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Using resonant Raman spectroscopy, the authors report on the alloying effect and localization of
electronic states in Zn;_ Mg,O (x<0.15) nanostructures with average sizes in the range of
20—150 nm. Anomalous intensity enhancement of the second-order longitudinal optical phonon has
been observed, which is due to Frohlich interaction via the localized exciton as the resonant
intermediate electronic states. The alloying-induced disorder due to Mg incorporation led to the
enhancement of exciton localization as well as the asymmetric broadening of longitudinal optical
phonon line shape. The composition in ZnMgO could be determined by the first-order longitudinal
optical phonon frequency via a bowinglike quadratic fit. This simple relationship is in perfect match
to the modified random-element-isodisplacement model and provides a nondestructive approach to
probe the quantitative composition distributions in wurtzite ZnMgO alloy system. © 2007 American

Institute of Physics. [DOI: 10.1063/1.2775813]

Recently, ZnMgO alloy system has been extensively
studied for the understanding of fundamental physics in
ZnMgO/ZnO-based heterostructures and quantum wells."?
Generally, in the ternary alloy system, atoms of the constitu-
ent binary semiconductors are randomly distributed, leading
to fluctuations in masses and force constants in the neighbor-
hood, which is known as alloying effect. Resonant Raman
scattering (RRS) is a powerful technique to investigate the
interband electronic transitions, excitons, and electron-
phonon interactions in semiconductors, and has been widely
studied for semiconductors alloy systems.Sf5 Although Ra-
man scattering under off-resonance or resonance conditions
has been used to probe ZnO-based micro- and nanostruc-
tures, few efforts were made to investigate the alloying ef-
fects in the ZnMgO system.é_12 In this letter, we shall study
the alloying effect and electronic states localization in
Zn;_ Mg, (x<0.15) alloy via optical phonons in RRS probe.
An anomalous intensity enhancement of the second-order
longitudinal optical (LO) phonon has been observed due to
the localized exciton-mediated Frohlich interaction. The
composition dependent asymmetric broadening and fre-
quency shift of first-order longitudinal optical (1LO)
phonons in these Zn;_ Mg, O structures are studied in detail.

ZnO and MgO multilayers were prepared on Si (100)
substrate at room temperature by electron-beam evaporation
system using MgO (5N) and ZnO (5N) pieces as the sources.
The as-deposited multilayer film (sample A) consisted of al-
ternating MgO and ZnO layers with thicknesses of about
15 nm for each layer and about 450 nm for the total stack.
The embedded as-grown ZnO nanocrystals are found to be of
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spherical shape with an average size of ~7 nm. The ZnMgO
nanocrystals were formed via thermal solid state diffusion at
the ZnO/MgO interface by annealing of the multilayer film
at 450, 600, 750, 900, and 1050 °C for 60 min in oxygen
ambient, which are referred as samples B-F, respectively.
These alloyed nanocrystals were distributed uniformly, as
evidenced by electron microscopy, and their average sizes
increased from 20 to 150 nm as the annealing temperature
increased from 450 to 1050 °C. The x-ray diffraction results
(not shown here) exhibited that the Zn;_ Mg, O alloys were
of wurtzite structures with low Mg composition ranging
from x=0.02 to x=0.14, and the lattice constant ¢ well
agreed with the Vegards law (c=5.206—0.20x)."° The
cathodoluminescence (CL) spectra were recorded at room
temperature with an electron-beam energy of 15 keV. The
RRS were measured in a backscattering configuration using
the JYT64000 micro-Raman setup with a He—Cd laser
(325 nm) as the excitation source, and the Raman shift was
determined with good accuracy better than 0.6 cm™!. The
focused spot of laser on sample surface is about 10 um with
an incident power of 0.5 mW. The laser power was kept low
to avoid laser heating of these alloyed nanostructures. Ac-
cording to studies by Alim et al.,'"""' this excitation intensity
could only cause a LO phonon frequency redshift of about
<1 cm™! due to local heating effect.

Figures 1(a) and 1(b) show the normalized RRS and CL
spectra of the annealed samples (samples B-F), respectively.
A consistent blueshift of the CL emission and “hot lumines-
cence” emission'* in RRS were observed with increasing Mg
composition. The inset of Fig. 1(b) shows the alloy band gap
(E,) as a function of Mg composition (x), obtained from
RRS, photoluminescence (PL), and CL measurements. It is
worth noting that the band gaps obtained by three different
methods are consistent with each other. A good consistency
between the experimental and theoretical results is shown in
the inset of Fig. 1(b), in terms of the electronic structure
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FIG. 1. (Color online) (a) Normalized resonant Raman scattering and (b)
cathodoluminescence spectra of the annealed samples (samples B-F). The
inset of (b) shows the dependence of band gap on the Mg composition, and
the solid line represents the best fit to Eq. (1) in Ref. 15.

calculation'” and neglectable bowing effect for such small
Mg fraction (b=0). For x=0.14, the shrinkage of band gap
[Fig. 1(b)] compared to the simulation is possibly originated
from band-tail states associated with the exciton localization
and alloy potential fluctuations.'®

Figure 2 shows the RRS of samples A-F. With increase
in Mg composition, the dominated LO phonons exhibit three
typical features: (i) the phonon peak shift toward higher en-
ergy side; (ii) the asymmetric broadening of the LO phonon
line shapes; and (iii) the intensity enhancement of second-
and higher-order LO phonons. These features are often ob-
served in the case of polar alloy semiconductors and provide
much physical information on the alloying effect and elec-
tronic state localization.’

The phonon spectra of alloy semiconductors generally
exhibit frequency shift due to the reduced mass change of
oscillating atomic pairs. In Fig. 2, the 1LO peaks show the
segregation of ZnO LO mode and appearance of ZnO-like
alloy LO mode with its frequency increasing from
578 to 607 cm™'. The composition dependence of optical
phonon frequency is shown as one-mode behavior, as
predicted by the modified random-element-isodisplacement
(MREI) model.”!” The criterion for the existence of the one-
mode pattern is that there must not be a substituting element
whose mass (m) is smaller than the reduced mass (u) of the
compound formed by the other two elements.” In
Zn;_ Mg, O, since my,(24) > uz,0(12.8) and  my,(65)
> pngo(9.6), only one-mode behavior should be observed.
Figure 3 shows the frequency of ZnMgO 1LO phonon as a
function of Mg composition (x), together with the data from
other literatures.”” Based on the MREI model, the composi-
tion dependence of LO phonon frequency can be expressed
as the function of oscillator strength, force constants, and
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FIG. 2. (Color online) The RRS spectra of samples A-F. The asymmetry
parameters of the 1LO phonon line shape are shown in the inset.
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FIG. 3. (Color online) Zn;_ Mg, O 1LO phonon line position as a function
of alloy composition x; the solid and dashed lines are the fits of MREI
model and Eq. (1). The scattered data points are obtained from this study
and Refs. 7-9.

dielectric 1resp0nse.]7 The dielectric response function can be
expressed as &,(x)=(1 —)c)soc(ZnO)+)csoc(MgO).17 Using
£,(Zn0)=3.7 and sx(MgO)=2.94,9 our experimental data
were fitted as shown in Fig. 3. The agreement between the
theoretical model and our Raman data is excellent, and,
moreover, the data derived from other literatures' ™ also
match the model very well. To simplify the modeling pro-
cess, we have derived a simple quadratic expression, similar
to the band-gap determination with a bowinglike effect,

WiLo(X) = wzno(1 = X) + wyieox = b'x(1 = x). (1)

Using Eq. (1), the present data can be well fitted (dashed
line in Fig. 3) with w0 and wy,o of 580 and 662 cm™ for
the hexagonal ZnO and MgO, respectively. The bowing co-
efficient »" obtained as 125 cm™' could be possibly due to
the alloying disorder or strain effects. It is worth noting that
the quadratic equation gresents a perfect match to the experi-
mental data of others’ and MREI model, even in the range
of mixed phase of ZnMgO alloy (0.33<x<<0.5). Thus, this
nondestructive methodology provides a straightforward tool
for determining the composition in wurtzite ZnMgO. Here
we should emphasize that Raman shift of polar LO phonons
owing to boundary confinement effect should be considered
carefully if the surface-to-volume ratio is high or the size
close to the exciton diameter of ZnO (~1.8 nm)."*% As
mentioned above in our case, the average sizes of ZnMgO
nanocrystals are larger than 20 nm, and most of the collected
light comes from the bulk volume and a small fraction from
the boundary. Therefore, a small change in the shape of such
ZnMgO nanocrystals may not lead to a detectable peak shift
of the polar optical phonons.

Moreover, an anomalous enhancement in relative inten-
sity for the second-order LO (2LO) phonon resonance is ob-
served as the Mg composition increases (Fig. 2). In general,
the strength of electron-phonon interaction would be weak-
ened due to the very weak confinement effect in the grains
larger than 20 nm. Also, the second-order structures are very
sensitive to atomic scale disorder, and thus should be weak-
ened by the increasing alloying compositional disorder.
However, it is opposite in ZnMgO alloy nanostructures of
our study. This effect can only be understood if the relevant
resonance is the feature of extrinsic Frohlich interaction me-
diated via a localized exciton. In fact, alloy-induced disorder
is the main mechanism for exciton localization. The local-
ized exciton would be excited with the absorption of the
incident photon and relax into lower energy states with suc-

cessive emission of LO Ehonons. The strong coupling of
ttp://apl.aip.org/apl/copyright.jsp



091901-3 Ye et al.
Excitonic contribution ot

:‘:" [ B Exp.Data E,=8200m
2 [ Outgoing
9 Resonance
£ 10
[
2
=]
K]
& 155meV
o 10 (~hoy o)
N

u 1 5 1 1 1 1

32 33 34 35 36 37 38 39
Photon Energy (eV)

FIG. 4. (Color online) Relative intensity of 2LO as a function of the exci-
tonic energy level. The square dots are experimental data and the curve
represents a theoretical fit of Eq. (2).

exciton to the most energetic LO phonon results in the en-
hanced intraband Frohlich contribution, and thus the second-
order scattering would be enhanced greatly, as expected with
the configuration model calculations.”’ For such a cascade
relaxation process, the Raman intensity of 2LO mode, based
on exciton localization concept, can be described in a
Lorentzian-like expression,3

A 1 =222+74)
I2LO) = = ,
(2LO) 2[E;,-hw(2LO) -]+ 7

2)

where A is the normalization constant, & is the excitonic
energy level, vy is the width of the localized exciton, z is
proportional to the coupling constant of the localized
exciton-phonon, and E; is the incident photon energy
(A=325 nm). Since the room-temperature PL emission is
mostly due to recombination of the donor-bound exciton in
large size (>20 nm) ZnO and ZnMgO nanocrystals,” the
near-band-edge peak energy was used as the € value, and the
best fit between the experiment and the theory was obtained
for £=3.659 eV and y=52 meV, as shown in Fig. 4. The
estimated maximum intensity takes place for £€=3.659 eV,
where 2LO phonon energy lies ~0.155 eV away from the
incident photon energy of 3.814 eV (325 nm), indicative of
an outgoing resonance. It is reasonable that the exciton bind-
ing energy in ZnMgO embedded nanocrystals is higher than
the bulk ZnO because of the wider band gap and, therefore,
the confinement effect may be significant due to potential
fluctuation and localization. As the exciton binding energy is
close to the LO phonon energy, a sharp resonance enhance-
ment behavior will occur.”® In fact, the density of these lo-
calized electronic states would also increase with the increas-
ing alloy disorder and potential fluctuation in conduction
band.’ This can be confirmed by the enhancement of fourth-
order longitudinal optical (4LO) phonon resonance for
sample F as shown in Fig. 1 where the energy difference
between the incident and scattering phonon energies is
~0.298 eV [=Aw(4L0O)]. Similar results can also been seen
for the case of fifth-order longitudinal optical resonance. The
weak outgoing feature for higher-order phonons may be due
to the overlap of strong photoassisted hot luminescence and
Raman broadening from alloy disorder effect.'

In Fig. 3, the LO phonon line shapes were broadened
asymmetrically with a low-frequency tail developed at
higher Mg composition as shown. The asymmetry parameter
I',/T;, defined as the ratio of half width at half maximum on
the lower-frequency side (I',) to that on the higher-frequency
side (I";) increases monotonically from 1.02 to 2.08, coupled
with the increased broadening of line shapes (Fig. 3). This
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phenomenon was generally attributed to the alloy potential
fluctuation.*® The increasing potential fluctuation due to Mg
composition will lead to the relaxation of the selection rule at
¢=0 and the activation of LO phonons with larger wave
vector in the Brillouin zone. In addition, the localized exci-
tons in real space would be delocalized in the Brillouin zone,
resulting in a further strengthening of the exciton-mediated
resonance process.

In summary, alloying effect and localized electronic
states in Zn;_ Mg, O nanocrystals (average size of
20-150 nm) have been studied using resonant Raman scat-
tering spectroscopy. The anomalous enhancement of the 2LO
phonon resonance is attributed to the extrinsic Frohlich in-
teraction via localized exciton as the intermediate electronic
states. The dependence of the LO phonon peak energy on the
Mg composition has been quantitatively studied, which pro-
vides a straightforward approach for determination of the
alloy composition.

For supplemental materials, please see Ref. 25.
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