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Abstract
This study reports the fabrication of p-type Ni1−x O : Li/n-Si heterojunction solar cells (HJSCs)
by depositing Li-doped Ni1−x O (p-Ni1−x O : Li) on a n-Si substrate (P+ /n) using RF magnetron
sputtering. Films deposited on glass substrates at various working pressures were first analysed
to estimate the optoelectrical properties of p-Ni1−x O : Li thin films. These experimental results
show that the best working pressure was 6 mTorr, which produced a surface roughness of
2.85 nm, a grain size of 19.8 nm, a resistivity of 2.7  cm, a visible transmittance of 49.16%, a
work function of 5.32 eV, and a refractive index of 2.54. Although the p-Ni1−x O : Li thin film
has a relatively high work function, its conversion efficiency is 2.338% (Voc : 345 mV, Jsc :
22.048 mA cm−2 , and FF: 0.307). This study proposes that reduce interface states and improve
the optoelectrical properties of p-NiO are two important issues because they can directly and
significantly affect the conversion efficiency of p-Ni1−x O : Li/n-Si HJSC. In summary, this
high Voc value indicates that p-Ni1−x O : Li thin film is more suitable than ZnO/n-Si structures
as an emitter layer for transparent conducting oxide /n-Si HJSC applications.
(Some figures may appear in colour only in the online journal)

tin oxide (n-ITO) films on n-Si substrates (n-ITO/n-Si)
[1, 4–6]. Kobayashi et al reported the highest value of
16.2% (Voc : 580 mV, Jsc : 40.0 mA cm−2 , FF: 0.70) in 2006
[7]. However, the use of n-ITO creates serious problems,
such as the high cost of indium and its limited availability
for large-scale SCs applications [8, 9]. To mitigate these
disadvantages, ZnO thin films doped with group III impurities
(n-TCO materials) have been used as emitter layers for
Si-based HJSCs applications, and especially n-type ZnO : Al
(n-AZO)/n-Si HJSCs [2, 8, 10–15]. Song et al reported the
highest conversion efficiency of 8.2% (Voc : 411 mV, Jsc :
30.0 mA cm−2 , FF: 0.67) in 2002 [14]. In our previous study
[2], we suggested that novel, low-cost and high-mobility n-type
AZOY (98.0 wt% ZnO, 2.0 wt% Al2 O3 and 0.33 wt% Y2 O3 ,
99.95% purity, manufactured by GfE Metalle und Materialien
GmbH company) is a suitable emitter layer for TCO/n-Si

1. Introduction
Currently, the commercial method for fabricating p–n
homojunction solar cells (SCs) with high conversion efficiency
shows rather high cost because it requires a series of
processing steps at high temperatures. Additionally the most
representative heterojunction solar cell (HJSC), heterojunction
with intrinsic thin layer (HIT), exhibits a high process cost
and technological challenges because of its complex structure,
despite that it can be fabricated at rather low temperature
(<250 ◦ C). Transparent conducting oxide (TCO)/n-Si HJSCs
are promising as high-conversion-efficiency and low-cost SCs
because of the advantages they offer, including a simple
device structure and a low processing temperature (<250 ◦ C)
[1–4]. The conversion efficiency of TCO/n-Si HJSCs currently
ranges from 13% to 16% for spray-deposited n-type indium
0022-3727/13/275104+09$33.00
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HJSCs applications. The results of that study show that a
notably high short-circuit current density (Jsc : 31.5 mA cm−2 )
was obtained. However, the conversion efficiency of the SC
of approximately 4% because of a relatively low Voc value of
240 mV and a tolerable FF value of 0.51. Based on our results
and literature review, this study proposes that the lower Voc
value of ZnO-base/n-Si HJSCs than ITO/n-Si HJSCs (240–
410 mV < 550–580 mV) is primarily attributable to its lower
built-in potential (Vbi ), high interface state density (Dit ) and
greater thickness of the n-Si substrate. Therefore, how to
improve the Voc value and keep costs low is an important issue
in increasing the conversion efficiency of a TCO/n-Si HJSCs.
This study proposes that nickel oxide (NiO), a p-type
TCO material, is a promising candidate for TCO/nSi HJSCs applications because its higher work function
(>5 eV) compared with ZnO (approximately 4.4 eV) or ITO
(approximately 4.7 eV) directly increases Vbi , and further
increases Voc [3, 8, 16]. NiO is in agreement with a metaldeficient p-type semiconductor (Ni1−x O, 0  x < 1), and
its predominant defects are Ni2+ vacancies (VNi ). These
defects can easily form in the production process under
O-rich conditions because of the low formation energy of NiO
[17, 18]. However, the appearance of VNi also makes the
film black and creates lattice distortion, further reducing the
conversion efficiency of cells. Hence, monovalent cationic
doping is likely a better method to increase the electrical
conductivity of Ni1−x O films. This is especially true of Li+
because its ionic radius (0.68 Å) is similar to that of Ni2+
(0.69 Å), and it achieves better electrical stability [19–23].
Additionally, to our knowledge, only a few studies have
focused on the optoelectrical properties of Li-doped Ni1−x O
(Ni1−x O : Li) thin films deposited by RF magnetron sputtering
on a sintered NiO : Li2 O ceramic target. Therefore, in this
study, p-type Ni1−x O : Li (p-Ni1−x O : Li) thin films were first
fabricated at various working pressures on glass substrates by
RF magnetron sputtering. This report also investigates the
dependence of the structural, electrical and optical properties
of the thin films on the working pressure.
Low-cost
p-Ni1−x O : Li/n-Si HJSCs were fabricated to investigate and
discuss their properties.

ranging from 3 to 15 mTorr were adjusted using a mass flow
controller (MFC).
For p-Ni1−x O : Li/n-Si HJSC fabrication, the n-Si
substrate was first cleaned by standard RCA procedures. The
optimal p-Ni1−x O : Li thin film was then deposited on the n-Si
substrate. Subsequently, high conductivity AZOY thin film
was deposited using RF magnetron sputtering and a fingershape Al layer served as the front electrode [24]. And then,
before back electrode Al deposition, an ultra-thin LiF was
thermally deposited onto the back surface of n-Si to provide a
good ohmic contact. Finally, the cell area was fixed at 0.56 cm2
(8 mm × 7 mm) by cutting for four edges.
The thickness of p-Ni1−x O : Li thin films was fixed at 70±
2 nm for all measurements except that for p-Ni1−x O : Li/n-Si
HJSC application (55 nm). The thickness and reflective index
were measured by ellipsometry (ULVAC ESM-1) with a
He–Ne laser at a wavelength of 632.8 nm. The 3D images,
line profiles and surface root-mean-square (RMS) roughness
of p-Ni1−x O : Li were estimated by atomic force microscopy
(AFM, BASO-SPM). The structural, electrical and optical
properties (transmittance and reflectance) of p-Ni1−x O : Li thin
films were measured by grazing incidence x-ray diffraction
(GIXRD, Bruker D8), Hall effect measurement (HL 5500IU)
and UV–visible–NIR spectrophotometer (HITACHI U-4100),
respectively. The work function () of p-Ni1−x O : Li thin films
was measured with a surface analyser (Riken-keiki AC-2).
The chemical composition and bonding states of Ni were
analysed by x-ray photoelectron spectroscopy (XPS, JEOL
JAMP-9500F AES/XPS) after p-Ni1−x O : Li films were etched
for 20 s to remove adsorbed water on the surface. The
XPS spectra were calibrated using a C 1s line (285 eV). The
dark current–voltage (I –V ) characteristics of the device were
measured using an Agilent B 1500A semiconductor parameter
analyser, and capacitance–voltage (C–V ) measurements were
performed on an Agilent 4284A Precision LCR meter at
500 KHz. Before the C–V analysis, the measured capacitances
must be corrected for series resistance to obtain actual Mott–
Schottky plot [25, 26]. The photovoltaic characteristics of the
device were tested using an AM 1.5 standard Newport #96000
solar simulator (Peccell PEC-L11) with an illumination
intensity of 100 mW cm−2 .

2. Experiment
3. Results and discussion

P-type Li-doped Ni1−x O (p-Ni1−x O : Li) thin films were
deposited on glass and n-type silicon (1 0 0) substrates with
a resistivity of 1–10  cm and a 250 µm thickness by RF
magnetron sputtering with a 3 inch NiO : Li2 O (98.5 : 1.5 wt%,
99.9% purity) ceramic target. The glass substrates were
first cleaned with standard cleaning procedures (acetone and
methanol) in an ultrasonic bath for 10 min to remove grease
and organic contaminations, and then rinsed in deionized
water. A turbo molecular pump reduced the base pressure
to 2 × 10−6 Torr prior to deposition. A 120 W sputtering
source power was used for p-Ni1−x O : Li thin-film deposition.
A high growth temperature (300 ◦ C) and pure Ar-ambient
gas (flow: 60 sccm) were used to produce p-Ni1−x O : Li thin
films with a high transmittance. To investigate the effects of
these properties on p-Ni1−x O : Li thin films, working pressures

3.1. P-type Ni1−x O : Li thin-film properties
The chemical composition and bonding states of Ni for
p-Ni1−x O : Li thin films were investigated based on XPS
spectra. The Li content of the p-Ni1−x O : Li thin films in this
study was estimated to be approximately 3 at%. In addition,
the composition ratio of O/Ni in the film deposited at 3 mTorr
and 15 mTorr was estimated to be 1.94 and 1.43, respectively.
Figure 1 shows the XPS spectra of the Ni2p3/2 peak for
p-Ni1−x O : Li thin films deposited at 3 and 15 mTorr. The
relevant binding energy regions (850–860 eV) exhibited peaks
caused by two types of bonded nickel ions, corresponding to
NiO (Ni2+ , 855.0 eV and 854.9 eV) and Ni2 O3 (Ni3+ , 857.1 eV)
[27]. The Ni3+ formation mechanism is as follows. The top
2
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coefficient and hν is the photon energy) and extrapolating the
linear portion of this plot to the energy axis. Eg is estimated
to be approximately 3.6 eV for all p-Ni1−x O : Li thin films
(table 1), which is similar to the NiO band gap values reported
by Juybari et al [29].
Figure 2 shows the AFM 3D images, line profiles and
surface RMS roughness of p-Ni1−x O : Li thin films as a
function of working pressure. All deposited films exhibit a
polycrystalline structure, and have a grain size ranging from
70 to 100 nm (for 3 mTorr), 80 to 130 nm (for 6 mTorr), and
50 to 80 nm (for 15 mTorr). In addition, the surface RMS
roughness of p-NiOx :Li thin films decreases from 4.68 to
2.41 nm as the working pressure increases from 3 to 15 mTorr.
Figure 3(a) shows the GIXRD spectra of p-Ni1−x O : Li thin
films deposited at various working pressures. In the 2θ range
under investigation, films exhibit cubic NaCl-type NiO with
(1 1 1), (2 0 0), and (2 2 0) diffraction peaks (Joint Committee
on Powder Diffraction Standards, JCPDS card #47-1049). The
(2 0 0) plane of bulk NiO has the highest intensity. However,
the (1 1 1) plane has maximum intensity in this study, indicating
that the (1 1 1) orientation minimizes the surface free energy
in growing p-Ni1−x O : Li thin films. Chen et al [30] indicated
that the arrangement of O2− in an ionic crystal of NiO affects
the crystallographic orientation of NiO films. In the sputtering
process, Ni2+ (ionic radius: 0.69 Å) and O2− (ionic radius:
1.40 Å) collide on the growing film surface. When not enough
energy or oxygen is provided for Ni2+ and O2− to recombine,
the O2− must be arranged in a most densely packed (1 1 1) plane
to minimize the surface free energy. It is more likely to form a
nonstoichiometric (oxygen-rich) NiO film. Figure 3(b) shows
the full-width at half-maximum (FWHM) value and lattice
parameter (a) of p-Ni1−x O : Li thin films deposited at various
working pressures. The film deposited at a working pressure
of 6 mTorr exhibits the lowest FWHM value of the (1 1 1)
diffraction peak, indicating the best quality of film. According
to the Scherrer formula [31], the vertical average grain sizes
of these p-Ni1−x O : Li thin films were approximately 18.5 nm
(3 mTorr), 19.8 nm (6 mTorr), 19.4 nm (9 mTorr), 17.9 nm
(12 mTorr), and 16.1 nm (15 mTorr). In addition, the calculated
lattice parameters ranged from 4.1894 to 4.1921 Å (from 3
to 15 mTorr), all exceeding the JCPDS value of 4.177 Å for
NiO powder. The larger lattice parameter may result from
(1) the formation of numerous VNi caused by a longer VNi –O
distance, and (2) stress effects caused by the thermal expansion
coefficient difference between p-Ni1−x O : Li thin film and glass
[18, 32]. This study is based on the assumption that the stress
effect is almost the same in all films because the substrate
temperature remained unchanged. The XPS spectra show that
the number of VNi decreases as the working pressure increases.
Thus, films deposited at high working pressures should reduce
the lattice parameter to approach the bulk value of 4.177 Å.
However, this is in contrast to the behaviour shown in this
study. The dependence on the FWHM of the (1 1 1) diffraction
peak, lattice parameter and surface RMS roughness at various
working pressures may be reasoned as follows: during the
sputtering process, the working pressure is closely related to
the probability of collisions (called mean free path (λMFP ))
between sputtered particles and sputtering gas, which can be

Figure 1. XPS analysis of the Ni2p3/2 region for p-Ni1−x O : Li thin
films deposited at (a) 3 mTorr and (b) 15 mTorr.

of the NiO valence band consists of O 2p mixed with Ni 3d
states. When VNi exists in NiO thin films, a broken Ni–O
bond can easily combine with the Ni 3d electron, inducing the
loss of a 3d electron from two nearby Ni2+ atoms. Thus, to
achieve charge neutrality, two nearby Ni2+ atoms are oxidized
to Ni3+ . This produces two hole carriers in the valence band,
and corresponds to a forbidden gap existing in a shallow
acceptor level. Based on these results, a composition ratio of
O/Ni > 1 indicates that sufficient VNi exist in the NiOx films,
especially for films deposited at lower working pressures.
Table 1 shows that the visible (400–800 nm) transmittance of
the films increases from 40.64 to 63.09 as the working pressure
increases. According to previous research [28], the presence
of Ni3+ in Ni2 O3 acts as colour centres in Ni1−x O films.
Thus, an increase in visible transmittance can be attributed
to a decreased Ni3+ presence in the p-Ni1−x O : Li thin films.
The optical energy band gap (Eg ) of films was determined
by plotting (αhν)2 against hν (where α is the absorption
3
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Table 1. Electrical and optical properties of the NiO : Li thin films.
Working pressure
(mTorr)

ρ( cm)

Nh (cm−3 )

µ (cm2 V−1 s−1 )

 (eV)

Vis. T. (%)

Eg (eV)

3
6
9
12
15

0.97
2.72
5.97
16.59
36.54

+4.18 × 1018
+1.28 × 1018
+4.13 × 1017
+9.89 × 1016
+8.52 × 1016

1.54
1.80
2.53
3.81
2.01

5.43
5.32
5.18
5.16
5.15

40.64
49.16
51.49
59.02
63.09

3.62
3.61
3.61
3.63
3.62

Figure 2. AFM 3D images and line profile of p-Ni1−x O : Li thin films deposited at various working pressures (a) 3 mTorr, (b) 6 mTorr, and
(c) 15 mTorr.

described by the following equation [33]:
√
λMFP = Nav T / 2πP δ 2 ,

Consequently, Ni and O atoms/ions can be easily arranged at
suitable positions, and can effectively facilitating the activation
of dopants. However, when the energy of sputtered particles is
too high to present, sputtered particles reaching the substrate
cause a peening effect on growing films [34]. Thus, films
deposited at lower working pressures (<6 mTorr in this study)
have a rougher surface morphology and poorer crystalline

(1)

where δ is the atomic diameter (Ar: 0.367 nm), P is the
gas pressure (Pa), Nav is Avogadro’s constant, and T is
the temperature (K). At low working pressures, a larger
λMFP of sputtered particles produces greater kinetic energy.
4
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from 3 to 15 mTorr. This behaviour can be explained by
the effect of the working pressure on carrier mobility (µ)
and carrier concentration (Nh ). As table 1 shows, the film
deposited at 3 mTorr has the highest Nh of 4.18 × 1018 cm−3
and the lowest µ of 1.54 cm2 V−1 s−1 . As the working pressure
increases to 12 mTorr, Nh decreases to 9.89 × 1016 cm−3 and µ
gradually increases to the highest value of 3.81 cm2 V−1 s−1 .
However, when the working pressure increases further,
Nh decreases to the lowest value of 8.52 × 1016 cm−3 , whereas
µ decreases rapidly to 2.01 cm2 V−1 s−1 . According to these
XPS and XRD results, a decrease in Nh should be attributed to
a decrease in the VNi quantities and the activation of dopants.
The µ of the films is primarily affected by several scattering
mechanisms, including ionized impurity scattering, grain
boundary scattering, lattice vibration scattering and neutral
impurity scattering [35]. From this analysis, this variation
trend in µ should be attributed to trade-off variants in both
ionized impurity scattering (affected by carrier concentration)
and boundary scattering (affected by grain size). The work
function () of the films also decreases from 5.43 to 5.15 eV
as the working pressure increases, where  is defined as the
energy difference between the vacuum level and the Fermi
level. Therefore, a variation in  should be ascribed to Nh
decreases corresponding to an increase in the Fermi energy. A
high work function value (>5 eV) suggests that Vbi increases
in a p-Ni1−x O : Li/n-Si HJSC. In this study, the p-Ni1−x O : Li
thin films were deposited at 3 mTorr and the lowest resistivity
of 0.97  cm. However, this resistivity value is clearly higher
than that of undoped Ni1−x O films [36, 37]. A possible reason
for this difference is that growth parameters (i.e. a higher
substrate temperature of 300 ◦ C and pure Ar-ambient gas
deposition) prevent VNi formation. Another possible reason
is the insufficient amount of Li doping. This in turn reduces
the hole carrier concentration caused by the incorporated Li+
occupying VNi , which can be represented as follows [20]:

Figure 3. (a) X-ray diffraction θ–2θ scan data and (b) FWHM and
lattice parameter of NiO (1 1 1) diffraction peak for p-Ni1−x O : Li
thin films prepared at different working pressures.

quality, containing numerous small grains. As the working
pressure increases, a higher pressure enhances the probability
of collisions and reduces the chances of film damage.
The resulting film exhibits a larger average grain size and
better crystalline quality with a smooth surface morphology.
However, if working pressure increases continually (>6 mTorr
in this study), a small λMFP will cause adatoms to exhibit
insufficient surface mobility to arrange and grow, even sitting
on incorrect positions to expand lattice plane. Therefore, the
crystalline quality degrades again, and the smallest grain size
has the lowest surface RMS roughness and unchanged larger
lattice parameter. Based on these results, low and high working
pressures both lead to a poor crystalline quality. In addition,
the Ni2+ and O2− produced during the sputtering process in Ar+
plasma are influenced by the Coulomb force, especially O2− .
When the film is deposited at a higher working pressure, the
shorter λMFP of O−2 makes substrate deposition increasingly
difficult. This condition resembles an O-poor condition. Thus,
films deposited at a working pressure of 15 mTorr exhibit the
lowest VNi quantities.
Table 1 shows the electrical properties of p-Ni1−x O : Li
thin films deposited on a glass substrate at various working
pressures. The resistivity (ρ) of films increases significantly
from 0.97 to 36.54  cm as the working pressure increases

1 (g)

+ 2h• ↔ 2LiNi + O2 ,
Li2 O + 2VNi
2

(2)


represents the doubly charged nickel vacancies. In
where VNi
summary, from the viewpoint of photovoltaic principles, the
high sheet resistance of p-Ni1−x O : Li thin films (emitter layer)
directly leads to a decrease in the conversion efficiency of an
HJSC because of large series resistance (Rs ).

3.2. p-Ni1−x O : Li/n-Si HJSC properties
The emitter layer material in this study should theoretically
produce excellent optoelectrical properties. The results of this
study show that the best working pressure was 6 mTorr, and this
value was used in the analysis in this section. Figure 4(a) shows
the dark J –V characteristic of p-Ni1−x O : Li/n-Si HJ. The inset
shows the linear I –V behaviour for (I) AZOY contacts on
p-Ni1−x O : Li thin films and (II) Al contacts on p-Ni1−x O : Li
thin films, indicating the formation of ohmic contacts. A clear
rectifying behaviour for p-Ni1−x O : Li/n-Si HJ is apparent,
and the turn-on voltage (Von ) of the device is approximately
0.723 V. The J –V characteristics for p-Ni1−x O : Li/n-Si HJ can
5
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the saturation current density value of the device. The diode
parameters of A and Jo are 2.63 and 2.73 × 10−6 A cm−2 ,
respectively.
The carrier transport mechanism can be
easily explained by the schematic energy band diagram of
p-Ni1−x O : Li/n-Si HJ based on Anderson’s model, as shown
in the bottom-right inset of figure 4(b). The energy band
gap and electron affinity for n-Si (Semiconductor 1) and NiO
(Semiconductor 2) are assumed to be 1.12 eV (Eg,1 ) and
4.05 eV (χ1 ), and 3.6 eV (Eg,2 ) and 1.5 eV (χ2 ), respectively.
These values correspond to a large conduction band offset
( Ec = χ1 − χ2 = 2.55 eV) and a small valence band
offset ( Ev = Ec + Eg,1 − Eg,2 = 0.07 eV). When the pNi1−x O : Li thin film contacts n-Si, electrons flow from n-Si
to p-NiO to align Fermi levels because p-NiO > n-Si .
Band bending should mainly occur on the n-Si side (onesided abrupt junction, P+ /n) because the p-NiO layer is heavily
doped with a hole carrier concentration of 1.28 × 1018 cm−3 .
Vbi = p-NiO − n-Si , and its value directly affects diode
performance. The schematic energy band diagram shows that
the relatively large conduction band offset of HJ acts as a
barrier to electron conduction from n-Si to p-NiO. Ideally
(a clean interface), only hole carriers in the p-NiO side can
diffuse to the n-Si side, forming a diffusion current when a
forward bias is applied to the p–n junction. In fact, however,
the non-chemically saturated bonds are expected at the n-Si
and p-NiO interface (interface state) because VNi formation
and a lattice mismatch (approximately 23%) that resulted
from the difference in thermal expansion coefficients between
n-Si and p-NiO at the deposition temperature. Therefore, the
recombination of electrons from semiconductor 1 with holes
from semiconductor 2 through interface states produces extra
current. This causes a high A and Jo of p-Ni1−x O : Li/n-Si HJ.
Figure 4(b) shows the measurement dark J –V characteristic
measured at various temperatures in the range 288–330 K in
10 K steps. The A obtained are shown in figure 4(b) (see
top-left inset). Actually the decrease in A with increase in
temperature occurs due to thermionic emission. However, it is
clearly seen that A of the heterojunction exhibits an increasing
trend with decreasing temperature. This variation trend can be
reasoned as follows. It is known that available energy levels of
interface states show a lower density at a higher energy and vise
versa. [38–40]. At low temperatures, the carrier transport will
occur via deep trap states, of which there are more, and hence
the resulting higher A. On the other hand, at high temperatures
shallow traps may participate in the conduction process, thus
leading to relatively low A. This also confirms the current
transport mechanism in p-Ni1−x O : Li/n-Si HJ, that is a mixture
of defect-assisted tunnelling and carrier recombination in the
space charge region via interface states [41].
Figure 5 shows the high-frequency (500 KHz) C–
V characteristics of p-Ni1−x O : Li/n-Si HJ. A typical
For
P+ /n junction capacitance behaviour is displayed.
p-Ni1−x O : Li/n-Si HJ, the depletion capacitance can be
expressed as [42]

Figure 4. (a) Dark J –V characteristic of the p-Ni1−x O : Li/n-Si
heterojunction. The inset shows I –V characteristic of (I)
AZOY/p-Ni1−x O : Li and (II) Al/LiF/n-Si on a linear scale. (b) Dark
J –V characteristic of the p-Ni1−x O : Li/n-Si heterojunction
measured at various temperatures in the range 288–330 K. The
top-left inset shows the ideality factor dependence on temperature
and the bottom-right inset shows the schematic energy band diagram
of a p-Ni1−x O : Li/n-Si heterojunction based on Anderson’s model.

follow the relation



qV
JF = J0 exp
AkT


,

(3)

where JF is the forward current density, J0 is the saturation
current density, q is the electronic charge, k is Boltzmann’s
constant, T is the temperature (K), A is the ideality factor
and V is the applied voltage. The diode ideality factor
(A), determined from equation (3), was obtained from the
slope of the linear region of sufficiently high forward biases
ln(JF /J0 ) − V using the following expression:

 q  
dV
A=
·
.
(4)
kT
d ln(JF /J0 )



Thus, space charge region recombination does not limit the
diode current. In addition, the linear plot intercept shows

C=
6

qεSi ND
2


ψbi − V −

2kT
q

−1/2
,

(5)
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Figure 6. J –V characteristics of cells measured under
100 mW cm−2 illumination (AM1.5 condition). The top-right inset
shows the schematic energy band diagram for light-generation
current conduction.

Figure 5. C–V measurement of p-Ni1−x O : Li/n-Si HJ at 500 KHz
at room temperature. The inset shows the 1/C 2 –V plot.

where εSi is the permittivity of Si, ND is the effective donor
concentration for the n-Si substrate, V is the applied voltage
and Vbi is the built-in potential. Rearranging terms leads to


1
2
2kT
V
=
−
V
−
.
(6)
bi
C2
qεSi ND
q

NiO thin films show a rather high work function (>5 eV) and
carrier concentration (∼1018 cm−3 ). Also, the structure of
p-Ni1−x O : Li/n-Si HJSC is not optimization yet. Therefore,
we suggest that the structure of p-Ni1−x O : Li/n-Si is still a
promising HJSC. The mechanism for lower Voc , Jsc and FF
of a cell can be reasoned as follows: (i) a high resistance of
NiO films and very thick interfacial layer cause a larger series
resistance (Rs ), and high Jo implies a lower shunt resistance
(Rsh ) [3]. Both results lead a lower FF. In addition, the high
Rs also decreases the Jsc of cell, except the reason for the low
transmittance of Ni1−x O : Li thin films, corresponding to



qJsc Rs
Jsc Rs
Jsc = Jsc − Jo exp
−1 −
.
(7)
AkT
Rsh

Thus, Vbi and ND can be obtained by plotting 1/C 2 –V . The
top-left inset of figure 5 shows the linear 1/C 2 –V curve of
p-Ni1−x O : Li/n-Si HJSC. The donor concentration of n-Si
substrate extracted from the slope of the straight line using
equation (6) is 4.36 × 1014 cm−3 , and extrapolating this to
the voltage axis gives Vbi = V + 2kT /q = 0.731 V. This
Vbi value is in good agreement with the Von results obtained
from J –V measurements. In addition, the Vbi values obtained
from a high-frequency C–V measurement is more meaningful
because the interface traps cannot follow the applied highfrequency ac signal. However, the Vbi value is much lower than
the theoretical value of approximately 1 V (p-NiO − n-Si ).
This situation can be effectively described based on the Fermilevel pinning at the semiconductor surface because of a high
interface state. ‘Fermi-level pinning’ means that the Fermi
level is forced to have a certain value at the surface or
interface. When the density of surface or interface state is
sufficiently high, there will be a double layer at the surface
of semiconductor formed from a surface state charge and a
space charge of opposite sign [43]. Thus, this double layer
trends to make Vbi depend on the surface characteristics of
semiconductor 1, and is independent of the work function
difference between two semiconductors.
Figure 6 shows the J –V characteristics of the
cell measured under 100 mW cm−2 illumination (AM1.5
conditions). The conversion efficiency of the cell is 2.338%
(Voc : 345 mV, Jsc : 22.048 mA cm−2 , and FF: 0.307).
However, the conversion efficiency of cell in this study is
still lower than other TCO/n-Si HJSC. However, it is wellknown that the work function deference between base layer
and emitter layer will dominate Voc . In this study, p-type

(ii) A TCO/n-Si HJSC generally has low conversion efficiency
with a low Voc . The term Voc , defined as the voltage for which
the current in the external circuit equals zero, can be expressed
as follows:



Voc
qVoc

= Jsc − Jo exp
−1 ,
(8)
Rsh
AkT
This study proposes that p-Ni1−x O : Li with a higher work
function increases Vbi , and then increases Voc of the cell
further. Although Voc (345 mV) obtained from light J –V curve
is approaching the highest value of ZnO-based/n-Si HJSC
(410 mV); however, it is still less than the value of an ITO/n-Si
HJSC (550–580 mV). The I –V and C–V analysis implies that
interface states have a significant effect on Voc . Because these
interface states can pin the Fermi level and change Vbi , they also
act as recombination centres that supply a shunt to the lightgenerated current. According to Scheer [44], the saturation
current density for interface recombination is


−qVbi
Jo = qNc,1 Sn exp
,
(9)
kT
7
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where Nc,1 is the effective density of states in the n-Si
conduction band, and Sn is the interface recombination velocity
of electrons, which is primarily affected by the density and
character of the interface states. If Jo = 2.73 × 10−6 A cm−2
and Vbi = 0.731 V, then Sn can be calculated as 1.08 ×
106 cm s−1 . However, this value is much larger than results
previously reported in the literature with good interface
properties (<1000 cm s−1 ) [45–50]. Thus, Voc is limited by
a small value of Vbi and a high value of Sn in this study.
The top-right inset in figure 6 shows a schematic energy
band diagram for light-generation current conduction. In
summary, how to further reduce interface states (using surface
passivation) and improve the optoelectrical properties of p-NiO
(by increasing the doping content) are two important issues
for future research because they can directly and significantly
affect the conversion efficiency of p-Ni1−x O : Li/n-Si HJSC.

[4] Kobayashi H, Kogetsu Y, Ishida T and Nakato Y 1993 J. Appl.
Phys. 74 4756
[5] Kobayashi H, Tachibana S, Yamanaka K, Nakato Y and
Yoneda K 1997 J. Appl. Phys. 81 7630
[6] Malik O, De la Hidalga-W F J, Zuniga-I C and Ruiz-T G 2008
J. Non-Cryst. Solids 354 2472
[7] Kobayashi H, Liu Y L, Yamashita Y, Ivanco J, Imai S and
Takahashi M 2006 Sol. Energy 80 645
[8] Kobayashi H, Mori H, Ishida T and Nakato Y 1995 J. Appl.
Phys. 77 1301
[9] Treharne R E, Hutchings K, Lamb D A, Irvine S J C, Lane D
and Durose K 2012 J. Phys. D: Appl. Phys. 45 335102
[10] Baik D G and Cho S M 1999 Thin Solid Films 354 227
[11] Fang H W, Liu S J, Hsieh T E, Juang J Y and Hsieh J H 2011
Sol. Energy 85 2589
[12] Dalchiele E A, Giorgi P, Marotti R E, Martin F,
Ramos-Barrado J R, Ayouci R and Leinen D 2001 Sol.
Energy Mater. Sol. Cells 70 245
[13] Song D, Neuhaus D H, Xia J and Aberle A G 2002 Thin Solid
Films 422 180
[14] Song D, Aberle A G and Xia J 2002 Appl. Surf. Sci. 195 291
[15] Song D and Guo B 2009 J. Phys. D: Appl. Phys. 42 025103
[16] Kim J S, Park J H, Lee J H, Jo J, Kim D Y and Cho K 2007
Appl. Phys. Lett. 91 112111
[17] Zhang W B, Yu N, Yu W Y and Tang B Y 2008 Eur. Phys. J. B
64 153
[18] Jang W L, Lu Y M, Hwang W S, Hsiung T L and Wang H P
2009 Appl. Phys. Lett. 94 062103
[19] Wen G, Hui K S and Hui K N 2013 Mater. Lett. 92 291
[20] Jang W L, Lu Y M, Hwang W S and Chen W C 2010 J. Eur.
Ceram. Soc. 30 503
[21] Dutta T, Gupta P, Gupta A and Narayan J 2010 J. Appl. Phys.
108 083715
[22] Yang H H, Cheng H, Tang Y G and Lu Z G 2009 J. Am.
Ceram. Soc. 92 931
[23] Moghe S, Acharya A D, Panda R, Shrivastava S B, Gangrade
M, Shripathi T and Ganesan V 2012 Renew. Energy 46 43
[24] Tsai Y Z, Wang N F, Tseng M R and Hsu F H 2010 Mater.
Chem. Phys. 123 300
[25] Nicollian E H and Goetzberger A 1965 Appl. Phys. Lett.
7 216
[26] Kevin J Y and Chenming Hu 1999 IEEE Trans. Electron
Devices 46 1500
[27] Kang J K and Rhee S W 2001 Thin Solid Films 391 57
[28] Zhou Y, Gu D, Geng Y and Gan F 2006 Mater. Sci. Eng. B
135 125
[29] Juybaria H A, Bagheri-Mohagheghia M M and
Shokooh-Saremi M 2009 J. Alloys Compounds 486 9
[30] Chen H L and Yang Y S 2008 Thin Solid Films 516 5590
[31] Cullity B D 1997 Elements of X-Ray Diffraction 2nd edn
(Menlo Park, CA: Addison-Wesley)
[32] Inaba H 1996 Japan. J. Appl. Phys. 35 4730
[33] Kittel C 1969 Thermal Physics (New York: Wiley)
[34] Thornton J A and Hoffman D W 1989 Thin Solid Films 171 5
[35] Lu J G, Ye Z Z, Zeng Y J, Zhu L P, Wang L, Yuan J, Zhao B H
and Liang Q L 2006 J. Appl. Phys. 100 073714
[36] Sato H, Minami T, Takata S and Yamada T 2003 Thin Solid
Films 236 27
[37] Ai L, Fang G, Yuan L, Liu N, Wang M, Li C, Zhang Q, Li J
and Zhao X 2008 Appl. Surf. Sci. 254 2401
[38] Resfa A, Y S Bourzig and Brahimi R Menezla 2011
J. Semicond. 32 12004
[39] Gupta R K, Ghosh K and Kahol P K 2009 Physica E 41 876
[40] Yu W, Wang C S, Lu W B and Cui S K 2007 Solid State
Commun. 143 228
[41] Majumdar S and P. Banerji 2009 J. Appl. Phys. 105 043704
[42] Sze S M 1981 Physics of Semiconductor Devices (New York:
Wiley)
[43] Bardeen J 1947 Phys. Rev. 71 717

4. Conclusion
This study reports the successful fabrication of p-type
Ni1−x O : Li thin films deposited on glass or single-crystal
n-Si (1 0 0) substrates by RF magnetron sputtering using a
3 inch NiO : Li2 O (98.5 : 1.5 wt%, purity of 99.95%) ceramic
target. The XPS analysis in this study shows that the Li
content in p-Ni1−x O : Li thin films is approximately 3 at%,
and the Ni2p3/2 spectra show two types of bonded nickel
ions, corresponding to NiO (Ni2+ , 855.0 eV and 854.9 eV) and
Ni2 O3 (Ni3+ , 857.1 eV). The XRD spectra show that all of
the films obtained have a cubic NaCl-type NiO structure with
the (1 1 1) preferred orientation. The best working pressure is
6 mTorr, which produces properties such as a surface roughness
of 2.85 nm, a grain size of 198 nm, a resistivity of 2.7  cm, a
visible transmittance of 49.16%, a work function of 5.32 eV,
and a refractive index of 2.54. For p-Ni1−x O : Li/n-Si HJ,
the resulting Vbi is much lower than the theoretical value of
approximately 1 V (p-NiO −n-Si ). The conversion efficiency
of the cell is 2.338% (Voc : 345 mV, Jsc : 22.048 mA cm−2 ,
and FF: 0.307) under 100 mW cm−2 illumination (AM1.5
conditions). This can be attributed to interface states pinning
the Fermi level, which can change Vbi and act as recombination
centres that supply a shunt to light-generated current. High Voc
value of p-Ni1−x O : Li/n-Si HJSC indicates that p-Ni1−x O : Li
thin film is more suitable than ZnO/n-Si structures as an emitter
layer for TCO/n-Si HJSC applications.

Acknowledgments
The authors gratefully acknowledge the financial support
from the National Science Council of Taiwan, ROC
(Grant No NSC-100-2221-E-006-043-MY2 and No NSC
101-2221-E-230-015).

References
[1] Manifacier J C and Szepessy L 1997 Appl. Phys. Lett. 31 459
[2] Hsu F H, Wang N F, Tsai Y Z and Houng M P 2012 Sol.
Energy 86 3146
[3] Fang H W, Hsieh T E and Juang J Y 2012 Surf. Coat. Technol.
at press

8

J. Phys. D: Appl. Phys. 46 (2013) 275104

F H Hsu et al

[48] Froitzheim A, Brendel K, Elstner L, Fuhs W, Kliefoth K and
Schmidt M 2002 J. Non-Cryst. Solids 299 663
[49] Zhou H P, Wei D Y, Xu S, Xiao S Q, Xu L X, Huang S Y,
Guo Y N, Khan S and Xu M 2012 J. Phys. D: Appl. Phys.
45 395401
[50] Tsunomura Y, Yoshimine Y, Taguchi M, Baba T,
Kinoshita T, Kanno H, Sakata H, Maruyama E and
Tanaka M 2009 Sol. Energy Mater. Sol. Cells 93 670

[44] Scheer R 2009 J. Appl. Phys. 105 104505
[45] Olibet S, Vallat-Sauvain E and Ballif C 2007 Phys. Rev. B
76 035326
[46] Agostinelli G, Delabie A, Vitanov P, Alexieva Z,
Dekkers H F W, De Wolf S and Beaucarne G 2006 Sol.
Energy Mater. Sol. Cells 90 3438
[47] Wang T H, Iwaniczko E, Page M R, Levi D H, Yan Y,
Branz H M and Wang Q 2006 Thin Solid Films 501 284

9

