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We report on optical properties of ZnO nanorods grown on p-type Si substrates by an electric-field
assisted assembly technique in aqueous solutions applied at relative low temperature (96 �C). The
results of micro-Raman study are indicative of high crystalline quality of the produced nanorods.
The analysis of the photoluminescence properties of the material demonstrates the possibility to
control the free carrier concentration by post-growth thermal treatment leading to the formation of
compensating centers, while the crystalline quality of the material is not affected.
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1. INTRODUCTION

ZnO demonstrates increasing fundamental interest and
widening of high-technology applications due to its wide
and direct band gap (3.37 eV at 300 K), large exciton bind-
ing energy (60 meV), large bond strength (with a cohesive
energy of 1.89 eV), and large mechanical stability (with a
melting point of about 2200 K).1 It is of a particular inter-
est for photonic devices,2 ultra-violet lasers,3 nanosensors4

and light emitting diodes5�6 with higher performances
and significantly lower cost. ZnO nanorods/nanowires are
becoming common building blocks for the next generation
of electronic devices4 due to their superior properties com-
pared to the bulk material, such as high crystalline qual-
ity, large aspect ratio, and quantum confinement effects.7–9

Yang et al. have recently pointed out on the importance
of the development of new fabrication techniques for the
preparation of nanorods arrays and their integration in
devices.8 In this sense, chemical methods with electric
field assisted assembly offer new opportunities for the
production of heterostructures in nanodevices and multi-
component systems based on nanorod arrays with high
performances and a significantly lower cost in compari-
son to the traditional lithographic techniques. The manip-
ulation and positioning of zinc oxide nanorods is a key

∗Author to whom correspondence should be addressed.

challenge toward the integration of nanostructures in larger
scale systems.
ZnO nanoarchitectures can be assembled on different

substrates (e.g., glass, silicon, sapphire) by patterning a
seed or catalyst layer.3 Usually, gold is used to catalyze the
growth of nanorods with vapor–liquid–solid (VLS) meth-
ods, while silver is used to facilitate the assembly of ZnO
nanorods from solutions.10�11

In this paper, we investigate the photoluminescence
and Raman properties of electric field assisted growth of
aligned ZnO nanorods on p-silicon substrate.

2. EXPERIMENTAL DETAILS

The hydrothermal synthesis of vertically-aligned ZnO
nanorod arrays was carried out by dissolving zinc
sulfate and ammonia in 20 mL of deionized water
(18.2 M� · cm). Commercial Zn(SO4� · 7H2O (99.9%
purity) and NH4OH (29.6%) were used without additional
purification. The complex solution was then transferred to
a reactor.12 A DC electric field was applied during the
growth procedure. The substrates, Si or glass slides, were
placed in vertical or horizontal positions in order to study
the effect of the electric field direction on the morphol-
ogy of the synthesized samples.13 The reactor was held at
96 �C for 20 min and then cooled down to 40 �C.
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After synthesis, the substrates were washed with dis-
tilled water several times and then dried in a hot air flux
at 150 �C. In order to investigate the effect of the thermal
treatment on the properties of the produced material, the
samples were subjected to annealing at different temper-
atures for 1 h in air. The morphology and the chemical
composition of zinc oxide samples were studied using a
VEGA TESCAN TS 5130MM scanning electron micro-
scope (SEM) equipped with an Oxford Instruments INCA
energy dispersive X-ray (EDX) system. The EDX analysis
of the material indicated a stoichiometric ZnO composition
(within a precision of 1 at%).
The continuous wave (cw) photoluminescence (PL) was

excited by the 351.1 nm line of an Ar+ Spectra Physics
laser and analyzed with a double spectrometer ensuring a
spectral resolution better than 0.5 meV. The samples were
mounted on the cold station of a LTS-22-C-330 optical
cryogenic system. The room temperature Raman scattering
was investigated with a MonoVista CRS Confocal Laser
Raman System in the backscattering geometry under the
excitation by a 532 nm DPSS laser.

3. RESULTS AND DISCUSSION

SEM image in Figure 1 illustrates ZnO nanorods grown on
a p-Si(111) substrate under the assistance of a relatively
weak electric field (∼7 ·103 V/m) directed perpendicularly
to the substrate surface. One can observe that the nanorods
are predominantly oriented perpendicularly to the sub-
strate surface. The alignment of ZnO nanorods improves
with increasing the electric field strength (∼6 ·104 V/m),
as shown in the insert of Figure 1. One should note that
the nanorods grown without any electric fields, or with the
electric field oriented parallel to the substrate surface, are

Fig. 1. SEM images of quasi-aligned ZnO nanorods on p-Si substrate
grown under electric field assisted-assembly. Insert shows a 65�-tilted
view of the ZnO nanorods on p-Si substrate grown under stronger electric
field.

highly disordered (not shown here). The analysis of the
image presented in Figure 1 reveals a hexagonal symmetry
of the produced ZnO nanorods and a mean diameter of the
nanorods around 250 nm.
The perpendicular orientation of the ZnO nanorods is

controlled by the electric field, but the lattice match with
the substrate may play a role in the growth process. The
lattice mismatch between ZnO and Si(111) is ∼3.5%.14 By
comparing the growth on various substrates, we observed a
better uniformity and vertical alignment of ZnO nanorods
grown on Si as compared to quartz substrates.
In order to study the vibrational properties of the ZnO

nanorod arrays room-temperature Raman measurements
were performed. Figure 2 shows the micro-Raman spec-
trum of ZnO nanorods grown on Si substrates with an
applied electric field of 6 · 104 V/m. The wurtzite phase
ZnO belongs to C4

6v or P63mc symmetry group. The
observed peaks are assigned to phonon modes of the
wurtzite-type ZnO, except for the peaks at 521 cm−1 and
303 cm−1 which come from the Si substrate.15�16 Accord-
ing to the group theory, the corresponding zone center
optical phonons are �opt = 1A1 + 2B1 + 1E1 + 2E2.

17 The
A1 +E1 + 2E2 modes are Raman active, while 2B1 are
silent. A1 and B1 modes are polar and split into trans-
verse optical (TO) and longitudinal optical (LO) phonons.
The low-frequency E2 mode is predominantly associated
with the non-polar vibration of the heavier Zn sublat-
tice, while the high frequency E2 mode involves predomi-
nantly the lighter oxygen atoms. The peak at 332 cm−1 is
attributed to the E2H −E2L second order Raman processes.
The strong E2(low) and E2(high) peaks at 100 cm−1 and
438 cm−1, respectively, demonstrate that the produced ZnO
nanorods are of good crystalline hexagonal structure. The
high crystalline quality is also indicated by a very narrow
linewidth of the E2(low) peak. The position of the E2(high)

Fig. 2. Micro-Raman scattering spectrum of quasi-aligned ZnO
nanorods on p-Si wafers grown under electric field assisted-assembly.
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(a)

(b)

(c)

Fig. 3. PL spectrum of the: (a) as-grown sample, (b) the sample
annealed at 400 �C during 1 h in air, and (c) the sample annealed at
800 �C during 1 hour in air. The spectra are measured at T = 10 K
(curve 1), and T = 300 K (curve 2).

mode, situated close to that of bulk ZnO (437–439 cm−1�,
is indicative of the unstrained state of ZnO nanorods.
The photoluminescence spectrum of the as-grown sam-

ples (Fig. 3(a)) consists of a very intensive near bandgap
band with the maximum at 3.36 eV for T = 10 K, and
3.27 eV for room temperature. No visible emission is
observed in the sample (at least at the level four orders
of magnitude less that the intensity of the near bandgap
luminescence). Thermal annealing at 400 �C for 1 h in air
(Fig. 3(b)) leads to decreasing of the intensity of the near
bandgap luminescence by almost an order of magnitude,
a significant narrowing of this PL band, and the emer-
gence of two visible PL bands at 2.55 eV and 1.85 eV. The
increase of the annealing temperature to 800 �C (Fig. 3(c))
results in a further decrease of the intensity of the near
bandgap luminescence by an additional order of magnitude
with its further narrowing, and in further increase of the
visible emission. We will discuss first the possible nature
of the near bandgap PL band in the as prepared samples.

A characteristic feature of this near-band-gap PL band is
the broadening towards the Stokes part of the emission.
The width of this PL band is 57 meV at 10 K and 142 meV
at room temperature. Several mechanisms that may con-
tribute to the broadening of this PL band have been previ-
ously discussed.18–21 It was shown that most probably this
PL band is due to direct transitions of electrons between
the conduction to valence band tails. The broadening of
the PL band involved can be accounted for by the broaden-
ing of the band edges due to potential fluctuations induced
by the high concentration of intrinsic defects or impurity.
The width of the band tails, and the dependence of the
full width at half maximum (FWHM) of the PL band on
carrier concentration, can be calculated using the model
for broadening of impurity bands in heavily doped semi-
conductors developed by Morgan.22 This model has been
applied to correlate the width of the PL band to the free
carrier concentration in highly doped ZnO samples.18–20

By using the established dependence, one can estimate that
the electron concentration in our as prepared samples is
3.9×1019 cm−3 at T = 10 K, and 2.2×1020 cm−3 at room
temperature.
As concerns the microscopic origin of the impurity

responsible for the potential fluctuations which cause
broadening of the PL band, most probably it is related to
residual impurities of the III group of the periodic table,
or to the hydrogen, which are known to be shallow donors
in ZnO.23�24 As concerns the contribution from native
defects, it seems to be insignificant. Oxygen vacancies and
zinc interstitials are the most probable donor-type intrinsic
defects.25�26 Oxygen vacancy is a deep donor, while zinc
interstitials are not stable at room temperature and so are
unlikely to contribute to the carrier concentration.27

In order to analyze in more details the evolution of the
near bandgap luminescence, Figure 4 presents the temper-
ature dependence of the near bandgap PL spectra in as
prepared and annealed samples.
Annealing of samples at 400 �C leads to a change on the

nature of the near bandgap luminescence, it being domi-
nated by the recombination of donor bound excitons (D0X)
with LO phonon replica. The width of the PL band can-
not be anymore used for the estimation of the free carrier
concentration. The zero-phonon D0X line is situated at
3.356 eV. A weaker PL band due to the recombination of
donor acceptor pairs is also observed in the spectra.
Annealing at 800 �C leads to a further decrease of the

free carrier concentration, the decrease of the intensity of
the D0X luminescence and the emergence of luminescence
related to the recombination of free excitons (FX), as illus-
trated in Figure 4(c). The (D0X)2e line at 3.319 eV is a
two-electron replica of the D0X line. The two-electron-
satellite separation of this neutral donor bound exciton
in our crystals is 37 meV, which implies that the related
donor binding energy is equal to 49 meV.
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(a)

(b)

(c)

Fig. 4. Near bandgap PL spectrum of the: (a) as-grown sample; (b) the
sample annealed at 400 �C during 1 h in air, and (c) the sample annealed
at 800 �C, 1 h in air. The spectra are measured at T = 10 K (curve 1),
T = 100 K (curve 2), T = 200 K (curve 3), and T = 300 K (curve 4).

Therefore, the decrease of the near bandgap lumines-
cence intensity and the increase of the visible lumines-
cence intensity caused by annealing, accompanied by an
essential narrowing of the near bandgap PL bands, are
indicative of the creation of deep acceptor centers which
compensate the free electron concentration. On the other
hand, the narrowing of the PL lines suggests that annealing
does not affect the crystalline quality of the material. The
analysis of the visible emission suggests that deep acceptor
centers are created predominantly by the annealing. The
PL band at 1.85 eV was previously suggested to be related
to the recombination of free electrons with holes localized
at a deep acceptor with the energy level situated in the
middle of the bandgap, while the band at 2.5–2.6 eV was
assigned to either zinc vacancy or Cu impurity acceptors.28

The fine structure of the green PL band revealed in sam-
ples annealed at 800 �C may be attributed to the annealing
induced activation of the residual Cu impurity, since the
structured green PL band with the zero-phonon transition
around 2.85 eV is usually attributed to the Cu impurity.28

4. CONCLUSIONS

The results of this study demonstrate the possibilities
to control through thermal treatment the physical prop-
erties of vertically-aligned ZnO nanowires produced by
an electric-field assisted assembly technique in aqueous
solutions. Well aligned ZnO nanowires were synthesized
without employing any seed layer or metal catalysts on
Si(111) substrates. According to the analysis of photo-
luminescence spectra, the electron concentration in the
as prepared samples is 3.9× 1019 cm−3 at T = 10 K,
and 2.2×1020 cm−3 at room temperature. The post-growth
thermal treatment leads to an essential decrease of the
free carrier concentration indicated by a sharp narrowing
the near-bandgap PL lines, which is also indicative of the
preservation, or even improvement, of the crystalline qual-
ity. The decrease of the electron concentration induced by
annealing is explained by the creation of deep acceptor
compensating centers deduced from the increase of the
intensity of visible PL bands with maxima at 1.85 and
2.55 eV. The emergence of a fine structure of the green PL
band in samples annealed at high temperatures (800 �C)
is considered to be an indicative of the activation of the
residual Cu impurity, which contributes to the compensa-
tion of the free electron concentration.
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