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A B S T R A C T   

The nanopowders of (ZnO)1–x(Al2O3)x, where x ranges from 0 to 0.7, were obtained by two chemical methods: 
the co-precipitation/calcination and hydrothermal synthesis. The first assessment of structural and optical 
properties of the obtained nanopowders was undertaken by the SEM, XRD, Raman and far-infrared spectroscopy, 
which was followed by the photoluminescence spectroscopy at room temperature. The obtained far-infrared 
reflectivity spectra were analyzed using the fitting procedure. The dielectric function of ZnO–Al2O3 nano
powders was modeled by the Maxwell-Garnet formula under the assumption that the nanopowders are a mixture 
of homogenous spherical inclusions in air. The combined plasmon-LO phonon modes (CPPM) were observed in 
the far-infrared reflection spectra. The photoluminescence spectra contain emissions related to the presence of 
ZnO, ZnAl2O4, and AlOOH phases in the nanomaterial, which is in agreement with the results obtained by other 
experiments.   

1. Introduction 

In the field of material science, there are two materials that have held 
a special position and have attracted significant attention due to a va
riety of their physical properties and a prospect of numerous applica
tions. These are the wide bandgap semiconductor – zinc oxide (ZnO) and 
the ceramic material – aluminum oxide (Al2O3). 

Most often, ZnO crystallizes as a hexagonal wurtzite structure with 
the direct band gap of 3.4 eV and the crystal-growth direction along the c 
axis. These properties qualify ZnO as a material suitable for application 
in the optoelectronic devices. In addition, a unique optical, acoustic and 
electric properties of ZnO, such as the high binding energy of 60 meV, 
high radiation, as well as chemical and thermal resistance, can be useful 
in the light-emitting UV and laser diodes, solar cells, gas sensors, bio
sensors, varistors, and surface acoustic wave devices [1,2]. 

Due to different positions of aluminum ions in the oxygen sublattice, 
aluminum oxide can exist in a variety of metastable structures as well as 
in its stable α-Al2O3 phase, which makes it suitable for many different 
uses and consequently results in the high production of aluminum oxide 
worldwide. For example, it is applied in the chemical industry as an 

adsorbent, abrasive, filler, ceramics, refractory, and catalyst; it is used as 
the protective barrier against corrosion, alternative surgical material for 
implants, as well as in the fabrication of the cutting tools and electronic 
devices [3,4]. 

In addtion to the important features of ZnO and Al2O3 themselves, 
materials that combine the two have been proven to have properties of 
good candidates for a wide range of applications. For example, spinel 
ZnAl2O4 may be applied in photoelectronic devices, optical coatings, 
stress imaging devices, and electroluminesence displays due to its wide 
energy bandgap, high values of fluorescence efficiency, photocatalytic 
activity, mechanical resistance, chemical and thermal stability, as well 
as low surface acidity [5–7]. In a number of studies it has been shown 
that the optical properties of spinel ZnAl2O4 depend strongly on the 
method used to prepare the material and the achieved morphology of 
the material [8–12]; namely, nanodimensional structures introduced 
enhanced optical and fluorescence properties that were not present in 
the bulk material. Further, the optical and fluorescence properties 
depend on the particle size that was achieved, as well. This is expected 
since larger specific surface area of smaller particles and consequent 
more present dangling and unsaturated bonds on the particle surface 
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affect defect levels and material properties [13]. Methods of spinal 
ZnAl2O4 synthesis vary from the hydrothermal [11], solvothermal [14], 
microwave-hydrothermal [15], co-precipitation [10], sol-gel [16], 
combustion synthesis [17], citrate precursor [8], polymeric precursor 
[18], solid-state reaction method [19,20] to self-generated template 
[19]. The main disadvantage of the co-precipitation, solid-state reac
tion, and other common synthesis methods is the large obtained particle 
size. 

With the aim to obtain small diameter nanoparticles of ZnAl2O4 
surrounded by ZnO we used the calcination and hydrothermal method. 

The luminescence was used as the principal method of investigation, 
whereas the XRD, Raman spectroscopy, and IR spectroscopy in the MID 
range [1–20] where used to characterize the samples. The elipsometric 
spectroscopy was employed as an aid in the analysis [21]. In addition to 
the standard methods of characterization of this group of materials, we 
used the IR spectroscopy in the far-infrared region to detect 
electron-phonon interaction, which further led to the explanation of the 
luminescence spectra. 

The infrared (IR) spectroscopy is a well-known, simple, and reliable 
technique that is widely used in studying inorganic and organic mate
rials. It is the absorbing type of spectroscopy, namely, different com
ponents of investigated materials absorb infrared light in a different 
wavelength domain. Consequently, the IR spectroscopy is very sensitive 
in detecting the presence of functional groups as well as of a single 
molecule type within a sample, since they each have a different char
acteristic spectrum that is often referred to as the fingerprint. The main 
advantages of the IR spectroscopy are the high scan speed, high reso
lution, high sensitivity, and wide range of application; it does not 
destroy the sample, and it provides a large amount of information. These 
advantages of the IR spectroscopy are followed by its use not only as a 
method for material analysis in science but in the industry as well. For 
example, it is used in the quality control, dynamic measurements, 
forensic analysis, identification and analysis of art pieces in general as 
well as of pigments in paintings, polymer manufacture, semiconductor 
microelectronics, food industry, gas leak detection devices, etc. [22–27]. 
In our study, it was the method of choice because it provides insight into 
the plasmon – phonon interaction. Recorded phonons participate in 
electron transfers and they must be included in the photoluminescence 
spectra analysis. 

The interaction of electrons with crystal lattice vibrations denoted as 
phonons plays a significant role in shaping various properties of mate
rials, for example, electrical characteristics of semiconductor-based de
vices, superconductivity, and the existence of the charge-density waves. 
Coupling of the longitudinal optical (LO) phonons with the surrounding 
free charge carrier plasmons result in the formation of the combined LO 
phonon – plasmon modes (CPPM). The published research most often 
investigate the interaction between a single phonon and effective plas
mons in the n-type semiconductors, as well as the consecutive influence 
of the plasmon damping on the CPPM [28]. 

We intend to combine the Raman, far-infrared and photo
luminescence spectroscopy to study the fundamental properties of 
combined plasmon – phonon modes in the ZnO–Al2O3 nanoparticles as 
well as the influence of sample preparation method and dopant con
centration on the characteristics of obtained materials. 

2. Samples preparation and characterization 

The nanocrystalline samples of ZnO doped with Al2O3 were obtained 
by two methods. In the first method, the co-precipitation/calcination 
method, a mixture of aluminum and zinc hydroxides was obtained by 
adding an ammonia solution to a 20% solution of a proper amount of Zn 
(NO3)2*6H2O and Al(NO3)3*4H2O in water. The obtained hydroxides 
were filtered, dried, and calcinated at 300 �C for 1 h. The co- 
precipitation/calcination method is further referred to as the calcina
tion method. 

In the second method, namely, in the hydrothermal synthesis, a 

similar procedure was applied. Instead of the ammonia solution, now 
the 2 M solution of KOH was used. The obtained hydroxides were then 
put in a reactor with the microwave emission. The microwave assisted 
synthesis was conducted under the pressure of 3.8 MPa that was applied 
for 30 min. The synthesized product was filtered and dried. The hy
drothermal synthesis is further denoted as the hydrothermal method. 
Each of the described two methods were used to obtain series of nano
sized (ZnO)1–x(Al2O3)x samples with the nominal concentration of 
Al2O3 ranging from x ¼ 0 to 0.7. 

Powders obtained by chemical methods were pressed under very 
small preassure into tablets with 1 cm in diameter. The tablets were used 
in the vibrational measurements. 

2.1. X-ray spectroscopy 

The powder diffraction technique (XRD), was applied to determine 
the phase composition of the samples, using the X’Pert Philips device 
with the CoKα radiation, in the 2θ mode. The detail phase composition 
study revealed the presence of crystalline phases of the hexagonal ZnO 
and spinel structured ZnAl2O4 in the samples synthesized by both 
methods, namely, by the co-precipitation/calcination as well as by the 
hydrothermal method (Fig. 1). 

The XRD data was combined with the Scherrer’s formula to deter
mine the mean crystallite size in the studied samples [29]. To determine 
the mean crystallite size of ZnO phase, the diffraction peak corre
sponding to (102) reflection (at about 2θ ¼ 47�) was taken, and to 
determine the mean crystallite size of the spinel ZnAl2O4 phase - a 
diffraction peak corresponding to the (400) reflection (located at about 
2θ ¼ 44�) was taken, respectively. It was found that the mean crystallite 
size, d, varies between 12 and 81 nm for the ZnO phases and is of the 
order of 5 nm for the ZnAl2O4 phases in the samples obtained by the 
calcination method, whereas for the samples that were obtained by the 
hydrothermal method the mean crystallite sizes were determined to be 
between 22 and 100 nm for the ZnO phases and from 5 to 13 nm for the 
ZnAl2O4 phases. The results of the XRD measurements, i.e., the phase 
compositions, as well as the mean crystallite size, are summarized in 
Table 1. 

The results given in Table 1 indicate that, regardless of the method 
used to prepare the samples, the crystallite size of ZnO does not change 
monotonously with the increase of Al2O3 concentration. An increase of 
the ZnO crystallinity above the Al2O3 concentration of 20 wt% can be 
explained by faster transformation of smaller ZnO particles into spinel 
phase. As smaller particles of ZnO are more prone to react with Al2O3 to 
form a spinel, then the larger ZnO particles remain in the system as non- 
reacted, giving in the result an increased mean particle size of ZnO 
phase. 

The crystallite size of the phase ZnAl2O4 in the samples obtained by 
the calcination method is constant, whereas, for the samples obtained 
hydrothermally, it becomes constant after the initial decrease with the 
increase of Al2O3 concentration. Consequently, the change of crystallite 
size of ZnAl2O4 with the nominal content of Al2O3 is smaller than for the 
ZnO phase. For both methods the obtained data didn’t allow to obtain 
the size of ZnO crystallites above 50% of nominal content of Al2O3 
although their presence has been registered in Fig. 1. 

Similarly, for the samples with low Al2O3 concentration (up to 30% 
of Al2O3 for calcination method, and up to 10% of Al2O3 for hydro
thermal method) the presence of the ZnAl2O4 phase has been registered; 
however the data didn’t allow to calculate the size of nanocrystallites. 
Note that the crystallite size of the ZnAl2O4 phase in the samples ob
tained by both methods is constant for dopant concentrations higher 
than 50% (a stoichiometric concentration of Al2O3 in the spinel as about 
55 wt%). For the highest dopant concentration of 70%, the XRD spec
trum corresponding to the hydrothermally prepared sample reveals 
existence of the AlOOH phase (Fig. 1), as there is an excess of aluminum 
in the system, and not enough ZnO to form the spinel. The size of ZnO 
crystallites in the samples obtained by the hydrothermal method is 
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larger than in the samples obtained by the calcination method. A reverse 
relationship was observed in our previous studies of the nanosized ZnO 
samples doped with other metal oxides [30–32]. The observed depen
dence is probably caused by the extension of the hydrothermal synthesis 
time to 30 min compared to the 15 min long synthesis that was used in 
our previous studies. Longer synthesis time caused ZnO crystallites to 
undergo significant agglomeration. Note that no other crystal phases 
besides the reported ones were observed in all the examined samples. 

2.2. Scanning electron microscope (SEM) 

The morphology of samples was investigated using the scanning 
electron microscope LEO 1530. The SEM images of the four represen
tative samples for the calcination as well as hydrothermal method of 
sample preparation are given in Fig. 2. 

The SEM characterization revealed a broad diversity in the 
morphology of samples. The images of samples with 10%, 30%, 50%, 
and 70% of Al2O3 are shown in Fig. 2. For the calcinated samples two 
types of agglomerates were observed: the plate-like agglomerates bigger 
than 100 nm and the smaller, spherical ones. It can be assumed that the 
larger and smaller ones correspond to the ZnO and ZnAl2O4 phase, 
respectively. In the calcinated samples with 50% of Al2O3 the particles 
that belong to the ZnO phase are covered with the smaller ZnAl2O4 
particles, whereas for the Al2O3 concentration of 70%, the small parti
cles that belong to the ZnAl2O4 phase dominate. 

In the SEM images of the samples obtained by the hydrothermal 
method, the hexagonal agglomerates are observed for the sample with 
30% of Al2O3 in addition to the previously discussed morphologies. In 

the sample with the Al2O3 concentration of 70% the homogeneous ag
glomerates that can be related to the ZnAl2O4 phase are visible. 

For both methods of synthesis, the smallest agglomeration is 
observed in the samples with a high nominal content of the aluminum 
oxide. Note that these results agree well with those that were obtained 
by the XRD measurements. 

3. Vibrational spectroscopy 

The phases of ZnO and ZnAl2O4 were previously registered by the 
XRD measurements. Since the understanding of vibrational properties of 
the bulk material is crucial for the analysis of the vibration properties of 
nanoparticles, we begin the analysis of vibrational properties with a 
brief report of the literature data of the registered phases. The bulk 
modes are expected to be shifted and broadened as a consequence of the 
miniaturization. 

The zinc oxide crystallizes in the wurtzite type hexagonal structure, 
and the growth of its crystals occurs along the c-axis [33]. Since the unit 
cell of zinc oxide contains four atoms, its spectrum is characterized by 
twelve vibrational modes: the three acoustic modes (one longitudinal 
and two transverse) and nine optical modes. The dispersion of optical 
phonons at the Γ point of the Brillouin zone is represented by the optical 
modes 2E2 þ 2E1 þ 2A1 þ 2B1. The modes E1, E2, and A1 are active in the 
Raman scattering. The modes E1 and A1 are active in the infrared 
spectroscopy, and the modes B1 are the “silent modes”. The optical 
modes E1 and A1 are split at the Γ point into the transverse and longi
tudinal modes by the macroscopic crystal field. The splitting of the E1 
and A1 modes is caused by the anisotropy of the ZnO crystal. In partic
ular, the A1 vibrations are parallel to the crystallographic c-axis, 
whereas the E1 vibrations are perpendicular to it. Two sets of parameters 
are required to describe the dielectric function of a phonon, i.e., εxx ¼ εyy 
� ε? and εzz � ε||, along the electric field vector (E), perpendicular (E ?
c), and parallel (E || c) to the crystal c-axis, respectively [34]. 

The Zn-aluminate, ZnAl2O4, crystallizes in the space group Fd3m 
with two formula units in the primitive rhombohedral unit cell [35]. The 
Zn and Al occupy the tetrahedral and the octahedral positions, respec
tively, in the close cubic oxygen packing. The group-theory analysis 
shows that 39 zone-center optical phonons are classified by the 
following symmetries [36]: the Γ ¼ A1g þ 2A2u þ Eg þ 2Eu þ T1g þ 4T1u 
þ 2T2u þ 3T2g. All the E modes are double degenerate, and all the T 
modes are ternary degenerate. The A1g, Eg, and all the T2g modes are 
Raman active, while all the T1u modes are infrared active. 

Fig. 1. XRD spectra of (ZnO)1–x(Al2O3)x nanoparticles. The spectra are grouped into graphs according to the method used to prepare the samples, namely the 
calcination and hydrothermal method. The spectra given for the eight values of the dopant content, x, are differentiated by the line color. Three different crystallite 
phases were detected, Z, S, and A, which correspond to the ZnO, ZnAl2O4, and AlOOH, respectively. 

Table 1 
Mean crystallite size. The Scherrer’s formula and XRD measurements were used 
to identify crystalline phases and calculate the mean crystallite size, d. The 
obtained results illustrate the dependence of mean crystallite size on the Al2O3 
presence as well as on the method used to prepare the samples (calcination and 
hydrothermal method).  

Al2O3 

wt.% 
d [nm] 
ZnO phase 
calcination 

d [nm] 
ZnO phase 
hydrothermal 

d [nm] 
ZnAl2O4 phase 
calcination 

d [nm] 
ZnAl2O4 phase 
hydrothermal 

5 25 41 – – 
10 26 22 – – 
20 12 50 – 13 
30 31 34 – 7 
40 81 100 5 5 
50 – – 5 5 
60 – – 5 5 
70 – – 5 5  
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3.1. Raman spectroscopy 

The micro-Raman spectra were taken in the backscattering config
uration and analyzed using Jobin Yvon T64000 spectrometer, equipped 
with nitrogen cooled charge-coupled-device detector. As an excitation 

source we used the Verdi G optically pumped semiconductor laser with 
the 532 nm line. The measurements were performed at 60 mW laser 
power, which is the same power density as was the case for the photo
luminescence measurements. 

In Fig. 3 four representative spectra for samples prepared by the both 

Fig. 2. SEM images of (ZnO)1–x(Al2O3)x nanoparticles. The images of the samples with the Al2O3 content, x, of 10, 30, 50, and 70% that were prepared by the 
calcination as well as by the hydrothermal method, are given. 
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methods and with nominal dopant concentration of 5% and 70% Al2O3 
are shown. The Raman spectra are often analyzed using the convolution 
of the Lorentzian functions, each of which has line intensity, I, given 
with 

IðωÞ¼ 2A
π

W
4ðω � ωcÞ

2
þW2

; (1)  

where ωc, W, and A are the position of the maximum, the half-width of 
the peak, and peak intensity, respectively. The measured data depicted 
with lines in Fig. 3 are approximated with the calculated thick curve, 
which represents the sum of the components each defined with Eq. (1). 

By using all Raman active peaks that correspond to ZnAl2O4, such as 
169, 417, 566, 682 and 758 cm� 1 [36], and most of the peaks related to 
ZnO, such as 101, 284, 333, 378, 410, 437, 483, 536, 590, 618, 657, 723, 
812, 980, 1105 and 1158 cm� 1 [30], it was possible to reproduce the 
obtained experimental spectra. For the smaller dopant concentration, 
for both types of samples the most dominant peaks in the spectra are the 
two well-known ZnO peaks at 101 (E2

low) and 437 cm� 1 (E2
high). All four 

representative spectra characterize one more peak towering above 
others. The peak at 1053 cm� 1 belongs to the AlOOH phase. ZnO has 
multi phonon peak at 1054 cm� 1; however, due to the shape and FWHM 
(full width at half maximum) of the obtained peak in all four experi
mental Raman spectra it can assumed that this peak belongs to AlOOH 
phase. The existence of this phase is also confirmed by another peak at 
232 cm� 1 that is present in all the obtained spectra [37]. Consequently, 
it can be concluded that when ZnO is doped with Al2O3 three phases are 
formed, namely, ZnO, ZnAl2O4, and AlOOH. Low visibility of the AlOOH 
phase in the XRD measurements lead to the conclusion that the 

concentration of AlOOH is low but it increases with the increase of the 
dopant (Al2O3) concentration, which once more confirms high sensi
tivity of the Raman spectroscopy. 

Taking into account the results obtained with XRD as well as Raman 
measurements we get a clear picture of phases present in the investi
gated ZnO–Al2O3 nano-system. 

3.2. Far-infrared spectroscopy 

The far-infrared measurements were carried out with a BOMEM DA – 
8 FIR spectrometer. A DTGS pyroelectric detector was used to cover the 
wavenumber range from 80 to 680 cm� 1. The far-infrared spectra at 
room temperature of ZnO–Al2O3 nanopowders obtained by the calci
nation and hydrothermal methods are presented in Fig. 4. The experi
mental data are presented by circles, whereas the solid lines are used to 
show the calculated spectra. 

Let us consider the interaction between a visible light of wavelength 
λ and semiconducting nanoparticles that are defined by their charac
teristic size, d, and dielectric function, ε2, and are distributed in a me
dium with the dielectric constant ε1. If a heterogeneous composite can 
be treated as a homogeneous medium with the effective dielectric 
permittivity, εeff, and the condition that relates the light and the nano
particles, λ » d, is satisfied than the effective medium theory can be 
applied in a study of the interaction. There are many mixing models of 
the effective dielectric permittivity that correspond to such a mixture 
[38]. Since our samples are well defined and separated nanosized grains 
(Fig. 2), we used the Maxwell-Garnet model. For the spherical in
clusions, spheres of permittivity ε2 are located randomly in a homoge
neous environment with permittivity ε1 and occupy a volume fraction f. 

Fig. 3. Raman spectra of (ZnO)1–x(Al2O3)x nanoparticles. The spectra are given for the reprezentative samples prepared by the calcination as well as by the hy
drothermal method. The measured spectra are represented by dark line, theoretical spectra is depicted by a thick line, and the components that comprise the 
approximated curve are given as thin lines Eq. (1). The parameter defining different curves is the percentage of Al2O3. 
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According to the Maxwell-Garnet mixing rule, the prediction of the 
effective permittivity of such a mixture is [39,40]. 

εeff ¼ ε1 þ 3f ε1
ε2 � ε1

ε2 þ 2ε1 � f ðε2 � ε1Þ
; (2) 

The ZnO–Al2O3 nanoparticles are situated in the air, therefore ε1 ¼ 1. 
Defining ε2, the dielectric function of ZnO–Al2O3 nanoparticles is not so 
straight forward. The low-frequency dielectric properties of single 
crystals are described with the classical oscillators corresponding to the 
TO-modes, to which the Drude part is superimposed in order to take into 
account the free carrier contribution [41]. Consequently, the dielectric 
function of a single crystal takes the form 

εsðωÞ¼ ε∞þ
Xl

k¼1

ε∞
�
ω2

LOk � ω2
TOk

�

ω2
TOk � ω2 � iγTOkω �

ε∞ω2
P

ωðωþ iΓPÞ
; (3)  

where ε∞ is the high frequency dielectric constant, ωLOk and ωTOk are the 
longitudinal and transverse optical phonon frequencies, ωP is the plasma 
frequency, γTOk is the damping of host crystal modes, and ΓP is the 
plasmon mode damping coefficient. 

For the ZnO–Al2O3 nanoparticles, the pure LO modes of the lattice 
are strongly influenced by the plasmon mode, ωP, which causes the 
appearance of a combined plasmon – LO phonon mode (CPPM) [41,42]. 
Consequently, if the LO mode is to be determined, the influence of free 
carriers must be eliminated. Hence, in the analysis of far-infrared 
reflection spectra of our samples, we used the dielectric function that 
includes the interaction between the LO phonon and a plasmon, i.e., the 
plasmon – phonon interaction [41,43]. 

ε2ðωÞ¼ ε∞

Y2

j¼1

�
ω2 þ iγljω � ω2

lj

�

ωðωþ iΓPÞ
�
ω2 þ igω � ω2

t

�
Ys

k¼1

ω2 þ iγkLO � ω2
kLO

ω2 þ iγkTO � ω2
kTO
: (4) 

The ωlj and γlj (j ¼ 1, 2) parameters of the first numerator are the 
eigenfrequencies and damping coefficients of the longitudinal plasmon – 
phonon (LP þ LO) waves, that arise from the interaction of the initial 
modes (ωLO corresponding to ZnO or ωLO corresponding to Al2O3 
(actually ZnAl2O4), and ωP). The parameters of the first denominator 
correspond to the transverse (TO) vibrations. The second term repre
sents the uncoupled modes of a crystal, where s is the number of 
uncoupled modes, ωLO and ωTO are the longitudinal and transverse 
frequencies, and γLO and γTO are the damping coefficients of the k-th 
crystal mode. 

Therefore, the TO mode frequencies were obtained directly from the 
fit, whereas the LO modes were determined by the maximum of the 
dielectric loss function. As a result, the combined plasmon – LO phonon 
modes (ωl1, ωl2) were observed. In the experimental spectra, only the 
coupled-mode positions are observable. Therefore, detection of the LO- 
modes is closely related to the decoupling procedure [41]. The described 
procedure, i.e., the dielectric function from Eq. (2) and ε2 from Eq. (4) is 
used to obtain the curves depicted with solid lines in Fig. 4. 

The parameter adjusment was carried out automatically, using the 
least-square fitting of the theoretical (Rt) and experimental (Re) reflec
tivity at q arbitrarily taken points: 

δ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
q
Xq

j¼1

�
Rej � Rtj

�2

v
u
u
t (5) 

The value of δ was minimized until it complied with the commonly 

Fig. 4. Far-infrared reflection spectra of (ZnO)1–x(Al2O3)x nanoparticles prepared by calcination and hydrothermal methods. The experimentally obtained data 
points are depicted by circles. The theoretical spectra given as the solid lines are obtained with the model defined by Eqs. (2) and (4) and the fitting procedure. The 
curve parameter is the dopant content, x, in percentages. 
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accepted experimental error (less than 3%). For all the samples the 
determination errors of frequencies and damping coefficients were in 
the range 3–6 and 10–15%, respectively. The exact values of all deter
mined phonon parameters are given in Tables S1 and S2 of the Sup
plementary material. 

The dependence of the plasma frequency, ωP, high-frequency 
dielectric constant, ε∞, and filling factor, f, on the dopant content is 
given in Fig. 5. The plasma frequency is given as ωP ¼ ωl1ωl2/ωt, (ωP

2 ~ 
N, where N is the free carriers concentration) [41]. Note that the dopant 
content of 20% acts as the limiting value that separates two sets of 

spectra shown in Fig. 4. It is the same dopant content value of 20% that 
corresponds to the minimal value of ωP, and, consequently, the lowest 
concentration of free carriers, N, in the samples prepared by the calci
nation method, as shown in Fig. 5. This causes the plasmon – phonon 
interaction to be the weakest and, therefore, the detection of the primal 
phonons to be the most accurate for this particular composite. In the 
samples prepared by the hydrothermal method, ωP monotonically in
creases with the increase of dopant concentration. In the samples with 
dopant concentration below the 20%, an interaction between the plasma 
and the ZnO phonon (ωΤΟ ¼ 370 cm� 1) occurs, whereas for the com
posites on the other side of the limiting value of 20% the interaction of 
plasma and ZnAl2O4 phonon (ωΤΟ ¼ 543 cm� 1 T1u(2) symmetry) is 
registered. This argumentation is supported by the dependence of ε∞ on 
the sample composition. Note that it is the effective value of ε∞ that is 
being considered here. For the samples obtained by the calcination 
method ε∞ has the value of 2.6 for the pure ZnO, it decreases to the value 
of 1.3 for the samples with 20% of Al2O3, and then increases to reach the 
value of 8.3 for the Al2O3 content of 70% (Fig. 5). 

For the samples prepared by the hydrothermal method the ε∞ 
dependence is different, namely, it increases monotonically with the 
dopant concentration increase. For all our samples the error in deter
mining ε∞ was 3%. The reflectivity measurements in the mid-infrared 
region that were used in this process are given in the Supplementary 
materials as Fig. S1Fig. S1. The filing factor, f, has a similar behavior, 
which is shown in Fig. 5 as well. 

Characteristic spectra for the plasmon – LO phonon interaction are 
presented in Fig. 6. The frequencies of coupled modes (ωl1 and ωl2) and 
the transverse mode frequencies marked by circles were obtained as the 
best fits. The lines labeled as ωþ and ω– are the solutions of the real part 
of Eq. (3), namely of Re{εS} ¼ 0. The values of the LO and TO fre
quencies that correspond to the ZnO and ZnAl2O4 are emphasized with 
the horizontal solid and dashed lines, respectively, for better visualiza
tion. As stated earlier, for the composites with 0% and 10% of Al2O3, a 
plasmon interacts with the ZnO phonon, whereas for the composites 
with the Al2O3 content larger than 20%, the interaction of a plasmon 
with the T1u(2) ZnAl2O4 phonon occurs. From the results given in Fig. 6 
it is evident that the plasmon – phonon interaction exists in the entire 
range of the studied composites. Note that the experimental and the 
theoretical spectra match perfectly well. 

To obtain a good match between the experimental and the theoret
ical spectra are given in Fig. 4, several phonons that were not predicted 
by the selection rules, had to be taken into account in the analysis of 
certain composites. The TO-LO splitting registered in some phonons is a 
result of the plasmon-phonon interaction, as can be seen in Tables S1 
and S2. The phonon at approximately 110 cm� 1, that is most commonly 
attributed to a defect mode [44] was included in the spectral interpre
tation of all studied samples. As was the case in the Raman spectra, the 
phonons at 320, 378, 426, 483, 536, 600, and 670 cm� 1 correspond to 
ZnO, whereas those around 200, 410, and 510 cm� 1 are due to ZnAl2O4. 
Their appearance is caused by the attenuation of selection rules due to 
miniaturization. This effect might be the main reason for the difference 
between the phonons resulting from the fitting procedure illustrated in 
Fig. 4 and those discussed in Ref. [45]. On the other hand, a similar 
effect can be caused by the surface-optical phonons [30]; however, they 
are a consequence of nanoparticles formation, as well. Besides, in the 
spectra of the some samples the existence of weak modes at approxi
mately 240 and 440 cm� 1 that can be associated with the AlOOH phase, 
is evident. This is consistent with the results obtained by the XRD and 
Raman measurements that detected the AlOOH phase. 

4. Photoluminescence spectroscopy 

Optical properties of the samples were investigated with the photo
luminescence (PL) spectroscopy. The spectro-fluometer SOLAR CM 
2203 with the excitation wavelength of 300 nm (4.13 eV) was used and 
the obtained PL spectra are shown in Fig. 7. The measured spectra are 

Fig. 5. Dependence of plasma frequency, ωP, high frequency dielectric con
stant, ε∞, and filling factor, f, on dopant content, x. 
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represented by circles, and theoretical spectra is depicted by a thick line, 
and the components that comprise the approximated curve are given as 
thin lines (eq. (1)). The values of the positions, ωc, and intensities, A, of 
the Lorentzian peaks that provide the best match between the experi
mental and theoretical spectra are given in Fig. 8. 

The spectra in Fig. 7 that correspond to the samples obtained by the 
hydrothermal method can be divided: the spectra of samples with Al2O3 
concentration below and above 40%. If the dopant concentration is 

lower and equal 40% the PL spectra contain two emission bands, namely 
the band at 3.20 eV and the broad structure centered at approximately 
1.9 eV. For the composites with the dopant concentration higher than 
40%, the emission band at 3.20 eV becomes wider and a new band ap
pears at approximately 3.59 eV (purple). 

The PL spectra of the samples prepared by the calcination method are 
qualitatively different from those corresponding to the hydrothermal 
method. If the samples were prepared by the calcination method, 

Fig. 6. Eigenfrequencies of plasmon-phonon modes of (ZnO)1–x(Al2O3)x nanoparticles. The solid and dashed lines are the spectra calculated from Re{εs} ¼ 0, where 
εs is given by Eq. (3), whereas the open and solid circles represent ωl1 and ωl2. The black solid lines and open circles denote the coupling with the ZnO phonon, 
whereas the red, dashed lines and solid circles correspond to the coupling with the ZnAl2O4 phonon. 

Fig. 7. Photoluminescence spectra of (ZnO)1–x(Al2O3)x nanoparticles. The spectra are given for the samples prepared by the calcination as well as by the hydro
thermal method. The measured spectra are represented by circles, theoretical spctra is depicted by a thick line, and the components that comprise the approximated 
curve are given as thin lines. The parameter defining different curves is the percentage of Al2O3. 
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interweaving of all the bands occurs for almost all values of the dopant 
concentration in the composite. In this case, very weak emission was 
recorded around 3.56 eV for the samples with more than 40% of Al2O3 
(orange). 

For the hydrothermal method, the intensity of the peaks at 3.20, 
2.58, 1.96, 1.81, and 1.66 eV decreases with the increase of the Al2O3 
concentration in ZnO from 0 to 40% (Fig. 8). This indicates that these 
bands originate from ZnO; in Fig. 7 these Lorentzians are represented 
with the thin red lines. On the other hand, the bands at 2.34, 1.76, and 
1.57 eV appear for the dopant content of 40% and more, and their in
tensity increases with the increase of dopant content; these ZnAl2O4 
bands are represented in Fig. 7 with the thin green lines. Besade that, the 
peak located around 3.59 eV must be considered in the spectra corre
sponding to the samples with Al2O3 concentration larger than 40%. 
Taking into account the results obtained by the XRD, Raman, and IR 
measurements, it can be concluded that the emission in question is 
related to AlOOH, which is detected in our samples. Namely, the results 
presented in Ref. [46] indicate possible exsisance of a very broad 
emission in the range between 3 eV and 4 eV in AlOOH. In our case, this 
emission is supported by the presence of a metal Zn, which is used in 
disigning biosensors with this base [47]. Such wide emission masks the 
emission at 3.2 eV related to ZnO as can be seen in Fig. 7. 

The structure of PL spectra that corresponds to the samples obtained 
by the calcination method is more complex. The peak positions are very 
close to those registered for the samples synthesized by the hydrother
mal method. However, the bands that originate from the ZnO phase 
were registered independently only for the samples with the Al2O3 
content of 10% or less. In all spectra with dopant content larger than 
10% the bands corresponding to the ZnAl2O4 phase are present. The PL 
spectrum of the sample, with 20% of Al2O3 has several exciting features. 
The intensity of peaks at 2.34, 1.96, and 1.66 eV significantly deviates 
from the monotonous change, namely these peaks are much stronger for 

this particular value than for any other value of the dopant presence. 
Consequently, in addition to the enhanced intensity of these bands, the 
spectrum itself is more intense. Note that this peculiarity was discovered 
in various ways in the analysis of the infrared spectra as well. The UV 
band centered at about 3.20 eV originates from the near-band-edge 
exciton and bound exciton emission of ZnO crystallite. For the samples 
with more than 40% of Al2O3 a very weak, relatively narrow emission is 
noticed at 3.56 eV. Its intensity very slowly increases with the increase 
of Al2O3 presence in the sample. However, for samples obtained by the 
hydrothermal method, intensity of emission in that region is 20 times 
larger than was the case for the samples obtained by the calcination 
method. The emission is possitioned above the Eg of ZnO. In this case, 
the quantum confinement influence cannot be as strong as to move near- 
band-edge emission in ZnO to 3.6 eV, since nanoparticles smaller than 1 
nm would be required. On the other hand, the value of Eg corresponding 
to ZnAl2O4 is arround 3.8 eV. In ZnAl2O4 narrow phonon supported 
emissions related to transfers from this level were reported [48]. Prob
ably, one of the phonons of T2g(3), T1u(4), or T2u(2) symmetry in 
ZnAl2O4 that were detected in our Raman and IR measurements, par
ticipates in this emission, since their energies are appropriate. A detailed 
analysis is given in Ref. [48]. On the other hand, this emission can be 
related to the doping level formation in the range between the energy 
gaps of ZnO and ZnAl2O4 as suggested in Ref. [49]. 

On the other hand, for both methods, the bands at 2.58, 1.96, 1.81, 
and 1.66 eV are correlated with the radiative recombination of a photo- 
generated hole with an electron occupying the oxygen vacancy in ZnO 
[50–53], surface states [52,54], and interstitial oxygen defects, impu
rities as well as defects related to excess oxygen [55,56]. The bands at 
2.34, 1.76, and 1.57 eV, which are related to the ZnAl2O4 phase, origi
nate from the intra band gap defects, for example, oxygen vacancies, as 
suggested by Ragupathi et al. [57], Wang et al. [58] and Sun et al. [59]. 

Fig. 8. Dependence of position and intensity of photoluminescence peaks on dopant concentration. For the nanoparticle compositions of (ZnO)1–x(Al2O3)x prepared 
by the calcination as well as by the hydrothermal method, the dependence of the position, ωc, and intensity, A, of the photoluminescence peaks on the dopant, Al2O3, 
presence, x, is given. 
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5. Conclusions 

The phase composition of nanocrystalline samples of ZnO–Al2O3 
prepared by the co-precipitation/calcination method and by the hy
drothermal synthesis was determined by the X-ray diffraction. The 
morphology was studied using SEM measurements. In all the studied 
samples, prepared by use of two different wet chemical methods, the 
crystalline phases of ZnO, ZnAl2O4 and AlOOH were identified. In our 
previous papers, we showed that physical properties (e.g., structural, 
magnetic) strongly depend on the synthesis method and conditions [60, 
61]. 

The crystallite size of ZnO does not have a monotonous dependence 
on the nominal Al2O3 content. The crystallite size of the ZnAl2O4 phase 
is constant in the samples obtained by the calcination method, and it 
decreases with the increase of the Al2O3 content in the samples that were 
obtained by the hydrothermal method. The analysis of photo
luminescence and far-infrared spectra of the samples prepared by the 
hydrothermal method indicated that the observed features as well as the 
electronic structure of the nanocomposites monotonically depend on 
nominal content of Al2O3. On the other hand, for the samples obtained 
by the calcination method with nominal Al2O3 content between 20 and 
40% PL measurements revealed very complex spectra. In the analysis of 
the obtained far-infrared spectra, we treated our nanoparticles as ho
mogenous spherical inclusions in air and modeled them by the Maxwell- 
Garnet formula. Besides the modes that are characteristic for the ZnO 
and ZnAl2O4 phases, the far-infrared spectroscopy detected the com
bined plasmon – LO phonon modes (CPPM). Taking the sample prepa
ration method and dopant concentration as parameters, the relationship 
between the free carrier concentration and optical parameters was 
observed. The photoluminescence spectra contain emissions related to 
the presence of ZnO, ZnAl2O4, and AlOOH in the nanomaterials, which is 
in agreement with the results of other experiments. 
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