  d(Aw)/dp
Splitting  (cm™) (m*/cPa)  (cm™) (m*/cPa)  (cm™)  (m'/GPa)  (cm™)  (em?/GPa)

Aq 193.8 -0.60 - - 205.3 0.40 152.2 0.15
E: 172.9 -0.66 240.8 0.10 - - - -
*Reference 11.
PReference 38.
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Table 3-5. Pressure coefficients of LO-TO splitting Aw and transverse effective charge e;
(in units of the elementary charge e) for Zn;,Mg,O (0 = x = 0.10).

Mg LO-TO Aw d(Aw)ldp  y070 € de;r /dp Yer  dle; /e;(0)]/dp

(x) Splitting (cm™) (cm™/GPa) (e) (107e/GPa) (10%e/GPa)
Ay 193.8 -0.60 042 210 193 -1.24 -9.19
Ad 1920 - - 2.40 - - -
0% A 2005 -0.36 026 2.17 146 -0.96 -6.70
= 172.9 -0.66 052 201 149  -1.00 -7.40
Es4  166.0 0.93 0.80 2.02 6.4 0.45 3.02
E.® 1763 -0.47 -0.38  2.04 137 -0.96 -6.30
2% Ay 195.5 -0.42 =0 ogasr11 186  -1.19 -8.80
E, 177.3 -0.46 035 2.05 139 -0.92 -6.78
% Aq 200.1 -0.30 Elap vk 178 -1.13 -8.36
E, 184.3 -0.36 026 2.09 130  -0.84 -6.21
10% Aq 201.7 -0.22 015 215 -16.7  -1.05 7.77
E, 187.3 -0.26 Bl it 120 -0.77 -5.69

*Reference 19 (Bo = 170.0 GPa).
PReference 32 (B, = 142.6 GPa).
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*

Table 3-6. Experimental pressure coefficients of transverse effective charge e, in wurtzite
ZnO, AIN, and GaN and zincblende SiC and GaAs.

Zno AIN? GaN® Sic® GaAs®
Vioge J6r GEIEO] dei dle/e@] de; die/e)] de; dle /O] de; e /e()
dp dp dp dp dp dp dp dp dp dp
(10”%¢/ GPa) (10”%¢/ GPa) (10”%/ GPa) (10~%¢/ GPa) (10”%/ GPa)
A; -19.30 -9.19 - - -1.30 -0.48

4.92 1.83 -25.71 -11.79
E; -1490 -740 0.15 0.06 - -

®Reference 11.
PReference 28.
‘Reference 29.
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Table 3-7. Dependence of the TO and LO phonon frequency ratios on crystal anisotropy (in
slope s) and pressure (in slope t) for Zn;xMgO (0 = x = 0.10).

x=0% x=3% XxX=7% x=10%
[@esro) — Prgroy]/ @eygro 0.074 0.074 0.074 0.074
slop s 1.30 1.37 1.47 1.59
slop t (10*cm™/GPa) 6.60 6.86 7.36 7.92
[@es10y = Parroy]/ @eiio) 0.016 0.021 0.025 0.027
slop s 0.65 0.66 0.75 0.76
slop t (10™*cm™/GPa) 3.23 3.32 3.75 3.80
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Fig.3-1 The SEM images of Zng9oMdo 100 powders. The inset shows the pure ZnO powders.
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Fig.3-2 Raman spectra of Zn;.\MgxO (x =0, 3, 7, and 10 %) at 300 K and under ambient

pressure. The excitation source is a 514.5 nm line of an Ar” laser.
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Fig. 3-3 Scheme of the displacement vectors for the six different optical phonon modes in

wurtzite ZnO.
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Fig.3-4 Highlighted zone-center Raman spectra for (a) A1, E1, D, and 332.7 cm™ phonons,

including Lorentzian fits for the LO modes, (b) E,*, and (c) E;'" phonons of Zn;.\Mg,O at

300 K and under ambient pressure. The dashed lines and solid circles are guides for the eyes.
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Fig. 3-5 (a) Upstroke pressure-dependent Raman spectra of ZnO at 300 K. The asterisks
denote the 202.7 cm™ phonon. (b) Pressure dependence of the observed optical phonons.

Solid lines are linear least-square fits to the experimental points.
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Fig. 3-6. (a) Upstroke pressure-dependent Raman spectra of Zngg7Mgo 3O at 300 K. The

asterisks mark the 2 E)" phonon. The behavior of D mode is indicated by dashed arrow. (b)
Pressure dependence of the observed optical phonons. The solid lines are the linear

least-square fits.
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Pressure dependence of the observed optical phonons. The solid lines are the linear

least-square fits.
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Fig.3-9. The images of the Zno9oMgo.100 powders under front illumination in the DAC loaded

with ruby chips (a) before the phase transition at ambient pressure and (b) after it is completed

at 10.4 GPa.
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Fig.3-10. Downstroke pressure-dependent Raman spectra of (a) ZnO and (b) Zno.90Mgo.100 at

300 K. The black arrows indicate the reappearance of the E) and E}'" phonons.
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Fig.3-12. Pressure dependence of the LO-TO splitting for both the (a) A; and (b) E; modes in

Zn;4xMg,O (0 = x = 0.10). Solid lines are the linear least-square fits to the data points.
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Fig.3-13 The transverse effective charge normalized to its ambient pressure value e, /e; (0)

versus the applied pressure for both the (a) A; and (b) E; modes in Zn;Mg,O (0 = x

<

0.10). Solid lines are the linear least-square fits. For comparison, the pressure dependence of

e, /e;(0) for SiC, AIN, GaN, and GaAs are also plotted.
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Chapter 4 Conclusions

This study explored the lattice dynamics and crystalline properties in Zn;xMgxO (0 = x
= 0.10) using high-pressure Raman spectroscopy. Based on the distinct influences of Mg
and external pressure on the lattice dynamic properties of ZnO, the vibrational mode at 202.7,
332.7, and 511.5 cm™ can be assigned as 2 EXY, E!"—E™, and complex Zn-O; phonons,
respectively. Detailed pressure-dependent Raman spectra show that the wurtzite-to-rocksalt
phase transition of ZnO completes at around 13.2 GPa, which result is consistent with the
high-resolution XRD studies. Moreover, the phase transition pressures decrease with
increasing Mg concentration. This fact implies that the substituted Mg atoms tend to reduce
the crystalline stability of ZnO. Interestingly, we found that the effects of Mg and external
pressure on the transverse effective charge of ZnO are opposite. At ambient condition, ZnO
becomes more ionic upon the incorporation of Mg, while it becomes more covalent under
high pressure, i.e. the LO-TO splitting and the transverse effective charge decrease with
increasing pressure. Furthermore, both the incorporated Mg and applied pressure tend to
increase the crystal anisotropy of Zn;MgxO. The higher the Mg concentration in the
Zn;xMgyO, the faster the crystal becomes anisotropy. This result is in accordance with the
Mg-induced reduction of the phase transition pressures.

The evolution of strain levels and their distribution in Zn;,Mg,O semiconductors relies
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on the precise knowledge of phonon deformation potentials which are determined from the

obtained phonon pressure coefficients. Moreover, these phonon vibrational parameters are

also crucial for further studying the phonon-plasmon interaction to resolve the electron or hole

concentration (mobility) in Zn;.xMg,O via a nondestructive Raman approach.
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