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Shortening the distance between the depletion region and the electrodes to reduce the trapped probability of carriers
is a useful approach for improving the performance of heterojunction. The CdS/Si nanofilm heterojunctions are fabricated
by using the radio frequency magnetron sputtering method to deposit the amorphous silicon nanofilms and CdS nanofilms
on the ITO glass in turn. The relation of current density to applied voltage (I–V ) shows the obvious rectification effect.
From the analysis of the double logarithm I–V curve it follows that below ∼ 2.73 V the electron behaviors obey the Ohmic
mechanism and above ∼ 2.73 V the electron behaviors conform to the space charge limited current (SCLC) mechanism.
In the SCLC region part of the traps between the Fermi level and conduction band are occupied, and with the increase of
voltage most of the traps are occupied. It is believed that CdS/Si nanofilm heterojunction is a potential candidate in the field
of nano electronic and optoelectronic devices by optimizing its fabricating procedure.

Keywords: magnetron sputtering, CdS/Si nanofilm heterojunctions, electron behaviors, SCLC mechanisms
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1. Introduction

The heterojunction is an important structure which can
control the carrier transportation to perform the different func-
tions and be applied to the fields of solar cells and light emit-
ting diodes.[1,2] Under the sun, the heterojunction can absorb
the photons to produce the photo-generated carrier pairs. And
with the help of built-in potential, the photo-generated carrier
pairs can be separated, transported and collected to turn into
electricity.[3–5] Under the applied voltage, the injected carriers
in the heterojunction can be recombined between the valence
band and conduction band, between the different defect lev-
els, as well as between the different semiconductors, to emit
the photons with the different energy values to realize the light
emissions with the different wavelengths.[6,7]

The CdS is a vital and classical II–VI semiconductor
compound featuring the direct band gap, relative low work
function, excellent transport properties, and high electronic
mobility.[8] It is indicated that the CdS is a prominent elec-
tronic and optoelectronic material.[9,10] Silicon is also an im-
portant optoelectronic semiconductor material.[11–13] Since
CdS/Si heterojunction was constructed in 1967,[14] it has re-
ceived much attention from the researchers.[7,15–18] The photo-
voltaic properties of CdS/Si heterojunction have been studied
in depth. The energy conversion efficiency has been improved
from 4.9% by Okimura[14] to 12.29% by Cai.[19] In addition,
the photodetector and light emitting diodes based on CdS/Si

heterojucntion have been widely investigated.[7,16,20,21] How-
ever, the energy conversion efficiency of solar cells based on
CdS/Si heterojunction is still low. So, the interface engi-
neering, energy band engineering and doping technology are
studied to modulate and improve the performance of CdS/Si
heterojunction.[19,22,23] As is well known, the carriers in the
transportation can be trapped outside the depletion region to
deteriorate the performance of devices due to the thicker lay-
ers of p-/n-type materials.[2] Therefore, it will also be a way to
improve the performance of CdS/Si heterojunction through re-
ducing the thickness of p-/n-type materials and shortening the
transportation distance from the depletion region to the elec-
trode, and thus reducing the trapped probability of carriers.

In the present work, the CdS/Si nanofilm heterojunc-
tions is fabricated by using the radio frequency (RF) mag-
netron sputtering technology. Their structures are studied by
emission scanning electron microscopy (SEM) images, high-
resolution transmission electron microscope (HR-TEM) im-
ages, x-ray diffraction (XRD) spectra and x-ray photoelec-
tron spectroscopy (XPS) spectra. Through analyzing the cur-
rent density–voltage (I–V ) characteristics, the transport mech-
anisms are discussed in detail.

2. Experiments

The amorphous silicon nanofilms and CdS nanofilms
have been deposited on an ITO glass in turn by using an RF
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magnetron sputtering method. Silicon target with the boron
doping and a resistivity between 1.0 Ω·cm and 10.0 Ω·cm
and CdS target (99.99%), have been produced in the Chinese
Zhongjinyan Company. The distance is 5.0 cm from the targets
to the ITO glass. Detailed fabrication process is described as
follows. Firstly, the silicon target and CdS target were placed
at A and B sputtering positions, respectively. And the sput-
tering chamber was pumped to less than 10−5 Pa. The ar-
gon gas was fed into the chamber and the gas pressure was
maintained at 1.0 Pa. The sputtering power applied to the sili-
con target was 45 W. The sputtering processes of silicon films
lasted 20 min. After the silicon films was fabricated, the sil-
icon target was replaced by CdS target. Then the sputtering
power of 60 W was applied to the CdS target. The sputter-
ing time of CdS film was 20 min. Two Ag electrodes were
fabricated by a direct current magnetron sputtering method.

The structural properties of the amorphous silicon films
were characterized by the XRD (PanalyticalX’Pert Pro) where
Cu-Kα was used as an x-ray source (λ = 1.5046 Å), the
field emission scanning electron microscopy (FESEM, JSM
6700F), and HR-TEM (JEM-2100). The elemental compo-
sitions and chemical valence states of the amorphous silicon
films and the CdS–Si interface are analyzed by XPS (Axis Ul-
tra, Kratos). The electrical properties with current density vs
voltage were measured by a Keithley SOURCEMETER-2400
system. All data about I–V curves were recorded at room tem-
perature.

3. Results and discussion
The XRD patterns of the amorphous silicon and the

CdS/Si nanofilm heterojunctions are displayed in Fig. 1. Form
Fig. 1(a), a wide band can be observed to be located between
∼ 15◦ and ∼ 35◦, indicating that the fabricated silicon has
an amorphous silicon structure or amorphous SiOx structure.
A set of diffraction peaks can be observed from Fig. 1(b)
to be located at 24.8◦, 26.6◦, 28.1◦, 36.6◦, 43.6◦, 47.9◦,
and 51.8◦, respectively, corresponding to (100), (002), (101),
(102), (110), (103), and (112) diffraction peaks of hexagonal
CdS (JCPDS: 01-077-2306). In the present work, the intensity
of (002) diffraction peak is much greater than other diffrac-
tion peaks’, indicating that the CdS films grow preferentially
along the c axis.[24] By analyzing the XRD data, the interpla-
nar spacing dhkl and lattice constants (a and c) of hexagonal
CdS can be obtained from the following equations:[25]

dhkl =
λ

2sinθ
, (1)

1
d2

hkl
=

4
3

[
h2 +hk+ k2

a2

]
+

l2

c2 , (2)

where (hkl) are the Miller indices and λ is the wavelength of
the x-ray. From Eqs. (1) and (2), we can obtain the hexagonal

lattices with a = 3.98 Å and c = 6.83 Å. Comparing with the
bulk CdS (a= 4.14 Å and c= 6.715 Å), the variation of the lat-
tice constants suggests that the microstrain and surface defects
should be existent due to the effect of amorphous silicon/SiOx

at the interface of heterojunctions.
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Fig. 1. XRD patterns from (a) amorphous silicon and (b) CdS/Si nanofilm
heterojunctions.

In this work, the fabricated silicon films are always placed
in the argon atmosphere of 1.0 Pa until the CdS films are fab-
ricated. No oxygenis added into the fabrication process. In
the XRD pattern of heterojunctions (Fig. 1(b)), however, the
diffraction peaks of silicon cannot be found even in the thin-
ner CdS films. So, the sputtered silicon films have amorphous
structures.

To investigate the morphological and structural properties
of amorphous silicon and CdS/Si nanofilm heterojunctions,
the samples are investigated by SEM and HR-TEM as shown
in Fig. 2. From Fig. 2(a), nano rods can be observed, which
are characterized with the lengths in a range of 65 nm–100 nm
and diameters in a range of 15 nm–30 nm and randomly dis-
tributed. The morphology of CdS/Si nanofilm heterojunctions
is shown in Fig. 2(b). The particle-shaped structure can be
observed, whose average size is ∼ 88 nm obtained by the
statistical method from 45 measuring points. The inset of
Fig. 2(b) shows the side-view SEM image of CdS/Si nanofilm
heterojunctions, from which the thickness values of amor-
phous silicon layer and CdS film are estimated at ∼ 64 nm and
∼ 105 nm, respectively. In order to illuminate the fine struc-
ture of heterojunctions, the sample is carefully cleaved and
moved on the copper net to measure by TEM. From Fig. 2(c), a
pillar structure can be observed. The area marked by the arrow
is measured by HR-TEM and shown in Fig. 2(d). The clear lat-
tice fringes can be observed and the distance is measured to be
∼ 0.68 nm and be indexed to the lattice spacing of the planes of
2H-CdS.[26,27] The inset of Fig. 2(d) shows the selected-area
electron diffraction (SAED) from the marked area. Through
analyzing the SAED pattern, it is indicated that the sputtered
CdS nanofilms show (002)-orientation growth.[26]
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Fig. 2. SEM images of (a) amorphous silicon and (b) CdS/Si nanofilm het-
erojunctions, with inset showing Side-view SEM image. (c) TEM image and
(d) HR-TEM image of CdS/Si nanofilm heterojunctions, with inset showing
SAED image.

In order to further study the structures, XPS spectra of the
amorphous silicon and CdS/Si heterojunctions are measured
and shown in Fig. 3. From the survey spectra of the amor-

phous silicon and the interface of CdS/Si nanofilms hetero-
junctions in Fig. 3(a), Si (2p), Si (2s), C (1s), and O (1s) peaks
from the amorphous silicon, and Cd (4d), Cd (3d), Cd (3p),
S (2p), C (1s), and O (1s) peaks from the CdS/Si heterojunc-
tions can be observed. The fine XPS spectrum of Si (2p) from
the amorphous silicon is shown in Fig. 3(b), where two wide
peaks can be observed. Utilizing the Gauss function fitting
method, the XPS spectrum of Si (2p) can be decomposed into
three peaks which are located at ∼ 98.72 eV, ∼ 101.43 eV,
and ∼ 102.61 eV, respectively, and are indexed to the valence
states of Si0, Si2+, and Si4+.[28] Figure 3(c) shows the fine
XPS spectrum of Si (2p) from the interface of CdS/Si nanofilm
heterojunction. Only a peak located at ∼ 98.19 eV can be ob-
served, which is confirmed to originate from the valence state
of Si0. For Fig. 3(b), however, there are three different va-
lence states for silicon. The Si2+ and Si4+ are existent due
to the introduction of oxygen into the process (from sputter-
ing chamber to the XPS test system). Because only the va-
lence state of Si0 can be observed at the interface of CdS/Si
nanofilm heterojunctions. Figure 3(d) shows the fine spectra
of S (2p) and Cd (3d).[29,30] The peaks located at ∼ 404.91 eV
and ∼ 411.67 eV are corresponding to the binding energy of
Cd (3d5/2) and Cd (3d3/2), respectively.[19]
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Fig. 3. XPS spectra from amorphous silicon and CdS/Si nanofilm heterojunctions, showing (a) XPS spectra, (b) fine XPS spectra of Si from
amorphous silicon, (c) fine XPS spectra of Si from CdS/Si nanofilm heterojunciton interface, and (d) fine XPS spectra of S and Cd.

The analysis of the current density–voltage character-
istics is extremely useful in identifying the electron trans-
port mechanisms and determining the fundamental proper-
ties of heterojunctions, such as free carrier density and defect
state distribution.[31–33] So, the dark I–V curve from CdS/Si

nanofilm heterojunctions is measured and recorded at room
temperature as shown in Fig. 4(a). The schematic diagram
of CdS/Si nanofilm heterojunctions is shown in the inset of
Fig. 4(a). Form the I–V curve, the parameters, such as the on-
set voltage of ∼ 3.36 V at current density of ∼ 0.001 A ·cm−2,
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the forward current density of ∼ 0.1737 A · cm−2 at for-
ward voltage of 5.0 V, and the leakage current density of
∼ 0.0006 A · cm−2 at a reverse voltage of 5.0 V, can be ex-
tracted and analyzed. The forward-to-reverse current ratio is
calculated to be ∼ 290 at ±5.0 V. The onset voltage of CdS/Si
nanofilm heterojunctions in the present work is higher than
those of the previous reports.[22,24] Through analyzing all ex-
perimental data, the higher resistance of amorphous silicon
hinders the electron transportation in the heterojunctions, and
leads to the higher onset voltage. And also there appear lots
of defects in the amorphous silicon films.[12] How to optimize
the fabrication of amorphous silicon films to reduce the defect
states is one of the subjects of our future study.
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Fig. 4. (a) Dark I–V curve from CdS/Si nanofilm heterojunctions at room
temperature, with inset showing schematic diagram of CdS/Si nanofilm het-
erojunctions, and (b) double logarithm plotted dark I–V curve.

In order to investigate the electron transportation prop-
erties, the double-logarithm plotted I–V curve is shown in
Fig. 4(b). Three linear regions can be observed, whose slopes
are ∼ 1.11, ∼ 11.55, and ∼ 2.47 from low forward voltage to
high forward voltage, respectively, and are named region A,
region B, and region C. Through analyzing the double loga-
rithm plot, the region A and region B are separated by a volt-
age of ∼ 2.73 V, and the region B and region C are separated
by a voltage of ∼ 4.90 V. According to the heterojunction the-
ory, the variation of a current density with voltage can be de-
scribed by the following equation:[34,35]

I ∝ V m. (3)

When the parameter m is less than 2, the electronic behaviors
obey the Ohmic mechanism in which the carriers are mainly
contributed by the thermally generated electrons. And when

the parameter m is equal to or greater than 2, the electronic
behaviors follows the space charge limited current (SCLC)
mechanism in which the carriers are mainly contributed by the
external electron injection.[32,36] So, the electronic behaviors
in region A should conform to the Ohmic mechanism. And the
electronic behaviors in region B and region C should comply
with the SCLC mechanism.[37,38] Besides, the slope of region
B is found to be bigger than that of region C, indicating that
when the forward voltage is larger than ∼ 2.73 V, part of traps
between the Fermi level and conduction band are occupied,
and with the increase of forward voltage (>∼ 4.90 V), most
of traps are occupied.

4. Conclusions
In this work, through depositing the amorphous silicon

nanofilms and CdS nanofilms in turn by the RF magnetron
sputtering method, we prepare the CdS/Si nanofilm hetero-
junctions. The rectifying effect from CdS/Si nanofilm hetero-
junctions can be observed obviously. Below the forward volt-
age of ∼ 2.73 V, the electron behaviors obey Ohmic mecha-
nism. Above the forward voltage of ∼ 2.73 V, the electron
behaviors follow the SCLC mechanism.
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[38] Talin A A, Léonard F, Swartzentruber B S, Wang X and Hersee S D

2008 Phys. Rev. Lett. 101 076802

026101-5

http://dx.doi.org/10.1016/j.vacuum.2009.01.004
http://dx.doi.org/10.1016/j.matlet.2014.10.030
http://dx.doi.org/10.1016/j.matlet.2014.10.030
http://dx.doi.org/10.1021/cg900388v
http://dx.doi.org/10.1063/1.2776014
http://dx.doi.org/10.1039/C5TA04107D
http://dx.doi.org/10.1039/C5TA04107D
http://dx.doi.org/10.1039/C3RA44436H
http://dx.doi.org/10.1016/j.mee.2011.03.016
http://dx.doi.org/10.1016/j.mee.2011.03.016
http://dx.doi.org/10.1063/1.3622145
http://dx.doi.org/10.1088/1674-1056/28/8/086105
http://dx.doi.org/10.1063/1.4979723
http://dx.doi.org/10.1063/1.2433717
http://dx.doi.org/10.1103/PhysRev.97.1538
http://dx.doi.org/10.1063/1.3373393
http://dx.doi.org/10.1063/1.3373393
http://dx.doi.org/10.1103/PhysRevLett.101.076802

	1. Introduction
	2. Experiments
	3. Results and discussion
	4. Conclusions
	References

