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ZnS films were prepared by pulsed laser deposition (PLD) on porous silicon (PS) substrates. This paper investi-

gates the effect of annealing temperature on the structural, morphological, optical and electrical properties of ZnS/PS

composites by x-ray diffraction (XRD), scanning electron microscope (SEM), photoluminescence (PL) and I–V charac-

teristics. It is found that the ZnS films deposited on PS substrates were grown in preferred orientation along β-ZnS (111)

direction, and the intensity of diffraction peak increases with increasing annealing temperature, which is attributed to

the grain growth and the enhancement of crystallinity of ZnS films. The smooth and uniform surface of the as-prepared

ZnS/PS composite becomes rougher through annealing treatment, which is related to grain growth at the higher an-

nealing temperature. With the increase of annealing temperature, the intensity of self-activated luminescence of ZnS

increases, while the luminescence intensity of PS decreases, and a new green emission located around 550 nm appeared

in the PL spectra of ZnS/PS composites which is ascribed to the defect-center luminescence of ZnS. The I–V char-

acteristics of ZnS/PS heterojunctions exhibited rectifying behavior, and the forward current increases with increasing

annealing temperature.
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1. Introduction

The ZnS is an n-type II–VI group semiconductor
material,[1] which has recently been extensively inves-
tigated due to its optoelectronic properties and high
potential for various applications such as n-window
layers for solar cells, blue-light diodes, electrolumines-
cent displays, photoluminescence devices, etc.[2,3] It
has a wide band gap of 3.5–3.7 eV and 3.7–3.8 eV
for zinc blende and wurtzite ZnS, respectively. It can
crystallize in two allotropic forms: a cubic form (β-
ZnS) with sphalerite structure and a hexagonal form
(α-ZnS) with wurtzite structure.[4] The light transmit-
tance of ZnS film is high in the visible region, and its
luminescence includes defect-center luminescence and
self-activated luminescence.[5] The ZnS is now widely
used to fabricate semiconductor light-emitting diode
(LED), laser diode and displays of high brightness
such as field-emission displays and cathode-ray dis-
plays. The ZnS has been widely investigated on var-
ious substrates,[6,7] while ZnS films grown on porous
silicon (PS) substrates have not been studied much.

The PS has been intensively studied since the
discovery of its efficient photoluminescence (PL) at
room temperature.[8,9] This makes it very promis-
ing to integrate the very well-established silicon tech-
nology to the field of optoelectronic system where
the indirect-band gap bulk Si materials can now
find applications.[10] Its open structure and large
surface area, combined with unique optical and
electrical properties, make PS a good option for
substrates.[11−13]

In this paper, we combine PS which has particular
properties with ZnS which has potential application
prospects in the aspect of optoelectronics to investi-
gate the influence of annealing at 200 ◦C, 300 ◦C and
400 ◦C on the structural, morphological, optical and
electrical properties of ZnS/PS composites.

2. Experimental
The preparation of the samples involved two

steps: first, the preparation of the PS substrate
with strong visible photoluminescence by electrochem-

∗Project supported by the Research Foundation for Young Scientists in Innovation Engineering of Binzhou University (Grant No

BZXYQNLG200703)
†Corresponding author. E-mail: cfwang 2004@163.com
http://www.iop.org/journals/cpb　http://cpb.iphy.ac.cn



No. 6 Effect of annealing on structural, optical and electrical properties of ZnS/porous silicon composites 2611

ical anodization; and second, pulsed laser deposi-
tion (PLD) of ZnS films on the PS substrate. The
PS sample was formed by electrochemical anodiza-
tion of (100)-oriented p-type single-crystal Si wafer
with resistivity 7.5–11.5 Ω · cm. The Si wafer was ir-
radiated by using a 200 W white light from a dis-
tance of 20 cm above the electrochemical cell. The
etching was carried out in 49% HF-ethanol solu-
tion (HF :C2H5OH= 1 : 1) at the current density of
10 mA/cm2 for 20 min. After anodization, the sample
was rinsed in de-ionized water and dried in air. The
as-made PS sample was put into the vacuum cham-
ber immediately, and the deposition of ZnS films was
carried out by PLD. The PLD chamber was first vac-
uumed to a base pressure of 10−8 Torr (1 Torr =
133 Pa). The distance between the target and the
substrate was 5 cm. The ZnS target (99.99%) was a
sintered ceramic disc. A KrF excimer laser (Tuilaser)
operating at 248 nm was used to ablate the ZnS target.
Throughout the experiment, the excimer laser was set
at a pulse energy of 250 mJ and a repetition rate of
2 Hz, then 5 Hz, so that the crystalline grains could be
deposited into the pores of PS. The laser was focused
on the target with an area of 4 mm2, producing an
energy density of 6 J/cm2. The growth temperature
was 200 ◦C. After deposition, the ZnS/PS sample was
cut into three pieces and annealed in vacuum at dif-
ferent temperatures 200 ◦C, 300 ◦C and 400 ◦C for
30 min respectively. A 100 nm-thick indium tin oxide
thin film was deposited also by pulsed laser on ZnS as
n-type contact layer. An Ohmic contact was formed
by a thin Al film about 200 nm on the back side using
an electron beam evaporation (EB-500) system.

The crystallinity of the ZnS/PS composites was
investigated by x-ray diffraction (XRD) utilizing
D/max-2500PC x-ray diffractometer in the 2θ range of
20–65. The surface morphology was characterized by
using a JSF6100 scanning electron microscope (SEM).
The PL spectra were measured at room tempera-
ture on RF-5301PC fluorophotometer. The electrical
source of measuring I–V characteristics was provided
by DH1722 direct current voltage-stabilizing source.

3. Results and discussion
Figure 1 displays the XRD patterns of the as-

prepared ZnS/PS composite and the ZnS/PS compos-
ites annealed at different temperatures in vacuum. For
all the samples, a single diffraction peak at 2θ = 28.5◦

can be observed in the XRD patterns, corresponding
to β-ZnS (111) orientation.[14] The full width at half
maximum (FWHM) of all the peaks is large, which

may be attributed to the roughness of PS surface.[15]

The XRD patterns also show that the intensity of the
diffraction peak is markedly increased after annealing,
that illuminates the enhancement of crystallinity and
grain size of ZnS films. With the increase of anneal-
ing temperature, the intensity of the diffraction peak
increases.

Fig.1. The XRD patterns of as-prepared ZnS/PS and

ZnS/PS annealed at different temperatures.

Figure 2 shows SEM images of as-prepared
ZnS/PS composite and the ZnS/PS composites an-
nealed at different temperatures. It can be seen that
the surface of the as-prepared ZnS/PS composite is
relatively smooth and uniform, which indicates that
the ZnS films have been well covered onto the PS
surface, while the surface of the ZnS/PS composites
annealed becomes rougher by annealing. The result
may be related to the grain growth of ZnS films dur-
ing annealing. The grain size increased from 60 nm
to 100 nm when the annealing temperature increased
from 200 ◦C to 400 ◦C.

Figure 3 shows the PL spectra of as-prepared
ZnS/PS composite and the ZnS/PS composites an-
nealed at 200 ◦C, 300 ◦C and 400 ◦C in vacuum, re-
spectively. The excitation wavelength is 360 nm. It
can be seen that there are two luminescence bands in
the as-prepared ZnS/PS composite: the blue emission
band around 480 nm at high energy side which is at-
tributed to the self-activated luminescence of ZnS[5]

and the red emission band of PS at low energy side,
while there is a new green emission band at about
550 nm appeared at the three annealed ZnS/PS com-
posites, which is attributed to the defect-center lu-
minescence of ZnS.[5] The appearance of the green
emission may be ascribed to the formation of de-
fects in ZnS films during annealing, and furthermore,
the corresponding defect energy level was formed
in the forbidden band of ZnS films, and these de-
fects furthermore became the luminescence center.
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Fig.2. The SEM images of as-prepared ZnS/PS and ZnS/PS annealed at different temperatures: (a) as-prepared;

(b) annealed at 200 ◦C; (c) annealed at 300 ◦C; (d) annealed at 400 ◦C.

When the electron was excited by the light energy, it
dropped into the luminescence center, as the electron
transited to the valence energy band, the light was
emitted.[16] In the spectrum of the ZnS/PS composite
annealed at 200 ◦C, the relative (blue: green: red) in-
tegrated intensity is 1 : 1.04 : 1.25, the blue, green emis-
sion from ZnS films combining with the red emission
from PS layers, a broad PL band (450 nm∼700 nm)
in the visible region is formed, and the ZnS/PS com-
posite exhibits intensively white light emission. With
the increase of annealing temperature, the intensity
of blue emission from ZnS increases due to the crys-
talline grain growth of ZnS films during annealing,
but the red emission intensity of PS decreases along
with the redshift of the red peak position, and this
phenomenon may be ascribed to the optical band gap
shrinking of a-Si : H as a function of hydrogen loss dur-
ing annealing.[17] In the hydride model, the peak en-
ergy of the luminescence in PS can be related to the
type of hydride presented, and the intensity is a func-

tion of the number of hydrides. Also, the presence
of hydrogen complexes [SiH, SiH2, SiH3, or (SiH2)n]
is very closely related to the luminescence of PS.[17]

With higher H content, such as SiH3, even deeper
states occur, expanding the optical band gap even
more, but with lower H content, the optical band gap
shrinks. So, during the increase of annealing tempera-
ture, the hydrogen content decreased, and the shrink-
ing of the optical band gap of a-Si:H occurred, thus,
the red emission intensity of PS decreases along with
the redshift of the red peak position. The relative
(blue : green : red) integrated intensity is 1 : 0.94 : 1.01
and 1 : 0.78 : 0.74 for ZnS/PS composites annealed at
300 ◦C and 400 ◦C, respectively. According to the
principle of tricolor overlay, the annealed ZnS/PS
composites exhibit intensively white light emission.

Figure 4 shows the I–V characteristics of the
diodes consisting of as-prepared ZnS/PS and the
ZnS/PS annealed at different temperatures. The rec-
tifying behavior as seen from the plots indicates the
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Fig.3. The PL spectra of as-prepared ZnS/PS and

ZnS/PS annealed at different temperatures.

formation of heterojunctions as a result of the depo-
sition of the ZnS films on PS substrates. The I–V
characteristics show an increase in the forward cur-
rent after annealing, and with the increase of anneal-
ing temperature, the forward current increases. The
change in the I–V characteristics for higher anneal-
ing temperature of ZnS/PS composites indicates the
change in the forward resistance of the diodes. In-
crease of the current density for the higher annealing
temperature of the samples is expected because the
crystallinity of ZnS films and the adhesion between
ZnS and PS are improved as the annealing tempera-
ture of the samples is increased, so the forward current
would increase.

Fig.4. The I–V characteristics of as-prepared ZnS/PS and

ZnS/PS annealed at different temperatures.

A few other parameters are determined from the
I–V characteristics. The rectification factor defined by
the ratio of forward current to reverse current, varies
with the annealing temperature of ZnS/PS compos-
ites. The onset of forward current is seen to be around

+1.2 V for ZnS/PS, although there is a small vari-
ation with the increase of annealing temperature of
the samples. Under reverse bias conditions, the cur-
rent density is significantly low, possibly even zero
(The error limit when measuring the current density
is about ±2%). For all the diodes the forward resis-
tance is low (a few tens of Ω/cm2), and the reverse
resistance is considerably high. The resistance for the
different diodes is different. The difference can be ex-
pected because of the different interfaces formed be-
tween ZnS and PS during annealing of ZnS/PS com-
posites at different temperatures. Another useful pa-
rameter, namely the ideality factor n, is calculated
from the I–V plots. The ideality factor gives the de-
viation of the diode characteristics from that of the
ideal diode. It is defined as[18]

n =
q

kT

∂V

∂ lnJ
, (1)

where q is the electron charge, J is the current density,
V is the applied voltage, k is the Boltzmann’s con-
stant, and T is the absolute temperature. The ideality
factor is calculated from the I–V plot and its value for
ZnS/PS annealed at 200 ◦C is 81 (T = 300 K, 2∼4 V).
The large value of the ideality factor indicates a high
density of trap states.[18] A high density of trap states
is commonly observed in heterojunctions formed from
the materials with large lattice mismatch, as also be-
tween PS and ZnS. Additionally, the roughness of the
PS surface is also the reason for the large value of the
ideality factor.

4. Conclusions

The aim of the present work is to investigate the
effect of annealing temperature on the properties of
ZnS/PS composites. It is concluded as follows.

The XRD, SEM, optical and electrical properties
of the ZnS/PS composites are sensitive to the anneal-
ing temperature in vacuum.

a) The intensity of the diffraction peak is
markedly increased after annealing, which illuminates
the enhancement of crystallinity and grain size of ZnS
films. With the increase of annealing temperature, the
intensity of the diffraction peak increases.

b) The smooth and uniform surface of as-prepared
ZnS/PS becomes rougher with increasing annealing
temperature due to the grain growth of ZnS films dur-
ing annealing.

c) After annealing, besides the blue emission of
ZnS and the red emission of PS, a new green emis-
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sion band at about 550 nm appeared in the PL spec-
tra in comparison with as-prepared ZnS/PS, which is
attributed to the defect-center luminescence of ZnS.
According to the principle of tricolor overlay, the an-
nealed ZnS/PS composites exhibit intensively white
light emission.

d) The rectifying behavior as seen from the I–V

plots indicated the formation of ZnS/PS heterojunc-
tions, and the I–V characteristics showed an increase
in the forward current with the increase of annealing
temperature, which may be attributed to the improve-
ment of crystallinity of ZnS films and the adhesion
between ZnS and PS as the annealing temperature of
the samples increases.
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