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Abstract Si quantum dots (Si QDs)/SiC multilayers
were fabricated by annealing hydrogenated amorphous Si/
SiC stacked structures prepared in plasma enhanced
chemical vapor deposition (PECVD) system. The micro-
structures were examined by transmission electron micro-
scopy (TEM) and Raman spectroscopy, and results
demonstrate the formation of Si QDs. Moreover, p-i-n
devices containing Si QDs/SiC multilayers were fabri-
cated, and their photovoltaic property was investigated. It
was found that these devices show the good spectral
response in a wide wavelength range (400-1200 nm). And
it was also observed that by reducing the thickness of SiC
layer from 4 to 2 nm, the external quantum efficiency was
obviously enhanced and the short circuit current density
(Jsc) Was increased from 17.5 to 28.3 mA/cm?, indicating
the collection efficiency of photo-generated carriers was
improved due to the reduced SiC barriers.
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1 Introduction

Si quantum dots (Si QDs) embedded in SiC host matrix
have attracted much attention since they can be potentially
applied in many kinds of devices, such as Si-based light
source and next generation solar cells due to their novel
physical properties compared with their bulk counterpart
[1-4]. The band gap of Si QDs can be enlarged with the
reducing of dot size because of quantum confinement
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effect, which provides an effective way to adjust the energy
band structures by changing the Si QDs size so as to
achieve wide spectral absorption [5—7]. Therefore, one can
engineer the band structures of Si QDs in all Si-based
tandem solar cells to match the broad solar spectrum, and
in turn, the power conversion efficiency can be improved
to circumvent the Shockley-Queisser limit.

Usually, Si QDs/SiO, multilayers were prepared by
annealing Si-rich SiO, films or hydrogenated amorphous
Si (a-Si:H)/Si0, multilayers at high temperature. Room
temperature photoluminescence (PL) and electrolumines-
cence (EL) were achieved in those structures [8]. Recently,
Si quantum dots/crystalline Si heterojunction solar cells
have been studied toward the realization of all-Si tandem
solar cells. Cho et al. fabricated Si QDs/SiO, stacked
structures and observed the open-circuit voltage was
increased proportionally with reducing the dots size [9].
More recently, the enhanced efficiency of multicrystalline
Si solar cells by inkjet printing Si QDs at the solar cell
surface has been reported. It was attributed to the down-
shifting effect of Si QDs, which increased the external
quantum efficiency in short wavelength range [10].
However, the main challenge for Si QDs multilayers
used in solar cells is to get high density Si QDs as well as to
get the reasonable carrier collection efficiency [4]. It is well
known that the large band offset between Si and SiO,
causes the low carrier tunneling probability, which will
deteriorate the performance of device. Compared with
Si0,, amorphous silicon carbide (a-SiC) has a low band
gap, which is helpful for increasing carrier tunneling
probability through the barrier layers to improve the cell
efficiency consequently [2,11]. To further improve the
device performance, it is necessary to study the micro-
structures and physical properties of Si QDs-based multi-
layers. In our previous work, we fabricated Si QDs of
different sizes embedded in a-SiC matrix by annealing Si-
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rich SiC films or a-Si/SiC multilayered structures [12,13].
An intense EL was achieved from the annealed samples
and the EL peak energy shifted with the Si QDs size,
suggesting the quantum confinement effect plays an
important role in the emission process. In this work, we
prepared Si QDs/SiC multilayers by thermally annealing
amorphous Si/SiC stacked structures at 900°C and
1000°C. The microstructures and optical properties were
studied. It was found that the Si QDs can be formed after
900°C annealing and the crystalline was increased with
increasing the annealing temperature. With reducing the
thickness of amorphous SiC barrier layers, the optical
properties was almost unchanged while the electronic
transport properties were improved. We further fabricated
the prototype n-a-Si/(Si QDs/SiC) multilayers/p-Si hetero-
junction solar cells and observed the photovoltaic proper-
ties.

2 Experiments

The a-Si:H/SiC multilayers (MLs) with 6 periods were
fabricated on quartz and p-Si substrates in plasma
enhanced chemical vapor deposition (PECVD) system.
The a-Si sublayer with 4 nm thickness was deposited by
using pure silane (SiH,4), while 4 nm-thick a-SiC layers
were deposited by using a gas mixture of SiH, and
methane (CH4) with the gas ratio R (R = [CH4]/[SiH4]) of
10. To investigate the influence of SiC barrier layer
thickness on the device properties, we also fabricated the
Si/SiC multilayers with 2 nm-thick SiC layer. During the
deposition, the radio frequency power and the substrate
temperature is kept at 30 W and 250°C, respectively. The
post-treatment performed in N, atmosphere includes two
steps, which is dehydrogenation at 450°C for 1h and
subsequently annealing at 900°C or 1000°C for 1 h. The
structural change of the Si/SiC MLs before and after
annealing was evaluated by Raman spectroscopy (Jobin
Yvon Horiba HR800 spectrometer). The formation of Si
QDs was determined by transmission electron microscopy
(TEM) using Technai G2 operated at 200 kV. The optical
absorption of the Si/SiC MLs was measured at room
temperature by Shimadzu UV-3600 spectrophotometer.

To study the electronic and photovoltaic properties of
present samples, we fabricated Si QDs/SiC multilayers on
p-type Si wafers, followed by phosphorus-doped amor-
phous Si layers deposition on the multilayers to get p-i-n
structures. Finally, Al electrode was evaporated on the
surface and rear side of p-type Si wafers. The schematic
diagram of solar cell is shown in Fig. 1. The current—
voltage (I-V) curves of the cell devices were measured by
using a Keithley 610C electrometer. The illuminated
I-V characteristics were measured under an AMI1.5
(100 mW/cm?) illumination while the external quantum
efficiency (EQE) spectra were collected by the spectral
response measurement system.

SiQDs/SiC
multilayers

p-Si substrate

Al

Fig. 1 Schematic diagram of solar cell containing Si QDs/SiC
MLs

3 Results and discussion

Figure 2 is the cross-sectional TEM image of as-deposited
a-Si (4 nm)/a-SiC (4 nm) multilayers. The layered struc-
tures and smooth interfaces of Si/SiC can be clearly
identified. The thickness of a-Si and a-SiC sublayers is 4.2
and 3.9 nm, respectively, which is very close to the pre-
designed value (4 nm/4 nm) estimated from the deposition
rule. Figures 3(a) and 3(b) show the Raman spectra of as-
deposited, 900°C and 1000°C annealed multilayered
samples with a-SiC layer thickness of 4 and 2nm,
respectively. Only a broad band can be found in as-
deposited samples indicating their amorphous nature. After
900°C annealing, a sharp Raman band associated with
crystallized Si transverse optical (TO) mode appears,
which indicates that the amorphous Si layers have been
crystallized to form nano crystallized Si. With increasing
the annealing temperature from 900°C to 1000°C, the
crystallized Raman peak becomes stronger. We fitted the
Raman spectrum via the Gaussian deconvolution by three
components, which is located at 480 (represents the TO
mode of amorphous Si), 510 (represents the TO mode of
smaller crystallized Si) and 520 cm™ (represents the TO
mode of larger one). The crystallinity ratio (Xc) was
figured out through the formula [14]:

1
Yoo e
Ic+0.881a
where /Ic is integral area of TO mode of crystallized Si, la is

integral area of TO mode of amorphous Si, 0.88 is Raman
efficiency factor.



230

<

S 10 nm o ot
ARSI TR

Fig. 2 TEM micrographs of as-deposited a-Si (4 nm)/a-SiC
(4 nm) multilayers

It is found that Xc for 1000°C annealed Si/SiC MLs is
higher than that for 900°C annealed ones in both Si/SiC
multilayered structures, which means that higher annealing
temperature promotes the crystallization process and the Si
QDs with high density can be obtained. The formation of
Si QDs is further identified by cross-sectional TEM
observation of annealed Si/SiC multilayered samples.
Figure 3(c) is the high-resolution TEM image, which
exhibits the formed Si QDs after 1000°C annealing. The
size of Si QDs is around 5.7 nm.

In our previous work, we found the dot size of formed Si
QDs depended on the annealing temperature and the a-Si
sublayer thickness. With increasing the annealing tem-
perature, the dot size was slightly increased and the
corresponding electroluminescence peak was also shifted
accordingly [15,16], which is well agreement with the
theoretic model based on the quantum confinement effect.
Here, we also measured the optical absorption of Si QDs/
SiC multilayers with various SiC thickness annealed at
different temperatures. As shown in Figs. 4(a) and 4(b), the
sample annealed at 1000°C exhibits the higher optical
absorption coefficient than 900°C annealed ones indicates
that the absorption can be enhanced by using forming
dense Si QDs. However, it was found that optical
absorption almost unchanged when reducing the thickness
of SiC layers, which indicates that silicon quantum dots
play an important role optical absorption [17].

To study the electronic and photovoltaic properties of
our samples, we measured the dark current—voltage (I-V)
relationship and illuminated /-V characteristics by using
p-i-n structures as shown in Fig. 1. Figure 5 shows the
dark /- relationship of Si QDs/SiC samples annealed at
1000°C with SiC barrier thickness of 2 and 4 nm,
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respectively. The results reveal that the device had good
rectification characteristics. The dark current can be seen
exponentially enhanced under forward bias (0~1 V), while
the current remained small under reverse bias (0~—1V).
Furthermore, the dark current of Si QDs/SiC samples with
SiC barrier thickness of 2 nm is remarkably higher than
that of samples with 4 nm SiC sublayers as /"> 0.3 V. Inset
in Fig. 5 is the In (/V*)— 1/V plot of the I-V curve shown in
Fig. 5. The red lines are the fit of linear dependence of 1/V.
The result shows the transport via field emission (Fowler—
Nordheim tunneling) of both when ¥V is above 0.6 V [18].
Since the device performance of solar cells strongly
depends on the photo-generated carrier collection effi-
ciency, in the Si QDs/SiC multilayered structures, the
photo-generated electrons and holes should tunnel through
the SiC barriers and then be collected by the electrodes.
Therefore, the SiC barriers play an important role in carrier
tunneling process.

Figure 6 is the external quantum efficiency (EQE) of p-i-
n device structures containing Si QDs/SiC multilayers with
various SiC layer thicknesses. It shows that the EQE of cell
containing Si QDs (4 nm)/SiC (2 nm) MLs is much higher
than that of containing Si QDs (4 nm)/SiC (4 nm) MLs in
almost whole measurement spectra range (400—1200 nm).
The short circuit current density (J) can be calculated
from EQE results [19,20]. It was found that, with reducing
the SiC thickness from 4 to 2 nm, the corresponding short
circuit current density (J.) is obviously enhanced from
17.5 to 28.3 mA/em?. It was indicated that the more photo-
generated carriers (both electrons and holes) can be
effectively collected by the electrodes via the tunneling
process by reducing the SiC barrier thickness. Inset in
Fig. 6 is the -V curve of cells with various SiC barrier
thickness, under the illumination of AM1.5 (100 mW/cm?)
solar spectrum. The power conversion efficiency (PCE) is
about 3.73%. It is worth noting that the device structure
and preparation parameter are not optimized the PCE can
be further improved by controlling the cell structures such
as total thickness of multilayers and improving interface
conditions.

4 Conclusions

In summary, Si QDs/SiC stacked structures were fabricated
by annealing a-Si:H/SiC multilayers at 1000°C. Raman
spectra and TEM observation revealed that the Si QDs can
be formed after annealing and the crystallinity is about
69%. We also designed the photovoltaic device based on Si
QDs/SiC multilayers with various SiC sublayer thickness.
Both the external quantum efficiency and power conver-
sion efficiency is obviously enhanced by reducing the SiC
barrier thickness. It suggests that the reduction of the SiC
barrier thickness indeed improves the carrier tunneling
efficiency through the stacked structures.
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Fig. 3 Raman spectra of (a) Si (4 nm)/SiC (2 nm) MLs before and after annealing; and (b) Si (4 nm)/SiC (4 nm) MLs before and after
annealing; (c) TEM micrographs of formed Si QDs after 1000°C annealing
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Fig. 4 Optical absorptances of (a) Si (4 nm)/SiC (4 nm) MLs after 900°C and 1000°C annealing; and (b) Si (4 nm)/SiC (2 nm) MLs after

1000°C annealing
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Fig. 5 Dark -V characteristics of device containing 1000°C
annealed Si QDs (4 nm)/SiC (4 nm) and Si QDs (4 nm)/SiC (2 nm)
MLs. Inset is the In (I /V?)—1/V plot of I-V curve
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Fig. 6 External quantum efficiency of solar cells containing
1000°C annealed Si QDs (4 nm) /SiC (4 nm) and Si QDs (4 nm)/
SiC (2nm) MLs. Inset is the measured illuminated -V
characteristics of those samples
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