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Abstract Textured surface boron-doped zinc oxide
(BZO) thin films were fabricated by metal organic
chemical vapor deposition as transparent conductive
oxide (TCO) for solar cells. The surface microstructure
was characterized by X-ray diffraction spectrum and scan-
ning electron microscope. The optical transmittance was
shown by optical transmittance microscope and the
electrical properties were tested by Hall measurements.
The thickness of the BZO film has crucial impact on the
surface morphology, optical transmittance, and resistivity.
The electrical and optical properties as well as surface
microstructure varied inconsistently with the increase of
the film thickness. The grain size and the surface roughness
increased with the increase of the film thickness. The
conductivity increased from 0.96�103 to 6.94�103 S/cm
while the optical transmittance decreased from above 85%
to nearly 80% with the increase of film thickness from 195
to 1021 nm. The BZO films deposited as both front and
back transparent electrodes were applied to the bifacial p-
type a-Si:H/i-type a-Si:H/n-type c-Si/i-type a-Si:H/n+-type
a-Si:H heterojunction solar cells to obtain the optimized
parameter of thickness. The highest efficiency of all the
samples was 17.8% obtained with the BZO film thickness
of 829 nm. Meanwhile, the fill factor was 0.676, the open-
circuit voltage was 0.63 Vand the short-circuit density was
41.79 mA/cm2. The properties of the solar cells changing
with the thickness were also investigated.

Keywords boron-doped zinc oxide (BZO), metal organic
chemical vapor deposition (MOCVD), heterojunction solar
cell, thickness, textured surface, transparent conductive
oxide (TCO)

1 Introduction

Due to the high optical transmittance, low resistivity and
good stability in plasma environment, boron-doped zinc
oxide (BZO) thin films have been proven to be a very
promising candidate to replace the indium tin oxide (ITO)
as transparent contacts for thin film solar cells [1]. The
non-toxicity, low price, abundance of raw material speed
up the application of the BZO in photovoltaic devices.
Various deposition techniques have been utilized for the
fabrication of BZO films such as chemical vapor
deposition [2], sputtering [3], sol-gel [4], spray pyrolysis
[5] and photo-atomic layer deposition [6], among which
the metal organic chemical vapor deposition (MOCVD)
and magnetron sputtering are the main techniques for
fabricating BZO films. The typical advantages of MOCVD
for preparing BZO thin films are relatively low growth
temperature and high growth rate. In addition, textured
surface BZO can be obtained by MOCVD even without
any post-treatment. As we all know, the textured surface of
transparent conductive oxide (TCO) could lead to the light
trapping effect and enhance the path of the light inside the
active layer, and further increase the absorption of light of
the cells [7]. Therefore, a thinner active layer is enough to
absorb the light resulting from the light trapping effect
induced by the textured structure, which will ultimately cut
the cost. Furthermore, the phenomenon of light-induced
degradation will also be effectively reduced [8].
The path of the light as well as the transmittance

determine the probable absorption of light in the active
layer, and the photo-generated carriers will be recombined
before they reach metal grids of front contacts. Thus the
optical and electrical properties of the transparent contact
have crucial impact on the performance of the solar cells.
In the previous work, we have reported the influence of
dopant B and the substrate temperature to the properties of
the BZO films [9]. Further investigations are required in
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order to clarify the influence of the growth parameters of
the BZO films deposited by MOCVD. In this paper, we
have studied the influence of thickness on the performance
of the bifacial a-Si:H/c-Si heterojunction solar cells.

2 Experimental

The ZnO:B films were prepared on the large-scale glasses
(230 mm � 230 mm) by MOCVD at low temperature
(below 200oC). The precursor gases were diethyl zinc
(DEZ), water (H2O) vapors carried by argon (Ar) and
diborane (B2H6, H2-diluted 1%). The pressure of the
reaction chamber was set at 1.0 Torr and the temperature of
DEZ were kept at 60oC while the water were kept at 70ºC.
The substrate temperature was kept at 170oC for all the
samples. To obtain the varied thickness of the BZO films,
the deposition time were 6, 12, 18, 24 and 30 mins at the
B2H6 flow rate of 7 sccm, and obtained the films with the
thickness of 195, 383, 607, 829 and 1021 nm, respectively.
The a-Si:H/c-Si heterojunction solar cells were fabri-

cated on n-type (100) c-Si substrate by plasma enhanced
chemical vapor deposition (PECVD). To remove the native
oxide, the c-Si substrates with the thickness of about 200
mm were dipped in diluted hydrofluoric acid after a
standard Radio Corporation of America cleaning. The
textured c-Si substrate was obtained by potassium
hydroxide (KOH). Then, the intrinsic and doped a-Si:H
layers were deposited on the textured n-type c-Si substrate
to form p-type a-Si:H/i-type a-Si:H/n-type c-Si/i-type a-Si:
H/n+-type a-Si:H heterojunction solar cell. The thickness
of intrinsic and doped a-Si:H layers were 5 and 10 nm,
respectively. Finally, the BZO films were grown on the
surface of the heterojunction solar cells as both front and
back electrodes by MOCVD. The Ag gridded electrodes
were prepared on the solar cells by screen printing method.
Other parts of the heterojunction solar cells were fabricated
under same condition.
The thickness of films were measured by spectroscopic

ellipsometry (SOPRA GES-5E) and X-ray diffraction
spectrum were obtained by using a Philips X’Pert Pro
(XRD, PANalytical PW 3040/60) at a voltage of 40 kVand
a current of 40 mA, with Cu Ka radiation (l = 1.5406 Å) to
investigate the crystallographic structure of BZO films.
The surface morphologies of the films were investigated by
the scanning electron microscope (SEM). The optical
transmittance spectrum of all the samples were performed
by 7-SCSPEC solar cell spectral performance testing
system, and the range of testing wavelength were from 300
to 1100 nm. The electrical properties of the BZO films
were measured by Hall measurement after Al electrodes
were deposited on the films. I-V characteristic of the
bifacial a-Si/c-Si heterojunction solar cell was obtained
by Newport solar cell I-V testing system (PVIV-
94023A).

3 Discussion

3.1 Structure

Figure 1 shows the XRD patterns of BZO films with
thickness from 195 to 1021 nm. The XRD patterns of the
BZO films consisted of four diffraction peaks, which are
(100), (002), (101) and (110) crystal planes. When the
thickness of the film was below 195 nm, all of the
diffraction peaks were very weak, which can be attributed
to the lateral growth of the thin film in the early age of
deposition. The crystal orientation was not clear with no
dominate peak appeared. With the increase of film
thickness, the (100) and (110) diffraction peaks enhanced
due to the increase of crystalline. The intensity of the (110)
peak enhanced much obviously than the (100) peak, which
revealed that the films had preferred orientation of c-axis
parallel to the substrate.

The diffraction angle 2� and the full width at half
maximum (FWHM) with different thickness are given in
Table 1. The lattice constant c can be calculated by Eqs.
(1) – (2):

dhkl ¼
nl

2sin�
, (1)

dhkl ¼
4

3

h2 þ hk þ k2

a2
þ l2

c2

� – 1=2

,

 
(2)

where � is diffraction angle, l is wavelength of X-ray, (hkl)
is Miller indices of the planes, dhkl is the interplanar
spacing, a and c are the lattice constant. Table 1 shows that
with the increase of thickness, the diffraction angle
increased, so we can deduce from the above equations
that with the increase of thickness, the interplanar spacing
dhkl and the lattice constant c decreased. The crystal size of
BZO films can be deduced by the well-known Debye-
Scherrer formula:

Fig. 1 XRD patterns of BZO films with different thickness
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G ¼ 0:9l

βcos�
, (3)

where G is the crystal size, l is wavelength of X-ray, β is
FWHM, � is the half diffraction angle of the centroid of the
peak. As shown in Table 1, the FWHM decreased with the
increase of thickness. According to the Debye-Scherrer
formula, with the increase of thickness, the crystal size G
increased. The above results demonstrated that the
thickness plays an important role in the crystalline and
the lattice structure of the BZO films.
The SEM micrographs of ZnO:B with different thick-

ness are shown in Fig. 2. The grain size of the BZO films
were evaluated from the SEM micrographs by detecting
the borders of the grains observable on the surface. The
mean projected area of the grains was deduced and the

square root of this value was taken as dimensional
parameter for the grain size [10].The grain was in small
size and the surface was relatively flat due to the lateral
growth when the film thickness was 195 nm. With the
thickness increased to 383 nm, the pyramidal-like surface
appeared due to the film grown with the preferred
orientation of c-axis parallel to the substrate, which has
been discussed from the result of XRD patterns. The grain
size was about 80 nm when the film thickness was 383 nm.
With the increase of BZO film thickness, the small grains
disappeared and the grains accumulated and became larger
as well as uniform. When the film thickness was about
1021 nm, the film shown large pyramidal-like grains
emerging out of the surface and the grain size was about
280 nm. The rough surface constituted of large pyramidal
grains could enhance the light trapping effect, which

Table 1 Variation of the Bragg angle 2�, FWHM and crystal size with thickness

deposition time/mins thickness/nm 2�/(° ) FWHM/(° ) G/nm

6 195 56.73 0.44 20.52

12 383 56.80 0.38 23.77

18 607 56.83 0.31 29.13

24 829 56.85 0.26 34.74

30 1021 56.87 0.19 47.54

Fig. 2 Surface morphology of the BZO film with the thickness of (a) 195 nm, (b) 383 nm, (c) 607 nm, (d) 829 nm, (e) 1021 nm
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increased the path of the light inside the solar cell [7].
Thus, the increase in thickness could improve the light
trapping structure for the thin film solar cells.
The difference between the values of crystal size

measured by XRD and the values of grain size evaluated
from SEM image can be explained as following: the G
calculated with the Scherrer equation is related to crystal-
lographically coherent crystalline unit that diffracts the X-
ray and is the average value along the film thickness, while
the grain size is evaluated from the SEM images, at the film
surface as distance between two visible grain boundaries
[10]. Both the grain size and the crystal size showed the
same changing trend with the increase of thickness.

3.2 Electrical properties

Figure 3(a) shows that the carrier concentration first
increased and then kept almost a constant. The carrier
concentration was at a relatively low level of 6.7 ´1019

cm–3 at the thickness of 195 nm. It can be understood as
follows: First, the BZO film with thickness of 195 nm had
low crystal quality and high defect density, which could
trap the free carriers; Second, when a semiconductor is
abruptly terminated at the surface, the disruption of
potential function would create discrete energy states
within the band gap which were called surface states and
could trap free carriers [11]. In addition, when the BZO
films was exposed to air, the chemisorption of oxygen have
more significant affection on the carrier concentration of
the thinner BZO films. The chemisorbed oxygen atoms
could annihilate the shallow donor energy levels, which
come from the oxygen vacancies and lead to the decrease
of carrier concentration in thinner films. The carrier density
increased with the thickness when it was below 600 nm,
and then approached to almost a constant. This phenom-

enon can be attributed to the increase of crystallinity and
stability of the BZO films. Figure 3(b) shows that the
mobility increased monotonically with the increase of
thickness. It can be attributed to two main reasons: 1) The
increase of grain size led to the decrease of grain boundary
as well as grain boundary scattering; 2) The increase of
crystallinity led to the decrease of defect density, which
further led to the increase of carrier mobility. As all knows
that the resistivity is determined by both carrier concentra-
tion n and mobility m, which can be expressed as r = 1/
(nqm). The variation of both n and m resulted in the change
of resistivity. It can be seen from Fig. 3(c) that the
resistivity r of BZO films decreased monotonically with
the increase of thickness. The minimum resistivity was
1.33 � 10–4 W$cm at thickness of 1021 nm. Meanwhile,
the mobility and carrier concentration of the BZO film
were 25.03 cm2/Vs and 1.73 � 1020 cm–3, respectively.
Furthermore, a favored low value is the sheet resistance
Rsh, which could be achieved with the increase of thickness
d (Rsh= ρ/d).

3.3 Optical properties

The transmittance spectrum of the BZO films with various
thickness is given in Fig. 4. The film with the thickness of
195 nm had an average transmittance over 85% in the
range of visible and infrared light. The average transmit-
tance decreased to about 80% with the thickness increase
to 1021 nm due to the thickness effect. Besides, the
transmittance also decreased with the wavelength, espe-
cially in the long wavelength above 800 nm due to the free
carrier absorption (FCA) effect according to Drude theory
[12]. The FCA can be described by equation:

A ¼ l2e3nd

4π2ε0c3Nm*2�
, (4)

where A is the absorbance index, l is the wavelength of the
incident light, e is the electron charge, n is carrier

Fig. 3 Plot of (a) carrier concentration, (b) Hall mobility, and (c)
resistivity of the BZO films versus the film thickness Fig. 4 Optical transmittance of BZO films with different thickness
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concentration, d is film thickness, ε0 is the permittivity of
free space, c is the light velocity, N is refraction index of
the film material, m* is effective mass of an electron and m
is mobility. Though the increase in thickness could
increase the mobility m, the excessive thick BZO films or
high carrier concentration could lead to high light
absorption in nearinfrared (NIR) range. Therefore the
slightly doped ZnO films with proper thickness could
suppress the FCA effect in NIR range. In addition, the
absorption edge of the BZO films shifted toward long
wavelength in general with the increase of thickness which
has also been observed by Faÿ as well [13]. It might be the
reason that the optical band gap of BZO films was
changed. As BZO is direct band gap material, the optical
band gap can be deduced from the plot of (ahn)2 versus
photo energy hv, where a is the optical absorption
coefficient, h is Planck constant, and v is the frequency
of the incident light. The a can be obtained by d–1$ln(1/T),
where d is the thickness of BZO film, and T is the
transmittance. Figure 5 gives the Tauc plots of BZO films
with various thickness. With the increase of film thickness,
the optical band gap of BZO films first increased and then
decreased. It could be explained by the follow: According
to Burstein-Moss effect, the increase of optical bandgap
(DEg) of BZO relative to un-doped ZnO can be given by
[14]

ΔEg ¼
h2

8m*

3Ne

π

� �2=3

: (5)

Ne is the carrier concentration, and m* is the reduced
effective mass. Thus when the film was thin, the significant
increase of carrier concentration can be the reason of the
increase in optical band gap according Burstein-Moss
effect [15]. However with the thickness increase further,
the optical bandgap decreased and departure from the
changing trend of carrier concentration. The decrease in
optical bandgap can be explained by the decrease of lattice
constant, which has been discussed from the result of XRD

patterns [16]. The decrease of the lattice constant led to the
increase of the overlap of electron orbital and broadened
both the conductive band and valence band. Therefore, the
optical bandgap become narrow. The determined optical
band gaps of BZO films with film thickness of 195, 383,
607, 829 and 1021 nm were 3.63, 3.65, 3.64, 3.6 and 3.57
eV, respectively. As we know, the wider optical bandgap of
BZO films which could reduce optical losses and raised the
optical utilization efficiency of solar cells were more
suitable for electrodes of solar cells. Thus, with the
increase of thickness, optical transmittance and absorption
edge as well as bandgap deteriorated in general.

3.4 Solar cells

To investigate the influence of the optical and electrical
properties of BZO films to the solar cells, the BZO films
with different thickness were applied to the bifacial p-
typea-Si:H/i-typea-Si:H/n-type c-Si/i-type a-Si:H/n+-type
a-Si:H heterojunction solar cells. Figure 6(a) shows the
schematic diagram of the bifacial heterojunction solar
cells. Figure 6(b) shows the I–V parameters of solar cells
with different thickness of BZO films. The open circuit
voltage (Voc) first increased from 0.611 to 0.631 Vand then
decreased slightly to 0.622 V with the increase of
thickness. This can be explained by the follows: when
the film was thin, the transmittance was relatively high and
the major fact that influence the optical properties was the
light scattering capability. The increase of thickness could
have an obvious enhancement of surface roughness which
improved the light scattering capability and improved the
Voc. With the thickness increased further, the optical
transmittance of front electrode decreased which reduced
the intensity of light in the active layer, and thus led to the
decrease of Voc. The improvement of fill fact (FF) from
64.9% to 67.6% could be attributed to the improvement of
electrical properties of the ZnO:B electrodes. The short-
circuit density (Jsc) increased from 40.26 to 41.79 mA/cm2

with the thickness increase from 195 to 829 nm resulting
from both the decrease of sheet resistance and the increase
of the Voc. As the thickness increased to 1021 nm, the Jsc
decreased to 41.67 mA/cm2 due to the decrease of the Voc.
The efficiency of the solar cells increased from 16% to
17.8% with the thickness of ZnO:B electrodes increased
from 195 to 829 nm and then decrease to 17.5%.
Therefore, the thickness of the BZO films has great impact
on the performance of solar cells.

4 Conclusions

In this paper, we have studied the structure, electrical and
optical properties of BZO thin films varied with film
thickness. With the increase of BZO film thickness, the
surface roughness increased, which enhance the light
trapping effect. The resistivity and sheet resistanceFig. 5 Tauc plots with different thickness
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decreased monotonically with the increase of thickness
while the optical properties deteriorated, which the
transmittance decreased due to the thickness effect and
free carrier absorption in NIR. The change of optical
bandgap led to the red shift of the absorption edge which
also deteriorated the optical properties. Finally, we applied
the BZO films to the bifacial a-Si:H/c-Si heterojunction
solar cells to get the optimized solar cell, the efficiency of
solar cells increased from 16% at the film thickness of 195
nm to the 17.8% of 829 nm and then decreased to 17.5%
with the thickness increased further to 1021 nm. The open
circuit Voc was influenced by the optical properties of the
BZO films while the short-circuit density Jsc was
influenced by both the electrical and optical properties of
the BZO films.
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