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The silicon heterojunction (SHJ) solar cell has long been considered as one of the most promising candidates for
the next-generation PV market. Transition metal oxides (TMOs) show good carrier selectivity when combined with c-Si
solar cells. This has led to the rapid demonstration of the remarkable potential of TMOs (especially MoO,) with high
work function to replace the p-type a-Si:H emitting layer. MoOy can induce a strong inversion layer on the interface of
n-type c-Si, which is beneficial to the extraction and conduction of holes. In this paper, the radio-frequency (RF) magnetron
sputtering is used to deposit MoOy films. The optical, electrical and structural properties of MoO, films are measured and
analyzed, with focus on the inherent compositions and work function. Then the MoO, films are applied into SHJ solar
cells. When the MoO, works as a buffer layer between ITO/p-a-Si:H interface in the reference SHJ solar cell, a conversion
efficiency of 19.1% can be obtained. When the MoO, is used as a hole transport layer (HTL), the device indicates a
desirable conversion efficiency of 17.5%. To the best of our knowledge, this current efficiency is the highest one for the
MoO; film as HTL by RF sputtering.

Keywords: radio-frequency magnetron sputtering, silicon heterojunction (SHJ) solar cell, MoOy, hole trans-

port layer
PACS: 84.60.Jt, 88.40.H—, 88.40.jj

1. Introduction

In the past decades, amorphous/crystalline silicon het-
erojunction solar cells have been one of the most promising
candidates for low-cost and highly-efficient solar cells.!!:?! In-
trinsically hydrogenated amorphous silicon (a-Si:H(i)) films
have been widely adopted as the passivating layer and emit-
ting layer in the silicon heterojunction (SHJ) solar cells, which
effectively enhance the open circuit voltage (V). Kaneka Co.
Ltd has reported heterojunction interdigitated back contact
(HJ-IBC) cell with the record efficiency of 26.63%.3! How-
ever, the unavoidable parasitic absorption caused by a-Si:H
passivating layer and emitting layer is considered as the main
limitation to further improve the SHJ device performance. In
order to get p-type or n-type a-Si:H layers, highly toxic PHj
or BoHg dopants are usually adopted. In addition, the heavily
doped carrier selective layer (n™, p™) leads to serious carrier
combination. Therefore, hydrogenated amorphous silicon al-
loyed with carbon, oxygen and nitrogen etc. are used to obtain
wide bandgap silicon films to partially decrease the parasitic
absorption.[*-°l Many researchers have tried to adjust the work
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function of the n™/p™ layers by optimizing doping techniques
to achieve better band matching effects with c-Si.l’”-") Other
studies have proven that it is a more convenient and effective
way to insert a buffer layer with high work function to further
extract carriers at the c-Si interface. [!0-14]
Recently, novel carrier-selective passivating materi-
als have been extensively developed, especially non-
stoichiometric transition metal oxides with high work func-
tion including WO, (x < 3),"1 V,0, (x < 5),l>19 CrO,
(x < 3)[17:18] and MoO, (x < 3).["19211 Among them, MoO,
has attracted extensive attention as a hole selective trans-
port layer (HTL) in organic solar cells and undoped asym-
metric heterogeneous contact (DASH) silicon solar cells due
to its high work function and unique electrical and opti-

[21-25] The combination of high work function

cal properties.
MoO, with lightly doped c-Si(n) substrate will lead to up-
ward band bending at the c-Si interface, and the Fermi level
of MoO, close to the valence band of c-Si absorber, form-
ing a favorable level alignment for band to band (B2B) hole
transport, [26-28]

Various such as thermal

deposition techniques

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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evaporation,[*’! electron beam evaporation,*”! pulsed laser
deposition,3! and sputtering®>3>! and sol-gel process!3°]
were employed for the growth of MoO, films. Compared
with the traditional coating technology, magnetron sputtered
films have stronger adhesion with the substrate, and it is more
convenient to fabricate the films with high melting point ma-
terials. It is easy to control the composition of the films by
varying the target material and to realize reactive sputtering,
which can be more convenient for plating a variety of films.
RF sputtered is preferred to other deposition methods for large
area and good reproducibility, too. Recently, several groups
reported MoOy films by reactive sputtering from the Mo metal
target and applying MoO, films as hole-selective contacts in
SHI cells. Boccard et al. observed a barrier for hole extraction
due to the stoichiometric issues. It has been demonstrated that
TMOs thin films with low average oxidation state present bet-
ter transport properties, while moderate carrier selectivity. 7]
Bivour et al. demonstrated the suitability of sputtered MoO,
thin film as a carrier-selective contact for the n-type silicon
(n-Si) wafer, and highlighted the importance of higher work
function MoO; film to improve the hole-selectivity due to c-Si
upward band bending at the n-Si/MoO; interface.?8! So far,
several groups have reported MoO,-based SHJ solar cells with
efficiencies up to 22% or even the highest one of 23.5%. 3!
In most cases the evaporation method is adopted to deposit
MoOi, films. Truth to be told that the evaporation is not a pop-
ular method in industrial production, at least not as good as
the sputtering one. It is worth mentioning that sputtered MoO,
films as HTL for c-Si SHJ solar cell has not been reported with
efficiency over than 15% up to now.

In this experiment, we demonstrated magnetron sputtered
MoO, films and applications in SHJ solar cells. The results

show that the MoOx film as a buffer layer effectively improve

Ag+Al

n-type c-Si wafer

the SHJ device efficiency to 19.1%. Meanwhile, we demon-
strated that MoO,, can replace p-type a-Si:H emitting layer as
a hole selective transport layer, resulting in a conversion effi-
ciency of 17.5 %, which is the highest one for the MoO, film
as HTL by RF sputtering, to the best of our knowledge.

2. Experimental details
2.1. Film and device fabrication

All the solar cells were fabricated on CZ n-type c-Si
(5 ecmx5 cm, 1-3 Q, 180 um) substrates. A stack composed
of a-Si:H(i)/a-Si:H(n or p) was deposited at the both sides
by plasma enhanced chemical vapor deposition (PECVD) at
300 °C on all substrates. The MoO, films were deposited
on n-type c-Si and Eagle glass substrates by 13.56 MHz RF
magnetron sputtering from a MoO3 (> 99.95%) target. MoOy
sputtering process was done in a vacuum chamber (base pres-
sure before deposition ~ 2 X 104 Pa), from a stoichiomet-
ric MoO3 target at 160 °C, with argon flow of 60 sccm,
working pressure at 2x10™* Pa and RF power density with
1.75 W/cm?. In order to ensure the same experimental condi-
tions, the target was pre-sputtered in argon for about 30 min-
utes before the formal deposition. Then, ITO films with thick-
ness about 80-100 nm were prepared on passivated selective
contacts by using thermal evaporated method. Finally, 800 nm
thick Ag+Al gridlines were deposited on the front surface by
using thermal evaporated, and Al electrodes of the same thick-
ness were deposited on the rear field. In our work, the perfor-
mances of solar cells with MoO, film as buffer layer and HTL
are analyzed, respectively. The schematic structures of fabri-
cated solar cells are shown in Fig. 1. During the test, a reticle
was used to block the redundant part, and the illumination area
was 1 cmx1 cm.

Ag+Al
(b) TCO

MoO,

ia-Si:H

TCO

Fig. 1. Schematic structures of SHJ solar cells with MoOy as buffer layer (a) and hole transport layer (b), respectively.

2.2. Film and device characteristics

Top-view of scanning electron microscopy (SEM) im-
ages were characterized by Jeol JSM-6700F scanning electron

microscope. The quasi-steady state photoconductivity decay
(QSSPC) method was used to measure the minority carrier

lifetime of the samples by the WCT-120 minority carrier life-
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time tester from Sinton Instruments company. The x-ray pho-
toelectron spectroscopy (XPS) and ultraviolet photoelectron
spectroscopy (UPS) measurements of the MoO, films coated
on indium tin oxides (ITO) were performed in an ESCALAB
250Xi. Finally, the solar cells were tested with a Wacom solar
simulator (WXS-156S-L2, AM1.5GMM) under the room tem-
perature of 25 °C, standard spectrum AM1.5 and power den-
sity of 100 mW/cm?. The quantum efficiency of the devices
was tested by the QEX 10 quantum efficiency system from PV
Measurements company.

3. Results and discussion
3.1. Surface morphology of MoO; film

The MoO, films were prepared by magnetron sputtering
process of specific target and deposited on a-Si:H(i)/c-Si with
film thickness of 5 nm and 30 nm, respectively. Morphology
of MoO,, films is a crucial factor to affect the performance of
as-fabricated devices. The SEM images of MoOy films reveal
uniform and dense surface morphologies, where no obvious
cracks can be observed for the sample, indicating the positive
effect on the devices (Figs. 2(a) and 2(b)). Moreover, it can
be seen that an ultrathin MoO, film can fully cover the pyra-
midally textured surface. Fortunately, no cracks appeared at
the bottoms of the pyramids when the MoO, film thickness

T

increased to 30 nm.

[

Fig. 2. SEM images of (a) 5 nm MoO, and (b) 30 nm MoO films. All
scale bars are 5 pm.

3.2. The passivation quality of sputtered MoO, layer

As we all know, sputtered damage is inevitable in the thin
film fabrication process. When the precursors migrate through
the deposition chamber and reach the c-Si substrate, the sput-
tered particle groups or atoms from the target usually have
enough energy to damage passivation layer. Therefore, this
has prompted scientists to develop new techniques to circum-
vent the bombardment on passivation layer during sputtering
process. Studies have shown that environmental annealing can
effectively change the stoichiometric ratio of Mo/O ratio and
reduce the defect density states in MoOj films.?* For samples
subjected to ion bombardment, annealing is an effective way to
restore the passivation quality. In general, the minority carrier
lifetime was used to characterize the passivation performance.
Minority carrier lifetime as a function of minority carrier den-
sity of samples without MoO,, with as-sputtered 5 nm MoO,

and with post-annealed 5 nm MoO, were measured and the
results are shown in Fig. 3. For the sample with only 5 nm
a-Si:H(i) passivating layer, the minority carrier lifetime is as
high as 3911 s at minority carrier density of 1 x 10> cm™3
and implied open circuit voltage (V) of 725 mV. Then 5 nm
MoO, were subsequently sputtered, which dramatically de-
crease the minority carrier lifetime to 2119 ps and iV, of
710 mV. The following post-annealing with temperature of
200 °C and process duration of 60 min was performed on the
sample, the minority carrier lifetime was 3752 us and iV, of
721 mV, which is nearly as good as the original one. Since
the thermal annealing can almost totally recover the passiva-
tion quality, the above results demonstrate the feasibility of
application of sputtered MoO, into SHJ solar cells to a large
extent.

6000 T T

—m— Before sputtered
—m— After sputtered
—n— After annealed

5000

4000

3000

2000

1000

Minority carrier lifetime (ps)

0 i 1
1014 1015 1016

Minority carrier density (cm—3)

Fig. 3. Minority carrier lifetime as a function of minority carrier den-
sity of samples without MoOy, with as-sputtered 5 nm MoO, and with
post-annealed 5 nm MoOy.

3.3. The characteristics of MoO, films

Affected by the preparation method and deposition con-
ditions, the as-deposited transition metal oxide film is usually
non-stoichiometric. The chemical state, element composition
and electronic properties determine the work function of the
transition metal oxides. Furthermore, the energy level match-
ing of each functional layer is an important prerequisite to
get better device performance. XPS was used to analyze the
as-sputtered and post-annealed MoO, films. The correspond-
ing Mo 3d and O 1s XPS spectra are shown in Fig. 4, while
the composition and binding energy positions of the oxidation
state are listed in Table 1. As we all know that even if a fully
stoichiometric MoQOj3 target is adopted, it is still impossible to
get fully stoichiometric MoQOj3 films by the sputtering process.
Usually, MoO, films were obtained with x in the range from
two to three, which mean that both Mo®" and Mo®*t oxida-
tion states exist in the films. For the as-sputtered MoO, film in
our experiments, the O/Mo ratio was calculated to be ~ 2.83.
The deconvolution of the spectra was calibrated by referenc-

ing to the well-known adventitious hydrocarbon C 1Is peak at
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~ 284.8 eV. The spectra of Mo 3d core level energy was de-
convoluted into two shoulders positioned at ~ 232.6 eV and
~ 231.1 eV, which correspond to Mo®" and Mo>* oxidation
state with the Mo 3d 5/2 peak, respectively (Fig. 4(a)). Simi-
larly, another doublet splitting represents the Mo®+ oxidation
state with the Mo 3d 3/2 peak centered at ~ 235.8 eV and the
Mo>* oxidation state with the Mo 3d 3/2 at ~ 234.5 eV. For
the post-annealed MoO film (Fig. 4(b)), the annealing process

results with increased oxygen concentration in the film, were
also revealed in the O 1s XPS (Figs. 4(c) and 4(d)). The Mo
3d curve consists of two sub-curves centered at ~ 232.9 eV
and at ~ 231.8 eV, which represent the Mot and Mo®t oxi-
dation state with the Mo 3d 5/2, respectively. On the contrary,
shoulders peaked at ~ 236.0 eV and at ~ 234.9 eV represent
the Mo®" and Mo°" oxidation state with the Mo 3d 3/2, re-

spectively. (ABE = E(Mo3d3/2) _E(M03d5/2) =3.15 CV)

Intensity

(b) Mob+
>
£
w0
[=]
Q
2
=]
—
240 238 236 234 232 230 228 226 240 238 236 234 232 230 228 226
Binding energy (eV) Binding energy (eV)
(c) 7 530.54 (d) MoO,
>
=4
12}
=]
[}
g
=]
k=

Intensity

536 534 532 530 528
Binding energy (eV)

534 532 530 528
Binding energy (eV)

Fig. 4. XPS analysis of as-sputtered and annealed MoO,, films: (a) as-sputtered Mo 3d, (b) annealed Mo 3d, (c) as-sputtered O 1s, (d) annealed

O s, respectively.

Table 1. Peak positions of the XPS spectra of as-sputtered and annealed MoOy films.

Sample Peak assignment Binding energy (eV) Area ratio Element ratio

M03d5/23 232.6

Mo Mo3d; »: 235.8 32
As sputtered 02¢3/2: ’ 1.85
M05+ M03d5/21 231.1 32
M03d3/23 234.5
Mob+ Mo3ds : 232.9 30
As-annealed Mo3ds5: 236.0 435
M05+ M03d5/21 231.8 32
Mo3d;/,: 234.9
(a) (b)
z z
z 2
i: Fp=21.22-16.34 — 4.88[eV Evp—Er=2.75 ¢V g Ep=21.22—16.06 = 5.16/ eV Eyg—Er=2.51 eV
18.0 17.5 17.0 16.5 16.0 4 3 2 1 0 -1 18.0 17.5 17.0 16.5 16.0 15.54 3 2 1 0 —1
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)

Fig. 5. UPS analysis of (a) the as-sputtered MoO, film and (b) the post-annealed MoO, film.
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To further confirm the influence of the annealed atmo-
sphere on the work function and oxygen vacancies of the
MoO, films, UPS measurements were performed for the corre-
sponding films, as shown in Fig. 5. Similar to the XPS results,
the UPS spectra showed an increase of the oxygen concen-
tration in the film during annealing process. The as-sputtered
MoO, sample demonstrated a work function of 4.88 eV, while
the work function of the post-annealed MoO, increased to a
much higher value of 5.16 eV, which was also much higher
than that of transparent conductive oxide (TCO) (4.7 eV).[26]
From the above-mentioned XPS and UPS results, the post-
annealing process proved to be an effective method to control
the oxygen vacancies and the existence of the Mo>* and/or
Mo®* cation in the MoO, film, as well as to increase the work
function.

3.4. MoO, as a buffer layer between p-a-Si:H/ITO inter-
face

In this section, the above-mentioned MoO, films were
applied into SHIJ solar cells to study their influence on device
performance. In the first step, the MoO, film was inserted as
a buffer layer between TCO and p-type a-Si:H emitting layer
in a conventional SHJ cell. As can be seen from Fig. 6(a), the
conversion efficiency of the reference SHJ solar cell is 18%

40

—=— With MoO, layer
Vpe = 719.6 mV
(EQE) Jgc=37.75 mA/cm?
FF=70.24%

20 Eg=19.1%

30

—e— Without MoO, layer
Voe=715.9 mV
10 + (EQE) Jsc=38.33 mA/cm?

Current density (mA/cm?)

FF=65.58%
Ex=18%
0 1 1 1
0 200 400 600
Volatage (mV)
T T T T
100+ (b) ]
80 E
S
~ 60 i
6]
c
&)
40- — (with MoO,,) ]
Jse = 37.75 mA /cm?
20 — (without MoO,) i
Jsc =38.33 mA /cm?
0

1 1 1 1
400 600 800 1000
Wavelength (nm)

1200

Fig. 6. Comparison of conventional SHJ solar cells with or without sputtered
5 nm MoO, buffer layer with (a) J-V curves, (b) EQE spectra.

with V. of 715.9 mV, Jy. of 38.33 mA/cm? and FF of 65.58%.
On the contrary, the insertion of 5 nm MoO, between TCO
and a-Si:H(p) can effectively increase V;, up to 719.6 mV and
FF up to 70.24%, respectively. However, the Jy. slightly de-
creased to 37.75 mA/cm?2, which can be contributed to the par-
asitic absorption of MoO, because of its relatively low optical
transmittance. It can be seen from Fig. 6(b) that although these
two solar cells behave very similar to EQE spectral responses
in the infrared band, the EQE spectral response in the visible
region of the reference SHJ solar cell is obviously higher than
that of the device with MoO, buffer layer. Finally, the con-
version efficiency was improved to 19.1%, which can be at-
tributed to the decrease of contact barrier and improvement of
energy level matching between TCO and a-Si:H(p) interface
by inserting the MoO, buffer layer.

3.5. MoO; as the hole selective transport layer

In the following step, the MoO, film as a hole selec-
tive transport layer was applied into a SHJ solar cell to replace

(a)
8L

— 4 B
<
B
R
15}
=
j=] Ag
o _4} MoO=

@) i-a-Si:H

Extracted pg:
_sl o 0.8 Q-cm?

-1.5 -1.0 -0.5 0 0.5 1.0 1.5
Voltage (V)

1.2
| —9- a-Si:H/MoO,/Ag (b)
1.0
NE /
© L
5 0.8 /
<
0.6
0.4

1 1
10 15 20
MoO, thickness (nm)

ok

Fig. 7. Contact resistivity p. measurements of MoOy-based contacts to n-
type c-Si. (a) A series of /-V measurements of the samples with optimal
thickness of MoOy films, and (b) the p. with different thickness. Schematics
of the contact resistivity test structure samples is included in inset.
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the a-Si:H(p) emitting layer. To evaluate the hole-selective
contact behavior of the i-a-Si:H/MoO,, the contact resistiv-
ity p. was measured by using the method devised by Cox and
Strack. A series of current—voltage (I-V) measurements of the
samples with optimal thickness of MoOy films and the p. with
different thickness are presented in Fig. 7, with the test struc-
ture in the inset. As can be seen in Fig. 7(a), the sample with
Ag directly deposited MoO, exhibited Schottky contacts for
different sizes area pads. We determined the extracted contact
resistivity p. for the structure with n-Si/a-Si:H/MoO,/Ag to be
0.8 Q-cm?.

@ RN 36.0F _(b)
660} 1 Or o
/\° ~3s8f e
L 1 g.
o 640 " § a5} \o/o
S 620} ] E 35.4}
n8 = 35.2
600} | = 35.0
530 34.8% bt
8 11 14 17 20 § 11 14 17 20
c T 16F “(a
el (© e - (d) / \
—~ °/ —_—
X 60 X 14y
<3 = 13}
& )
55| 12
1t
o
0T 11 17 20 W1 17 17 20

MoO, layer thickness (nm)

Fig. 8. The influence of MoO, thickness on J-V output parameters (a)
Voe, (b) Jse, (¢) FF and (d) Eg.

The influence of MoO, thickness on J-V parameters of
SHJ solar cells with MoO, as the hole selective layers are
shown in Fig. 8. In fact, the increase of MoO, thickness has
two opposite effects: the positive one is to improve the passi-
vating quality and built-in electric field because of fully cov-
ered c-Si surface by thick enough MoO, layer, while the neg-
ative one is to increase the series resistance and parasitic ab-
sorption. The increase of series resistance would hinder the
carrier transport and then lead to V. and FF decrease, while
the increase of parasitic absorption will result in Jg. decrease.
The results in Fig. 8 indicate that with the increase of MoO,
thickness the Jsc monotonically decrease. On the contrary, the
Voc and FF demonstrate peak values when the MoO, thickness
is 17 nm, which can be contributed by balancing the above-
mentioned positive and negative effects. Eventually, a 17 nm
MoO, film prepared by sputtering method is successfully used
as the hole transport layer in SHJ solar cell, and the conver-
sion efficiency reach the maximum value of 15.69%. Based on
the above results, the MoO, films with sufficient thickness are
able to obtain good passivating quality and build a high built-in
electric field to achieve carrier selectivity. In order to further
improve the passivation effect, we try to increase the thick-
ness of the a-Si:H(i) passivation layer and reduce the deposi-

tion temperature of thermal evaporated ITO films. Although
the thicker a-Si:H layer limiting the short-circuit current den-
sity, the Vo and FF are significantly improved. Finally, a
champion conversion efficiency of 17.5% with V,,c of 711 mV,
Joe of 32.8 mA/cm? and FF of 74.9% is currently obtained,
as shown in Fig. 9. As mentioned above, a relatively thick
(17 nm) MoO, film results in a decrease of Jy.. This is con-
sistent with the optical results, where 17-nm-thick MoO,, film
demonstrated the poor optical transmittance around 75% (the
red curve) in the visible spectrum region, as shown in Fig. 10.
We infer that the lower transmittance may be related to the ion
bombardment on MoO, films and deteriorate the film qual-
ity during the sputtering process. Further optimization will
be carried out including pre-treatment, post-annealing in var-
ious gaseous environments, mesh electrode with bias voltage,
etc. to control the ion damage on the films and interfaces and
then ultimately improve the device performance. Moreover,
oxygen vacancies in TMOs appear during film deposition or
exposure to air.[*8! According to the UPS test results, the fac-
tors affecting the work function of the oxygen concentration in
the metal oxide should be taken into consideration. The main
factors that reduce the device performance with the sputtered
MoO, film require further intensive research.
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Fig. 9. The champion SHJ solar cell with 17 nm MoO, hole transport
layer: (a) J-V curve, (b) EQE spectra.
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Fig. 10. The transmittance of MoO, films prepared under various RF
sputtering power.

4. Conclusion

The effects of MoO, as buffer layer and hole transport
layer on the performance of SHJ solar cells were investigated.
The results show that the high work function of MoO, layer
enable to significantly improve the performance of solar cells.
By inserting a 5 nm MoO, buffer layer between a-Si:H(p)/ITO
interface result in an efficiency of 19.1% with V. of 719.6 mV,
Joo of 37.75 mA/cm?, and FF of 70.24%. In addition, the
best conversion efficiency of 17.5% and FF of 74.9% were
obtained by using 17 nm MoO, film as the hole selective layer
to replace the p-type a-Si:H emitting layer. These results in
this manuscript confirm the feasibility of a sputtering process
of MoO; films and their application in SHJ solar cells. Fur-
ther optimization of magnetron sputtered MoO, is urgently
deserved to improve SHJ solar cell performance.
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