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a  b s t  r  a c t

Electrodeposition  is  a low temperature and low cost growth  method  of  high  quality nanostruc-

tured  active materials  for  optoelectronic  devices.  We report the  electrochemical preparation of  ZnO

nanorod/nanowire  arrays  on  n-Si(1  1 1) and p-Si(1 1 1). The effects  of  thermal annealing  and type of  sub-

strates  on the  optical  properties of  ZnO nanowires electroplated on  silicon  (1 1 1)  substrate are reported.

We  fabricated  ZnO  nanowires/p-Si structure that  exhibits  a strong UV photoluminescence emission  and a

negligible  visible emission.  This UV photoluminescence emission proves  to be strongly influenced by  the

thermal  annealing at 150–800 ◦C. Photo-detectors  have  been fabricated  based on  the  ZnO  nanowires/p-Si

heterojunction.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

ZnO is a II–VI group compound semiconductor with a hexag-

onal wurtzite crystal structure [1]. It has a wide and direct band

gap of 3.37 eV at 300 K and a  large free exciton binding energy

of 60 meV  [1].  Zinc oxide nanowires are the most promising

one-dimensional (1D) nanostructures emerging as building blocks

for active elements in various nanophotonics systems [2,3]. Low

dimensional ZnO has been reported for use in short wavelength

optoelectronic devices such as  light emitting diodes (LEDs), optical

switches, solar cells, field effect transistors, and in nanosensors

applications [3–7].  It  has unique physical and chemical properties,

∗ Corresponding authors. Tel.: +33 1 55 42 63 83; fax: +33 1 44 27 67 50.

E-mail  addresses: oleg-lupan@chimie-paristech.fr, lupan@mail.utm.md

(O.  Lupan), thierry-pauporte@chimie-paristech.fr (Th. Pauporté).
1 On leave from: Department of Microelectronics and Semiconductor Devices,

Technical  University of Moldova, 168 Stefan cel Mare Blvd., Chisinau, MD-2004,

Republic  of Moldova.

low-dimensional volume, high aspect ratio, light-matter interac-

tion, cost-effectiveness and can be synthesized by  a  diversity of

chemical and physical methods [3–9]. Among these, electrochem-

ical deposition (ECD) [7,8,10–12] is a low temperature process

compatible with different types of substrates [3,4,10] and produces

highly crystalline nanowires/nanorods of excellent electronic qual-

ity. In this context many device structures, such as heterojunction

[3,7,13], homojunction [14], and metal–insulator–semiconductor

structure [15] were explored for concrete applications. As  ECD

can be easily scaled up for  optoelectronic device fabrications

[3,4,16,17], it is of great interest to develop a process for growing

ZnO nanorod/nanowire arrays directly on n-  and p-Si substrates

considering the advantages of Si in integrated photodevices.

Recently, Baek and Lim [18] demonstrated the effect of Si

wafer resistivity on the growth of ZnO nanorods by  using −30 V

cathodic potential. The effect of thermal annealing on ECD ZnO

nanorod/nanowire arrays is not well documented. Only a  few

reports [19,20] of annealing effect on ZnO nanorod/nanowire arrays

on Si  substrates have been published. Ha et  al. [20] reported the

0921-5107/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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effect of thermal annealing in Ar and O2 atmosphere on photolu-

minescence properties of ZnO nanowires grown by  thermal vapor

on silicon substrate. Liu [21] investigated the effect of  annealing on

the electrical properties of n-ZnO/p-Si heterojunction prepared by

hydrothermal technique by using a  ZnO seed layer deposited by  ion

beam sputtering technique.

To obtain high optical quality ZnO by ECD it is necessarily to

find optimum conditions for growing nanorod/nanowire arrays on

Si (in particular, on p-type Si) and  to study the effect of thermal

annealing on their properties. Note that answers to  these ques-

tions are extremely important for further improvement of the ECD

techniques for nanowires-ZnO/p-Si photodiodes applications.

In this work, we report the low-potential (≈−1 V) electrode-

position and describe the results of a  systematic investigation

of the effect of thermal annealing on optical properties of ECD

ZnO nanorod/nanowire arrays directly on n-  and p-type Si(1 1  1)

substrates. Improvement of structural and optical properties was

observed after annealing at 150 ◦C and  400 ◦C. I–V characteris-

tics of the ZnO nanowires/p-Si (1 1  1)  heterojunction has been

studied. The present paper is driven by  the motivation to use

ZnO nanorod/nanowire arrays ECD on Si substrates as  a practi-

cal (ZnO/p-Si) heterostructure for silicon based photodiodes with

UV sensitivity. These results represent a  meaningful step toward

fabrication of ZnO/Si devices.

2. Experimental details

2.1. Electrochemical deposition (ECD)

In this work, depositions comprising ZnO nanorod/nanowire

arrays were prepared by the cathodic potentiostatic ECD method

from the solution containing 0.2 mM  ZnCl2 (Merck, 99%). For sup-

porting electrolyte, 0.1 M of potassium chloride KCl (Fluka 98%)

was employed to ensure a  good conductivity in  the aqueous solu-

tion [10–12].  The ZnO nanorod/nanowire arrays were grown on the

n-type Si (1 1 1) and p-type Si (1  1  1) substrates with an electrical

resistivity of 0.05 and 0.03 � cm,  respectively. Before electrodepo-

sition the Si substrates were sequentially cleaned by  using three

steps: solvent clean, RCA clean, and HF dip as reported previously

[22–24]. In the solvent clean step, Si  wafers were placed in a warm

acetone bath (50–53 ◦C) for 10 min, and then followed by  ultra-

sonic cleaning in DI for 2–3 min. Then, Si wafers were placed in

methanol for 4–5 min  under ultrasonic cleaning followed by  deion-

ized (DI) water (18.2 M� cm)  rinsing, and then blow dry with air.

RCA clean was used to remove organic residues from Si wafers

[24] followed by overflowing DI water to rinse and  remove the

remained solution. Afterwards, the surface was  hydrophilic due to

the presence of a high density of silanol groups (Si–OH) [25] or

to a thin interfacial oxide film. Next, the oxidized substrates were

dipped in 2% hydrofluoric acid for 2–3 min  to remove silicon diox-

ide from the Si surfaces, and then thoroughly rinsed in running DI

water. Si wafers showed hydrophobicity (not shown) evidenced by

water–wafer contact angles at 94◦ and 95◦ for n-type and p-type Si

substrates, respectively. These cleaning steps were performed just

before the start of the electrodeposition process. Cleaned Si sub-

strate was mounted on a static working electrode with a copper

support.

The reference electrode was a saturated calomel electrode

(SCE) with a potential at 0.241 V (at 25 ◦C) vs. NHE (normal

hydrogen electrode) which was placed in a separated compart-

ment maintained at room temperature. A  platinum spiral wire

was used as the counter electrode. The distance between Si

working electrode (WE) and  counter electrode was  3  cm,  and

3.5 cm between the reference electrode and working electrode.

Before electrodeposition the electrode surface was again etched

for  30 s in 2% HF solution, which gives an atomically smooth

(microscopic flatness of  the Si surface) and  hydrogen terminated

surface (hydrophobic), according to previous reports [25–28].

Thus, the silicon surface was  mainly covered by  Si–H groups

[25].

The electrochemical behavior of ZnO was  studied using cyclic-

voltammetry test performed on  n- and p-type Si (resistivity of 0.05

and 0.03 � cm,  respectively) before electrodeposition in  order to

determine optimal cathodic potential for growing process. Elec-

trodeposition was  carried out potentiostatically between −0.90 and

−1.10 V using an Autolab PGSTAT30 potentiostat/galvanostat mon-

itored by the AutoLab software. The experiment was  performed

with static WE  and with stirring solution (with constant speed of

ω = 300 rpm) by a magnetic stirrer. The pH of the solutions was

5.5 initially. The three-electrode electrochemical cell was  mounted

in a thermo-regulated bath at 90 ◦C. The electrolyte was saturated

with pure oxygen by bubbling for 60 min  prior to start electrolysis

and continuously bubbled during the growth process. The growing

process was performed at constant applied potential and ended in

100 min  when the total electrical charge exchanged “per unit area”

reached 6.4 C cm−2.

After electrodeposition, zinc oxide nanorod/nanowire arrays

were rinsed in DI  water to remove un-reacted products from the

surface. ECD ZnO was dried in a moderate air flux and then the

sample was  cut into four equal parts for annealing studies. One

piece was used as  reference and three other samples were thermal

annealed at 150 ◦C, 400 ◦C and 800 ◦C for 1 h in  air using a tubular

furnace.

2.2. Characterization of ZnO nanorod/nanowire arrays on  Si

Phase identification of the ECD ZnO nanorod/nanowire arrays

on Si was  done with a X-ray diffractometer (XRD) Siemens D5000

(with 40 kV and 45 mA,  CuK� radiation with � = 1.5406 Å). The mor-

phologies of the samples were investigated using a high resolution

Ultra 55 Zeiss FEG scanning electron microscope. High-resolution

TEM and selected area electron diffraction (SAED) measurements

were performed on  a FEI Tecnai F30 TEM operating at an acceler-

ating voltage of 300 kV.

The continuous wave (cw) photoluminescence (PL) was  excited

by the 325 nm line of  a Melles Griot He–Cd laser. The emitted light

was collected and analyzed with a  double spectrometer ensuring a

spectral resolution better than 0.5 meV. The signal was detected by

a photomultiplier working in the photon counting mode. The laser

power for the PL excitation was  about 20 mW.  The samples were

mounted on the cold station of a LTS-22-C-330 optical cryogenic

system.

Electrical properties of the thermal annealed ZnO

nanowires/Si(1 1  1)  heterojunction were studied at  room temper-

ature by using a Keithley 2400 digital multi-meter. To investigate

the UV response characteristics of the as-grown heterostructure,

ohmic contacts were made by using In–Ga eutectic. The UV

source used in the photosensitivity responses and  current–voltage

(I–V) characteristics measurements consisted of a  source with

a peak wavelength of  365 nm. In order to avoid the photocon-

ductivity effect in investigated heterojunction structure ITO/ZnO

nanowires/p-Si (1 1  1)/In–Ga eutectic, devices were kept in the

dark for 3 h before the electrical properties and UV photodetection

were explored.

3. Results and discussions

3.1. Electrochemical growth of ZnO on n-  and p-type Si electrodes

Fig. 1a and  b illustrates the first sweep of cyclic voltammograms

(CVs) recorded on bare n-type and p-type silicon (1 1 1) substrates,
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Fig. 1. Cyclic-voltammetry J–V characteristics of (a) a n-type Si(1 1 1), and (b) a p-

type  Si(1 1 1) electrode in a solution containing 0.2 mM  ZnCl2 + 0.1 KCl (pH = 5.5)

under  oxygen bubbling. (c) Variation of current density with time during ECD of

ZnO  nanorod/nanowire arrays on (1) n-Si(1 1 1) and (2) p-Si(1 1 1) substrate at 90 ◦C,

E  = −0.92 V/SCE (for n-Si) and E = −1.10 V/SCE (for p-Si) with static WE and magnetic

stirrer  inside the bath, ω  = 300 rpm.

respectively. The electrodes are  semiconductors that make a Schot-

tky junction with the electrolyte. However, the CV-curves show

that the interface is not fully blocking when sufficiently negative

potentials are applied to either the n-Si or the p-Si electrodes. The

cathodic current recorded on the negative-going scans is very low

for applied potential higher than −1.2 V on  n-type Si  and −1.3 V on

p-type Si. The behavior is clearly different from that observed on

ITO electrodes for instance for which a  current onset was observed

below −0.9 V [6].  In the present case a  marked current onset is

found for very negative potential. Since the electrochemical behav-

ior is not significantly different for  the two kinds of doping, we can

conclude that the oxygen precursor reduction and  the ZnO nucle-

ation are difficult on these surfaces. The onset corresponds to the

potential for which the nucleation-growth of ZnO on Si  starts. Glob-

ally the current density is higher on  n-type Si than on p-type Si in

spite of  the lower resistivity of  the p-type electrode. Higher cur-

rent densities are  recorded during the positive-going scan with

the presence of a  shoulder that is more pronounced on  the p-type

electrodes. Also, the reoxydation peak appears in  the case of p-Si

because the scan boundary is more negative. We  also note that on

n-Si there is no reoxidation peak on the scan, showing that only

ZnO was  formed over the potential range investigated. A  similar

observation was  found in  our previous study on ITO electrode [6].

In the case of the p-Si substrate, a  small oxidation peak is found in

Fig. 1b  at about −0.5 V vs. SCE. The hysteresis between the positive

and negative scans is due to the nucleation-growth of  ZnO and  to

the change of the chemical nature of the electrode surface which is

progressively covered by  the zinc  oxide. ZnO is deposited according

to the reaction [11,12]:

Zn2+ + 1

2
O2 + 2e− → ZnO E0 = 0.93  V/NHE (1)

Different potentials have been tested to find the best val-

ues in order to obtain homogeneous well-covering arrays of ZnO

nanowires at a low growth rate to improve the quality of the nanos-

tructures [10]. The values presented on the voltammogram (Fig. 1a

and b) are  −0.92 V and −1.10 V for n-type Si and p-type Si, respec-

tively. Fig. 1c,  curve 1 represents the variation of current density

with time for ECD of ZnO nanorod/nanowire arrays on  a static n-Si

substrate at 90 ◦C, E  = −0.92 V/SCE in a  solution stirred at 300 rpm.

The illustrated curve confirms that the ECD ZnO nanorod/nanowire

arrays are  good electrical conductors, because the current density

collected at the electrode is kept at a  significant value. Steady state J

of pure ZnO is about 0.6 mA cm−2 after 500 s of  growth. Fig. 1c, curve

2 shows the presence of a smaller cathodic wave at short deposition

time (<200 s) for p-Si substrate. Experimentally, we  observed that

high quality ZnO nanowire arrays can be grown only at −0.92 V for

n-Si and −1.10 V for p-Si substrates, respectively.

The growth process of ZnO nanorod/nanowire arrays on Si can

be described by several steps. The electrogeneration of  hydroxide

ions (OH−) at the Si surface from oxygen occurs according to the

reaction [29,30]:

O2 + 2H2O + 4e− → 4OH− E0 = 0.4 V/NHE (2)

This reaction is complex due to the parallel reactions (forma-

tion of hydrogen peroxide), whose extent is related to solution

and substrate effects, but it presents advantages in terms of  pro-

cess simplicity, controllability, and absence of by-products [30].

Then the growth of ZnO nanorod/nanowire arrays directly on  Si

can be described by  the classical deposition conditions in  a  chlo-

ride medium [16]. Zn(II) is present in  the vicinity of the surface,

mainly in  a ZnCl+ complexed form at a pH close to  neutrality [16].

The first steps of growth will be influenced by Zn(II) concentration

and the deposition reaction [16]:

ZnCl+ + 2OH− → ZnOsurf + H2O + Cl− (3)

Upon deposition, the interfacial pH increases due to  reaction

(2). The formation of ZnO nanoparticles in  the solution can also

take place according to:

Zn(II) + 2OH− ↔ Zn(OH)2−n
n → ZnOsolut + H2O (4)
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Fig. 2. SEM views of the ZnO nanowires electrodeposited on:  (a) n-type Si substrate,

the  inset shows a tilted-view at 65◦ , and (b) p-type Si substrate. Scale bar is 2 �m.

ZnO nanorod/nanowire arrays electrodeposition on Si has been

realized under negative polarization to generate the (OH−)  ions and

electrostatic interactions must take place between the negatively

polarized Si electrode and zinc ion in  the solution (Zn2+, ZnCl+ and

Zn(OH)+) as was described in details previously [16].

3.2. Structural and morphological-characterizations of ZnO

nanowire arrays on  Si

The crystal structure and preferential orientation of ZnO

nanowires/nanorods on Si substrates were studied by measur-

ing XRD patterns. The XRD patterns from the as-grown ECD ZnO

and annealed at 400 ◦C indicated that we have high quality ZnO

nanowires. It can be observed that XRD diffraction peaks are  caused

by crystalline ZnO with the hexagonal wurtzite structure (space

group: P63mc(186); a  = 0.3249 nm,  c = 0.5206 nm). The data are  in

agreement with the Joint Committee on Powder Diffraction Stan-

dards (JCPDS) card for ZnO, Powder Diffraction File No 36-1451.

These data are very similar to our  previous work [31] and will not

be shown here. The full width at half-maximum (FWHM) values of

(0 0 2) peaks are 0.12◦ and  0.16◦ for  the samples as-grown on n-

type and p-type Si, respectively. The lattice constants a  and c were

determined as a = 3.2498 Å  and c = 5.2066 Å  for pure ZnO [31]. The

lattice parameters c = 5.21 ± 0.01 Å and  a  = 3.247 ± 0.005 Å  for ECD

ZnO nanorod/nanowire arrays were obtained using standard rela-

tions. The unstressed crystal lattice parameters namely c = 5.207 Å

and a = 3.250 Å  [27,28] are  within that range. The measured value of

the c/a ratio for our sample was 1.604, in  agreement with literature

value for ZnO, i.e., 1.602.

SEM studies were used to explore the morphology of the as-

grown ZnO and the effect of annealing (Fig. 2). The crystal sizes

were nearly the same for ZnO before and after annealing, which

is in agreement with previous results [32].  It can be seen that

Fig. 3. (a) TEM image from ZnO nanorods, and (b) HRTEM at an edge of the as-

synthesized ZnO nanorod and inset is the SAED pattern.

ZnO nanorod/nanowire arrayed crystals fully cover n-type and

p-type Si  substrates. The width of the hexagonal faces is about

100–150 nm and their height is in  the range 1–2 �m.  Growth of the

nanorod/nanowire arrays takes place with preferential c-axis per-

pendicular to the Si surface. There is an excellent adherence, and  a

direct contact/connection between ZnO nanowires and Si  substrate

(Fig. 2a, inset). The annealing does not induce significant changes

in morphology and nanowires sizes.

High resolution transmission electron microscopy (HRTEM) and

selected-area electron diffractometry (SAED) were utilized to char-

acterize the microstructure and orientation relationship of  the ZnO

nanorod/nanowire arrays. The HRTEM images from as-grown ZnO

structure on p-Si and SAED pattern of ZnO are  shown in Fig. 3.  In

the HRTEM images it can be observed that the nanowire is single-

crystalline ZnO with a  wurtzite structure grown along the 〈0 0  1〉
direction, which is consistent with the XRD results. The SAED pat-

tern (inset of Fig. 3b) clearly reveals highly crystalline material with

a hexagonal crystal lattice in  this region.

Photoluminescence (PL) studies can provide data related to deep

levels (DL), and the ratio IUV/IDL (the intensity of the ultraviolet to

the visible deep level related luminescence) is a  measure of the

quality and defect states in ZnO nanorod/nanowire arrays [32].
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Fig. 4. PL spectra of the as-prepared ZnO sample on (a) p-Si, (b) ZnO sample annealed

at  400 ◦C for 1 h in air, and (c) ZnO sample annealed at 800 ◦C  for 1 h in air. The spectra

are  measured at T  = 10 K (curve 1), and T = 300 K (curve 2).

ZnO nanowires/nanorods on n-Si and p-Si exhibit similar PL in the

visible and UV range. One should note that the ZnO nanowires

grown on higher resistivity substrates demonstrate poorer optical

quality indicated by  a lower intensity of the near bandgap lumines-

cence. It is well-known that the UV photoluminescence is related

to the band edge emission while the visible PL is due to defects

in the material [33,34] and their peak energy and shape strongly

depend on the kind of nanostructures [33,34].  The PL spectrum of

the as-prepared samples on  p-type Si  (0.03 � cm)  (Fig. 4a) consists

of a broad intensive near bandgap luminescence with the maxi-

mum at 3.345 eV  (370.6 nm)  at T = 10 K and 3.25 eV (381.4 nm)  at

room temperature. No visible emission is observed. Annealing at

400 ◦C for 1 h in air leads to decreasing the intensity of the near

bandgap luminescence (Fig. 4b) by almost an order of magnitude, a

significant narrowing of this PL band, and  the emergence of two vis-

ible PL bands at 2.55 eV (486.1 nm)  and 1.85 eV (670.0 nm). These

results can be compared with another effect of thermal anneal-

ing on PL properties of  ECD ZnO nanorod/nanowire arrays grown

on ITO substrate [6].  The effect of annealing on electrodeposited

ZnO layers depends on the morphology and the substrate. Indeed,

we have found that in the case of  dense films grown on ITO [6]

or Si [31], the structural quality was markedly improved by the

same treatment. This could be due in part to a removal of chlo-

ride from the film by  annealing, since chloride is present in  a larger

extend in ZnO films compared to ZnO nanorod/nanowire arrays

[34]. In the case of ZnO nanowire arrays epitaxially grown on GaN,

the PL was markedly increased after a  thermal annealing in air at

300 ◦C [17]. The increase in  the annealing temperature up to 800 ◦C

(Fig. 4c) resulted in a  further decrease in  the intensity of the near

bandgap luminescence by  more than an order of magnitude and  in

a further increase in the visible emission, especially of the band at

1.85 eV.

We  will discuss first the possible nature of the near bandgap

photoluminescence band in the as-prepared samples. A charac-

teristic feature of  this near-band-gap photoluminescence band is

the broadening toward the Stokes part of the emission. The width

of this PL band in the as  prepared sample is 110 meV  at 10 K and

155 meV  at room temperature. Several mechanisms that may con-

tribute to the broadening of this PL band have been previously

discussed [32,35–37].  It  was  shown that most probably this PL  band

is due to direct transitions of electrons from the conduction band

tails to valence band tails. The broadening of the PL  band involved

can be accounted for by the broadening of the band edges due to

potential fluctuations induced by the high concentration of intrinsic

defects or impurities. The width of the band tails, and the depen-

dence of the FWHM of the PL band on carrier concentration, can

be calculated using the model for  broadening of impurity bands

in heavily doped semiconductors developed by Morgan [38]. This

model has been applied to correlate the width of the PL band to the

free carrier concentration in highly doped ZnO samples [32,35–37].

By using the established dependence, one can estimate that the

electron concentration in as-prepared sample to be 1.3 × 1020 cm−3

at T = 10 K,  and 2.6 × 1020 cm−3 at room temperature. Note that with

such a high concentration of free carriers no  distinct excitonic lines

are observed in  the PL spectrum, which usually are observed in

crystals with a lower degree of doping.

As concerns the microscopic origin of the impurity responsi-

ble for the potential fluctuations, one can assume that it is  related

to unintentionally introduced doping impurity, or/and to  intrinsic

defects caused by  the deviation from stoichiometry. Oxygen vacan-

cies and zinc interstitials are the most probable donor-type intrinsic

defects [39,40].  Oxygen vacancy is  a  deep donor, while zinc inter-

stitial is  a shallow one [39].  Thus, interstitial zinc Zni defects can

also contribute to  the high electron concentration.

The temperature dependences of the near bandgap PL spectra in

as-prepared and annealed samples are  shown in  Fig. 5. Annealing

at 400 ◦C leads to narrowing of the near bandgap photolumines-

cence peak. The maximum of the PL band is  situated at 3.355 eV

(369.5 nm)  at 10 K, and 3.23 eV  (383.8 nm)  at  room temperature,

while its full width at half maximum (FWHM) is 46 meV  at 10 K

and 126 meV  at 10 K and room temperature, respectively. One

can estimate from these data that the electron concentration is

2.6 × 1019 cm−3 at T  = 10 K,  and 1.7  × 1020 cm−3 at room temper-

ature. However, one cannot exclude some errors in  estimation of

the free carrier concentration in  the sample annealed at 400 ◦C  due

to the deviation of the recombination mechanism from the Morgan

model, indicated by the emergence of a low energy shoulder in the

contour of the emission spectrum of this sample.

We found that annealing at 800 ◦C  led to a  spectacular decrease

of the near bandgap photoluminescence intensity accompanied by

a low-energy shift of the PL band and its significant broadening. This

makes possible the determination of the resonant Raman scatter-

ing (RRS) lines in the emission spectra. Note that typically up to

6 overtones are observed in the RRS spectrum of unintentionally

doped ZnO samples [32,35,36],  while up to 10 LO phonon lines are

clearly seen in  Fig. 5c.  A  similar effect has been previously observed

in ZnO nanorods doped with Cu or Ni,  as  well as in  samples co-

doped with Mn  and Co  [41].  The enhancement of  RRS is attributed
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Fig. 5. (a) Near bandgap PL spectra of the as-prepared sample on p-Si, (b) ZnO sample

annealed  at 400 ◦C for 1 h in air, and (c) ZnO sample annealed at 800 ◦C for 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).

to correlations between the RRS and the red-shifted PL line due to

intrinsic and extrinsic defects [41].  The increase of the concentra-

tion of defects upon annealing at 800 ◦C is  also indicated by  the

increase in the intensity of visible luminescence.

The different behavior of the defects responsible for the high

concentration of electrons and  those responsible for  the visible

luminescence with increasing the annealing temperature is indica-

tive of their different microscopic origin. One can suggest that the

decrease of the electron concentration is  due to the formation

of some complexes with the impurities or Zni defects responsi-

ble for the high electron concentration. Another possibility is the

out-diffusion of these impurities or defects with increasing the

annealing temperature. On the contrary, annealing may  result in

the increase of the concentration of defects responsible for the vis-

ible emission, which is usually associated with complexes of zinc

vacancies, oxygen vacancies, or interstitial oxygen.

Taking into account the n-type conductivity of the produced

material, one can suggest that the assignment of these PL bands to

the electron transitions from a  deep donor level to the valence band

(D-h-type recombination) is  very improbable [42].  Most probably,

these PL bands are due to  electronic transitions from the conduc-

Fig. 6.  Scheme of energy levels and electronic transitions responsible for  the PL

bands.

tion band to acceptor levels (e-A-type recombination). The red band

at 1.85 eV is  supposed to be associated with a deep unidentified

acceptor A1 with the energy level situated close to  the middle of  the

bandgap [43].  The PL  band at 2.55 eV is most probably due  to zinc

vacancy VZn acceptor center A2.  Zinc vacancy is expected to have

charge −2 in n-type ZnO where its formation is more favorable. The

transition level between the −1 and −2 charge states of VZn occurs

at ∼0.8 eV above the valence band [43].  Thus, one may  expect tran-

sitions from the conduction band to  the VZn acceptor at around

2.6 eV in  n-type ZnO. The scheme of energy levels and  electronic

transitions responsible for  the PL bands observed is presented in

Fig. 6.

The FWHM of the PL band in as-prepared samples and sam-

ples annealed at 400 ◦C as a function of temperature is shown

in Fig. 7a,  while Fig. 7b presents the Arrhenius plot of the free

electron concentration deduced from the FWHM of the PL band

according to the Morgan modes as mentioned above. The activation

energy estimated from the high temperature slope of  the Arrhe-

nius plot assuming that the semiconductor is non-compensated is

around 100 meV. On the other hand, from the position of the PL

band maximum in the sample annealed at 400 ◦C (3.355 eV) tak-

ing into account the value of the ZnO bandgap at low temperature

(3.437 eV) one can estimate an activation energy of  82 meV. This

difference could be due to a  partial compensation of conductivity,

as well as  due to the deviation of the recombination mechanism

from the Morgan model.

3.3. Applications to  UV-photodetectors

The ZnO nanowire arrays prepared by  electrodeposition have

been included in a  heterojunction structure ITO/ZnO nanowires/p-

Si (1 1 1)/In–Ga as illustrated in the inset of Fig. 8. The

current–voltage (I–V) characteristic curves of the diode obtained

are displayed in Fig. 8.  Under dark conditions, a threshold voltage of

about 0.5 V and a typical rectifying character is found. However, the

heterojunction has a  fairly low threshold and  reverse breakdown

voltage value. The relatively low threshold breakdown voltage in

all probability is due  to the more likely tunneling current in  heavy

doped (p+)-Si [42]. A  UV-source at 365 nm was  used to test the pho-

tosensitivity of the diode at short wavelengths by  measuring the

current–voltage (I–V) characteristics under illumination. A  marked

response was found at forward bias above the threshold voltage.

No pronounced degradation in the heterojunction properties after

overheating in normal ambient was  observed. More details on  ZnO

nanowires/n,(p)-Si (1 1 1) heterostructures-based photodetectors

will be presented in a forthcoming paper. We can also note that

we have shown recently that the structure acts as a  visible light

emitting diode when biased at higher forward voltage [43].

4. Conclusions

ZnO  nanorod/nanowire arrays were deposited directly on n-

type and p-type silicon (1 1  1)  substrates using a low temperature
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Fig. 7. (a) FWHM  as a function of temperature and (b) free electron concentration

as  a function of 1/T for as  prepared samples on p-Si (blue squares) and samples

annealed  at 400 ◦C  for 1 h  in air (red circles). (For interpretation of the references to

color  in this figure legend, the reader is referred to  the web  version of  the article.)

Fig. 8. Current–voltage (I–V) characteristics of the as-grown ZnO nanowires/p-Si

(1  1 1) heterojunction. The inset is the schematic cross-sectional view of the ZnO

nanowires/p-Si  (1 1 1) heterojunction-based photodetector/photodiode.

electrochemical method at low voltage. To grow ZnO on n- and p-

Si substrates we determined the values of the cathodic potential

which allow both reaction and deposition. The reaction steps for

the growth of ZnO nanowire arrays on Si have been described, the

formation and diffusion of electrogenerated hydroxide ions (OH−)

at the Si surface being explained. From SEM, we observed that ZnO

nanorod arrays fully cover n-type and p-type Si substrates. The

width of the nanorod/nanowire arrays is about 100–150 nm and

their height is in the range 1–2 �m.  The high-resolution TEM and

SAED are indicative of crystallinity of  ZnO nanorod/nanowire arrays

with a  hexagonal crystal lattice [44].

ZnO nanorod/nanowire arrays were found to exhibit simi-

lar PL  in the UV region for samples grown on  n-type or p-type

silicon (1 1 1). The PL spectrum of the as-prepared samples con-

sists of  a broad and  very intensive near bandgap band with the

maximum at  3.345 eV  at T = 10 K and 3.26 eV at room tempera-

ture. No visible emission is  observed in  the sample. Annealing

at 400 ◦C for 1  h in air lead to a  decrease in the intensity of  the

near bandgap luminescence by  almost an order of magnitude,

significant narrowing of this PL band and the emergence of  two vis-

ible PL  bands at 2.55 eV  and 1.85 eV. The heterojunction structure

ITO/ZnO nanowires/p-Si (1 1 1)/In–Ga shows a  response to UV light

at room temperature. This encouraging result suggests that ZnO

nanowires/Si heterostructures can be  further explored for devices

applications, such as photodetectors.
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