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Carrier recombination in sonochemically synthesized
ZnO powders
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ZnO powders with particle size in the nm to µm range have been fabricated by sonochemical method, utilizing zinc acetate
and sodium hydroxide as starting materials. Carrier recombination processes in the powders have been investigated using the
photoluminescence, FT-IR and surface photovoltage techniques. It has been shown that the photoluminescence spectra exhibit a
number of defect-related emission bands which are typically observed in ZnO lattice and which depend on the sonication time.
It has been found that the increase of the stirring time results in a faster decay of the photovoltage transients for times shorter
than approximately 5 ms. From the obtained data it has been concluded that the sonication modifies the complicated trapping
dynamics from volume to surface defects, whereas the fabrication method itself offers a remarkably convenient means of
modifying the relative content of the surface-to-volume defect ratio in powder grains and altering the dynamics of photoexcited
carriers.
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1. Introduction

ZnO is a wide band gap semiconductor with a
high exciton binding energy which attracts consid-
erable scientific and applied interest with respect
to exploiting its optical properties [1–5]. For ex-
ample, high thermal and chemical stability, simple
tunability of the optical and electrical properties are
widely applicable in optoelectronic devices [6, 7].
Moreover, while exhibiting an excitonic emission
peak in the ultraviolet (UV) region, ZnO typically
shows strong visible luminescence bands which are
due to numerous point defects present in the lat-
tice [8–11]. Due to these facts, various methods
of producing zinc oxide with different morphol-
ogy and point defect content have been developed
so far [12].

Quite recently, the synthesis of nanoscale
materials under microwave irradiation and dur-
ing sonochemical reactions became particularly
attractive [13–17]. The main effect of sono-
chemical reaction is cavitation which is accom-
panied by the formation, growth and collapse
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of cavitation bubbles. Inside the collaps-
ing bubble, extreme physical and chem-
ical conditions (temperatures > 5000 K
and pressures > 1800 MPa) are realized
[18–20]. With the chemical synthesis, metal oxides
are generally grown from their acetate precursors
[21–23]. Employing sonochemical reactions, a
low-vapor-pressure metal acetate is usually dis-
solved in solvents to form a homogenous solution.
Consequently, numerous metal oxide materials
were successfully synthesized in sonochemical
reactions and, particularly, ZnO, CuO, Co3O4 and
Fe3O4 nanocrystals were sonochemically produced
from respective acetate compounds in various
solutions [23].

In this work, a simple sonochemical route of
producing ZnO powder materials is presented and
it is also shown that in those materials, concentra-
tion of defects can be changed by varying the reac-
tion conditions.

2. Experimental
For sonochemical synthesis of ZnO, zinc ac-

etate and sodium hydroxide were used as starting
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materials. 2-propanol was used to dissolve these
materials and obtain a liquid solution. At first,
0.10 g of zinc acetate was dissolved in 25 mL of
2-propanol and the resulting solution was added
to 125 mL of cooled 2-propanol. Next, 15 mL of
0.050 M sodium hydroxide in isopropanol was pre-
pared. Finally, the sodium hydroxide solution was
slowly added into 2-propanol and zinc acetate so-
lution. The final solution was transferred into the
ultrasound reactor, allowing it to achieve cavita-
tion conditions. Details of the ultrasonic setup are
given in the literature [24]. When the synthesis was
finished, the resulting product was continuously
washed in methanol and water and dried in ambi-
ent air. The white powder, obtained in this process,
was then dissolved in 2-propanol (IPA). The grain
size in the powder was found to vary in the range of
a few dozens of nm to ∼130 µm. In this work, the
samples of ZnO powders are marked as SC1, SC2
and SC3 respectively. Subsequently, these samples
are compared according to their stirring time of
1 min, 60 min and 120 min, respectively.

Photoluminescence (PL) spectra and decays
were recorded at room temperature using a
monochromator MDR-4 and a photomultiplier tube
FEU-79 with a computer data acquisition sys-
tem. PL decays were analyzed with use of a di-
gital oscilloscope GDS-806S with a time resolu-
tion of 1 µs. An N2 laser with the wavelength of
λ= 337.2 nm (3.67 eV) was used as the photogen-
eration source [25]. Surface photovoltage (SPV)
decays were measured in the contactless capaci-
tor arrangement, and details of the setup are given
in the literature [26]. Fourier transform infrared
(FT-IR) spectra were recorded using FT-IR Spec-
trometer SPECTRUM BX II (Perkin Elmer).

3. Results and discussion
3.1. PL spectra

Photoluminescence spectra of SC1, SC2 and
SC3 samples are shown in Fig. 1. They can be de-
composed into two components (dashed lines) with
relative intensities given by the vertical bars. It is
seen that a strong yellow PL band peaked in the
wavelength range from about 590 nm to 650 nm

is observed in all the samples. It is also seen that
prolonged sonication times make the PL spectral
shape narrower, as evidenced by comparing the
spectrum in Fig. 1c with the spectra in Fig. 1a and
Fig. 1b, and the shift of the second emission band
to the green spectral range which arises at 567 nm
in Fig. 1c.

Fig. 1. PL spectra (points) and decomposed spectral
bands (dashed) in sonochemically synthesized
SC1, SC2 and SC3 samples. Solid line presents
the sum of the two dashed spectral shapes.

It is quite obvious that the observed changes are
due to complicated defect chemistry relevant to the
sonochemical processing. As reported in the litera-
ture [1, 10, 27–29], room-temperature PL of ZnO
can exhibit one emission peak in the UV region
which is due to the recombination of free excitons,
and one or more peaks in the visible region. The lat-
ter ones are commonly associated with the defect-
related emissions, such that the defect properties
strongly affect optical spectra of ZnO. Intrinsic and
extrinsic point defects are generally distinguished
with respect to their localization in the bulk and at
the surface of ZnO, respectively.
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We, therefore, summarize the band decomposi-
tion parameters and the electronic transitions which
are responsible for the observed bands in Table 1.
Here, we use the notation for identifying the start-
ing and the final states which are as follows: Zni –
interstitial zinc, Oi – interstitial oxygen, Vo – oxy-
gen vacancy, CB and VB – conduction and valence
band, respectively.

Weighing the observed spectral changes it can
be concluded that the sonication modifies the rela-
tive content of the surface-to-volume defect ratio.
Of further significance is the fact that the observed
growth of the green band with increasing sonica-
tion time is fully consistent with the reported val-
ues of the defect formation energies E which are
related to each other as follows: E(VZn) < E(VO)
< E(Zni) < E(ZnO) < E(Oi) < E(OZn) [40].

3.2. FT-IR spectra

In order to detect the surface species and the
nature of surface chemical bonds, consider FT-IR
spectra of the samples which are shown in Fig. 2.
They exhibit a number of strong absorption peaks
relevant to IPA (dotted spectrum). A number of
subsidiary bands appears in the SC1, SC2 and SC3
samples in the spectral regions marked by ellipse 1
to ellipse 3 in Fig. 2. In general, electrostatic pas-
sivation of surface cations by negatively charged
ligands occurs in II-VI semiconductor nanoparti-
cles [41] which is capable of explaining consis-
tently the observed changes in the FT-IR spectra of
ZnO particles.

As can be seen in Fig. 2, the characteristic
absorption band at about 510 cm−1 is detected
in all samples and it is attributed to the Zn–O
bonds [42]. Furthermore, the transmission gradu-
ally decreases in the region from 3000 cm−1 to
3500 cm−1 (region 3 in Fig. 2) which indicates
the more pronounced role of the v(O–H) vibration
mode in the spectra of the samples produced with
longer stirring time. Indeed, the broad absorption
peak centered at 3342 cm−1 corresponds to the –
OH group of IPA. For our SC samples, this band
shifts to 3350 cm−1. Moreover, a small shoulder
at ∼1650 cm−1 (region 2) is resolved in all SC
samples, and it is assigned to the O–H stretching

Fig. 2. FT-IR transmission spectra of sonochemically
fabricated ZnO powders dissolved in IPA.

vibrations of water molecules or moisture adsorbed
on the ZnO surface [42]. Additionally, the FT-IR
spectrum in the C–H vibration range (region 3 in
Fig. 2) is enlarged in the inset of Fig. 2. One can
see that the peak at 2830 cm−1 observed in IPA
completely vanishes in our SC synthesized sam-
ples of ZnO powders. The peak at 1600 cm−1 is
usually attributed to either O–H stretching vibra-
tions of hydroxyl functional groups or to the bend-
ing vibrations of the surface H–OH, which shows
that hydroxyl groups are adsorbed on the surface
of ZnO [43]. Finally, the most pronounced changes
in FT-IR spectra are monitored in region 1 of Fig. 2.
The peak at 1035 cm−1 in alcohols is related to the
C–O stretching vibrations. This peak is clearly de-
tectable in pure IPA but quenches remarkably in the
SC samples.

The spectral changes observed in Fig. 2 can be
explained by assuming that a molecule of IPA is
absorbed on the surface of ZnO and then interacts
with the surface of the grain via O atoms. It is in-
teresting that the similar conclusion can be drawn
from the data describing the synthesis of gold and
silver nanoparticles passivated by PVP [44–47].

Therefore, the data in Fig. 2 show that the
main changes in FT-IR spectra of IPA are as-
sociated with the change in transmittance of the
(O–X) bond in IPA molecules. Passivation of ZnO
particles in IPA is realized by the interaction of
the oxygen atom in IPA and zinc in ZnO. Taking
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Table 1. Decomposed band parameters and peak attribution for the PL spectra given in Fig. 1.

Sample Peak position Type of Intensity of the Literature
of the decomposed transition responsible decomposed band normalized to

band [nm] for the band the maximum peak value

SC1
589 Zni→Oi (CB-Oi) 0.58 [30–33]
693 Vo→VB 0.53 [31, 34]

SC2
612 CB→Oi (Zni-Oi) 0.80 [31, 33, 35]
797 Zni→Vo (CB→Vo) 0.28 [30, 34]

SC3
566 CB→Vo (Zni-Vo) 0.52 [36–39]
647 CB→Oi 0.59 [10, 31]

this scenario into account, it can be expected that
the concentration of oxygen vacancies in SC sam-
ples will vary with varying stirring time which, in
turn, can be taken into account, when analyzing the
PL spectral changes given in Fig. 1.

3.3. SPV and PL decays

Based on the above analysis and previously
demonstrated strong correlation between the sur-
face defects and optoelectronic properties of ZnO
materials [28, 48–50], one can expect that the
SPV decays would be remarkably different in the
SC samples obtained at different stirring times.
This is exactly what is seen in Fig. 3. In this
figure, normalized SPV decays in SC1, SC2 and
SC3 samples are shown. The main observation is
that the increase in the stirring time (from sam-
ple SC1 to SC3) is accompanied by accelerated
initial time decays in the SPV transients shortly
after excitation (for times shorter than ≈5 ms in
curve 1 to curve 3, respectively). These are fol-
lowed by a longer nearly exponential decay com-
ponent for times longer than 5 ms. This component
remains practically unchanged with increasing the
stirring time.

It is well known that SPV decays depend on
several factors, such as (i) lifetime of photogen-
erated charges with respect to their recombination
pathways which, in turn, determines the PL inten-
sity, (ii) concentration of surface defects, (iii) effi-
ciency of the inter-particle charge transfer. It seems
to be very likely that the data shown in Fig. 3 in-
dicate that the free carries trapping dynamics is

Fig. 3. SPV decays of sonochemically synthesized SC1
(1), SC2 (2) and SC3 (3) samples.

mainly determined by decreasing of the surface de-
fect concentration, provided that the distribution of
the grain sizes shifts to smaller values in the se-
quence of SC1, SC2 and SC3 samples, respectively.
This conclusion is supported by the results pre-
sented in Section 3.2., where we showed that the
concentration of surface defects decreases with in-
creasing stirring time. It is, therefore, believed that
ZnO particles fabricated at short stirring times have
rather high concentration of surface defects. These
defects act as traps for photogenerated charges,
slowing down the SPV decay. Prolonged stirring
times improve the quality of the particle surface, so
that the trap concentration decreases which leads to
marked acceleration of the initial SPV decay.

The latter conclusion is also supported by an-
alyzing the PL decays shown in Fig. 4. Indeed, no



Carrier recombination in sonochemically synthesized ZnO powders 215

difference is found in the decay curve shapes repro-
duced in samples SC1 and SC3 which implies that
the surface states do not seem to be involved into
the PL emission process.

Fig. 4. Time resolved PL decays of SC1 (circles) and
SC3 (triangles) samples.

4. Conclusions
In conclusion, the carrier recombination pro-

cesses in sonochemically synthesized ZnO powder
particles have been investigated using PL, FT-IR
and SPV techniques. It has been shown that the
PL spectra were rather sensitive function of the
stirring time during the ultrasonic bath. A num-
ber of defect-related PL bands, typical of ZnO lat-
tice, has been detected, and each of the PL band
was decomposed into a sum of two partially over-
lapping subbands. The performed measurements
indicate that the sonochemical fabrication route
of producing ZnO gives convenient means of the
modification of the ratio surface-to-volume defect
concentrations.
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