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A novel type of n/i/i/p heterojunction solar cell with a-Si:H(15 nm)/a-Si:H(10 nm)/ epitaxial c-Si(47 um)/epitaxial
¢-Si(3 um) structure is fabricated by using the layer transfer technique, and the emitter layer is deposited by hot wire
chemical vapour deposition. The effect of the doping concentration of the emitter layer Sq (Sq=PH3/(PH3+SiH4+H>)) on
the performance of the solar cell is studied by means of current density—voltage and external quantum efficiency. The
results show that the conversion efficiency of the solar cell first increases to a maximum value and then decreases with Sy
increasing from 0.1% to 0.4%. The best performance of the solar cell is obtained at Sg = 0.2% with an open circuit voltage
of 534 mV, a short circuit current density of 23.35 mA/cm?, a fill factor of 63.3%, and a conversion efficiency of 7.9%.
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1. Introduction

The photovoltaic industry urgently needs to reduce sil-
icon material consumption. From this point of view, many
efforts have been made to fabricate silicon thin film solar

[1-4] Obtaining high-quality silicon films is the key to

cells.
fabricating cost-effective solar cells. The layer transfer tech-
nique is a promising approach to fabricating low-cost and
high-efficiency solar cells. It can prepare epitaxial silicon thin
films with excellent crystalline quality, and the silicon wafer
used as the substrate for epitaxial growth can be reused several
times.50! In contrast, the c-Si wafer used in traditional solar
cell production can be used only once. Phosphorous diffusion
is a widely used method for the emitter layer formation of crys-
talline silicon solar cells, which normally needs a temperature
higher than 800 °C.I7:81 To further reduce the energy consump-
tion in the solar cell fabrication process, emitter layers pre-
pared at low temperature show potential. a-Si:H/c-Si hetero-
junctions are particularly promising, in which an a-Si:H layer
is deposited on c-Sil”! For this structure, plasma-enhanced
chemical vapour deposition (PECVD) is normally used for the
deposition of a-Si:H.I'%!!] However, hot-wire chemical vapour
deposition (HWCVD), as a new and promising technique, is
more suitable for a-Si:H deposition for its high deposition rate,
high gas utilization efficiency, and no ion bombardment.[1>-14]
However, no one has reported the fabrication of a silicon thin

film heterojunction solar cell that comprises a silicon epitaxial

DOI: 10.1088/1674-1056/22/1/016803

layer prepared by the layer transfer technique and a-Si:H emit-
ter layers prepared by HWCVD. Such a solar cell is studied in
the present paper.

For the structure, the silicon epitaxial layer is prepared by
the layer transfer technique, which involves the formation of
double-layer porous silicon (DLPS, composed of a low porous
top layer and a buried high porous layer)l'3! by the electro-
chemical etch of a highly doped Si (100) wafer and the epitax-
ial growth of p-type and intrinsic silicon layers by low pres-
sure chemical vapour deposition (LPCVD). HWCVD is em-
ployed to deposit the intrinsic a-Si:H layer and the n-type a-
Si:H emitter layers with different doping concentrations for
the formation of the junction. The effect of different emitter
layer doping concentrations on the performance of the solar
cell is studied.

2. Experiments

The DLPS on the surface of highly doped p-type (100)-
oriented Czochralski (CZ) silicon wafer (1.5 cmx 1.5 cm) was
prepared by electrochemical anodization. The top layer had a
porosity of 20%, and the buried layer had a porosity of 50%.
After the formation of DLPS, an annealing process was car-
ried out at 1100 °C for 30 min in hydrogen atmosphere to
restructure the porous silicon layer. In this process, the up-
per low porous layer recrystallized and formed a so-called
quasi monocrystalline silicon (QMS) layer, which acted as the
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template for the following epitaxial growth. The buried high
porous layer yielded large cavities and thus transformed into a
mechanically weak layer which served as the separation layer.
After the annealing process, the epitaxial growths of a p-type
layer from SiH4+B,Hg and an intrinsic layer from SiH4 were
carried out with LPCVD at a temperature of 1100 °C and a
pressure of 100 Pa. The thicknesses of the p-type and the in-
trinsic layers were 3 um and 47 pum, respectively. A detailed
description of the above steps can be found in our previous
work.[16]

After the growth of the epitaxial layers, the wafer was
transferred into a single-chamber HWCVD system immedi-
ately. Two tantalum wires with an average diameter of 0.5 mm
were used as the catalyzer, and the distance between the tan-
talum wires and the substrate was 4 cm. First, the chamber
was pumped down to a base pressure of about 2x 10~* Pa, and
then the epitaxial c-Si surface was exposed to 40 sccm hydro-
gen dissociated by the hot wires heated at 1800 °C for 60 s.
After that, a thin intrinsic a-Si:H layer (10 nm) was deposited
as the passivating layer, and a series of n-type a-Si:H films
(15 nm) with different doping concentrations was deposited
as the emitter layers. The doping precursor (PH3 for n-type
a-Si:H) concentration (Sq=PH3/(PH3+SiHs+H;)) was varied
from 0.1% to 0.4%. The deposition parameters of the a-Si:H
films are listed in Table 1. In order to characterize the prop-

n-type a-Si
(emitter layer)

erties of a-Si:H films, intrinsic a-Si:H films, and n-type a-Si:H
films, each of them with a thickness of 400 nm was also de-
posited on the glass substrate.

Table 1. Deposition conditions for a-Si:H emitters of the thin-film het-
erojunction solar cell.

Type T/°C Hp/sccm SiHy /sccm  PHsz/sccm  Pressure/Pa
(i)a-Si:H 200 9 4 - 1
(n)a-Si:H 200 12-0 4 4-16 1

As the anti-reflective coating and front conductive layer,
an indium tin oxide (ITO) film with a thickness of 120 nm was
deposited by radio-frequency (RF) magnetron-sputtering. Af-
ter the formation of the silver front contact using photolithog-
raphy, the solar cell was attached to a glass slide by glue. Then
the upper film part (solar cell) was separated from the wafer at
the buried high porous layer mechanically. The lower silicon
part was cleaned and reused. Meanwhile, a mixture of hy-
drofluoric acid (HF, 40 wt.%) and perhydrol (H,O,, 30 wt.%)
in a volumetric proportion of 3:1 was used to etch off the
residual porous layer on the back side of the cell. ITO+Ag
back contacts with thicknesses of 120 nm and 500 nm were
deposited by RF magnetron-sputtering respectively. The fab-
rication process and the structure of the solar cells are shown
in Fig. 1.
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Fig. 1. Fabrication process and schematic diagram of the silicon thin film heterojunction solar cell.

Raman measurements of the epitaxial Si layers and the
intrinsic a-Si:H layers were carried out by using JY-T64000
with an excitation wavelength of A = 514 nm. The minor-
ity carrier life time was characterized by WT2000 (Semilab).
The absorption coefficients of the emitter layers with different
doping concentrations were recorded in a wavelength range
of 300—1200 nm using a Varian Cary5000 spectrophotometer,
and the temperature-dependent conductivity of these n-type
a-Si:H films was measured by using a Keithley2400 digital
sourcemeter. The current density—voltage (/J-V) characteris-
tic of the solar cells was measured at 100 mW/cm? (AM 1.5)
using a solar simulator, and the external quantum efficiency
(EQE) was measured in the wavelength range from 300 nm to

1200 nm.

3. Results and discussion

Figure 2 shows the Raman spectra of the monocrystalline
silicon wafer and the epitaxial layer. The peak positions and
the full widths at half maximum (FWHMs) of the two spec-
tra are almost the same, indicating that the epitaxial absorber
layer is perfectly crystallized. The excellent crystalline qual-
ity of the absorber layer will guarantee the high efficiency of
the silicon thin film heterojunction solar cell. Figure 2 also
shows the Raman spectra of the intrinsic a-Si:H. It is shown
that the layer is entirely amorphous. The extremely thin in-
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trinsic a-Si:H layer acts as a passivating layer to reduce the

¢.[17-20] The mea-

carrier recombination velocity at the interfac
surement results show that the minority carrier lifetime of the
epitaxial layer passivated by the intrinsic a-Si:H layer is about

75 us, which indicates the effective passivating effect.

—a— c-Si wafer
—e— epitaxial layer

—a— intrinsic a-Si:H
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Fig. 2. (color online) Raman spectra of the crystalline silicon wafer, epitax-
ial silicon films deposited by LPCVD, and a-Si:H deposited by HWCVD.

As described in Ref. [21], the doping concentration of the
emitter layer will affect the performance of an a-Si:H (n)/c-
Si(p) heterojunction solar cell obviously. So, the effect of dop-
ing concentration of the emitter layer on the performance of
the silicon thin film heterojunction solar cell is also studied
here. Figure 3 shows the J-V curves of the silicon thin film
heterojunction solar cells with different emitter layer doping
concentrations. The results are summarized in Table 2. The re-
sults show that the most favorable doping concentration for the
emitter layer is Sq = 0.2%, under this circumstance the conver-
sion efficiency of the solar cell reaches 7.9%. At a lower dop-
ing concentration (Sq = 0.1%), the open circuit voltage (Vo)
somewhat decreases, and the short circuit current density (Jsc)
and the fill factor (FF) noticeably deteriorate. On the other
hand, at a higher doping concentration (Sq = 0.4%), a higher
Vic 1s obtained, but Jy is the lowest, the FF dose not descend
compared with that of the best solar cell.
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Fig. 3. (color online) Current densities versus voltage for silicon thin film
heterojunction solar cells with different emitter layer doping concentrations.

Table 2. Activation energies of the emitter layer and the J-V test results
of the silicon thin film heterojunction solar cells with different emitter
layer doping concentrations.

Sq/%  EuJeV  Vo/mV  Je/mAcm~2  FF/% 1/%
0.1 0.54 532 21.45 58 6.62
0.2 0.46 534 23.35 63.3 7.9
0.4 0.34 543 20.46 64 7.12

Figure 4(a) gives the temperature-dependent conductivi-
ties of the n-type a-Si:H films with different doping concentra-
tions.

The results are based on the Arrhenius relationship!??! viz.

E, 1000
9 !
1000k T oo M

where 0 is the conductivity factor, k is the Boltzmann’s con-

Inoc=—

stant, and E, is the conductivity activation energy. The con-
ductivity activation energy E, of each layer can be obtained
from the slope of the corresponding curve in Fig. 4(a). From
this figure, we can see that the conductivity increases gradu-
ally as the doping concentration increases from 0.1% to 0.4%.
The conductivity activation energies as presented in Table 2
and Fig. 4(a) are 0.54 eV, 0.46 eV, and 0.34 eV for the n-type
a-Si:H films with S§q = 0.1, 0.2, and 0.4, respectively. The re-
duction of the conductivity activation energy indicates that the
Fermi energy level (Ep) shifts towards the bottom of the con-
duction band (E.) due to the doping effect. Figure 4(b) shows
the energy band diagrams of the silicon thin film heterojunc-
tion solar cells with different emitter layer doping concentra-
tions. The gap between E. and Ef of the n-type a-Si:H layers
is determined by E, shown above. The conduction band offset
AE., which is a barrier for electron transport, is formed due to
the difference in electronic affinity between the epitaxial c-Si
and a-Si:H,[223] and is a fixed value which will not be affected
by the emitter layer concentration. The total diffusion poten-
tial (¢V4) across the junction, which directly affects Vo, of the
solar cell, can be expressed as

qVa=qVy Si+qv§ S, )

where qu_‘i_Si and qu_Si are the diffusion potentials in a-Si:H
and c-Si, respectively. We define g = gV — AE, to describe
the ability of the electrons to transfer across the junction. Un-
der the low emitter layer doping concentration (Sq = 0.1%),
the conduction band E; of n-type a-Si:H emitter layer is lo-
cated at position i in Fig. 4(b). The ¢V 4 is quite small due to
the minor qVﬁfSi. Thus, a lowest V. is obtained. Electrons
cannot drift to the electrode sufficiently because of the low g
value, and this leads to a low Jg.. The low doping concentra-
tion also results in a high series resistance, which may be the
reason for the low FF. By increasing the emitter layer doping
concentration Sq to 0.2%, E. of the emitter layer is shown at
position ii in Fig. 4(b). In this case, higher ¢V 4 and g, and
a lower series resistance are obtained. As a result, higher V.,
Jse, and FF are achieved. However, if the doping concentration
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is further increased (E. of the emitter layer at position iii in
Fig. 4(b)), the efficiency will deteriorate although the highest
Voc and FF are obtained. This may be attributed to the follow-
ing reason: an excessively high doping concentration further
enhances the total diffusion potential gV and lowers the se-
ries resistance, so the highest V. and FF are obtained. Mean-
while, the high doping concentration means that more impu-
rity atoms and defects are introduced into the emitter layer.
This can greatly increase the carrier recombination velocity in
the emitter layer, which leads to the lowest Js.. Thus, the con-
version efficiency of this solar cell is reduced compared with
that of the solar cell with the emitter layer doping concentra-
tion of 0.2%.
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Fig. 4. (color online) (a) Temperature-dependent conductivities of the n-
type a-Si:H films with different doping concentrations and the calculated
activation energies of these n-type a-Si:H films (inset). (b) Schematic band
diagrams of the silicon thin film heterojunction solar cells with different
emitter layer doping concentrations, line i for Sq = 0.1%, ii for Sq = 0.2,
and iii for Sg = 0.4%.

Figure 5 shows the curves of EQE versus wavelength
of silicon thin film heterojunction solar cells with different
doping concentrations of emitter layer. The results show that
each of all the solar cells has a low spectral response in the
blue wavelength range (300-500 nm) which results from the
Of the solar cells
with three different emitter layer concentrations, the solar cell

absorption of the front glass and glue.

with an emitter layer concentration of 0.2% exhibits the high-
est external quantum efficiency in a broad wavelength range
from 300 nm to 1200 nm, which is in accordance with the
J=V results shown in Fig. 3. It is noticeable that the EQE
of the cell with Sq = 0.4% is particularly low in the wave-
length range from 600 nm to 800 nm, which may be caused
by the band gap narrowing effect. By introducing impurity
dopants, the impurity level will be generated in the forbid-
den band of the semiconductor. If the impurity concentration
is relatively high, the impurity atoms will be quite close to
each other, which causes the wave functions of the impu-
rity atoms to overlap and the impurity level to expand and
form an impurity energy band. As a result, the band gap
could become narrower than the regular band gap. From this
point of view, the absorption coefficients ¢ of the emitter
layers with different doping concentrations are characterized
and the band gaps are calculated from the absorption coef-
ficients. Figure 6 shows the curves of (athv)!/? versus hv,
where hv is the energy of the photons. From this figure, we
can see that the band gaps of a-Si:H films with S4 = 0.1%
and Sq = 0.2% are almost the same, while the band gap of
the film with Sq = 0.4% is reduced by about 0.05 eV. This
is mainly because the excessively high doping concentra-
tion reduces the band gap by the band gap narrowing effect.
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Fig. 5. (color online) External quantum efficiencies (EQE) versus wave-
length of the silicon thin film heterojunction solar cells with different emitter
layer doping concentrations.
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Fig. 6. (color online) The (othv)'/?

with different doping concentrations.

versus A0 for the n-type a-Si:H films
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Thus, compared with emitter layers of lower doping concen-
trations (Sq = 0.1% and Sq = 0.2%), the emitter layer with
S4 = 0.4% would absorb more light in the wavelength range
of 600-800 nm. This absorption will reduce the intensity of
the light reaching the absorber layer, thereby leading to the
low spectral response of the cell with Sq = 0.4%.

4. Conclusion

We fabricate silicon thin film heterojunction solar cells
by using a combination of the layer transfer technique and
HWCVD. By increasing the emitter layer doping concentra-
tion Sq from 0.1% to 0.4%, the conductivity activation energy
is reduced from 0.54 eV to 0.34 eV, which causes the solar cell
conversion efficiency of the solar cell first to increase and then
to decrease. A band gap reduction of 0.05 eV is observed for
the n-type a-Si:H film with Sg = 0.4%. The silicon thin film
heterojunction solar cell with Sq = 0.2% shows the best exter-
nal quantum efficiency and a maximum conversion efficiency
of 7.9%.
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