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Quadruple-junction thin-film silicon-based solar cells with high open-circuit

voltage

Fai Tong Si (#&1%%),2 Do Yun Kim, Rudi Santbergen, Hairen Tan,
René A. C. M. M. van Swaaij, Arno H. M. Smets, Olindo Isabella, and Miro Zeman
Laboratory of Photovoltaic Materials and Devices, Delft University of Technology, Delft 2628 CD,

The Netherlands

(Received 21 July 2014; accepted 31 July 2014; published online 13 August 2014)

We have fabricated a-SiO4:H/a-Si:H/nc-Si:H/nc-Si:H quadruple-junction thin-film silicon-based so-
lar cells (4] TFSSCs) to obtain high spectral utilization and high voltages. By processing the solar
cells on micro-textured superstrates, extremely high open-circuit voltages for photovoltaic technol-
ogy based on thin-film silicon alloys up to 2.91V have been achieved. Optical simulations of
quadruple-junction solar cells using an advanced in-house model are a crucial tool to effectively
tackle the challenging task of current matching among the individual sub-cells in such devices. After
optimizing the optical design of the device and the absorber thicknesses, an energy conversion effi-
ciency of 11.4% has been achieved. The open-circuit voltage, short-circuit current density, and fill
factor were 2.82V, 5.49 mA/cmz, and 73.9%, respectively. Based on this demonstration, strategies
for further development of highly efficient 4] TFSSCs are proposed. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4892890]

Spectral mismatch is one of the major loss mechanisms
for energy conversion in photovoltaic devices. When
E,, > E,, where E,;, is the energy of incident photon and E,
is the band gap energy of absorber material, the energy of
photon in excess of the band gap (E,, — E,) is lost via ther-
malization and cannot be converted into electricity. When
E,, < E,, the absorber is transparent to the photon, and the
energy of the photon cannot be utilized as well. The effect of
spectral mismatch on photovoltaic devices is evaluated with
Shockley-Queisser limit. It concludes that the upper effi-
ciency limit of solar cells consisting of a single semiconduc-
tor p-n junction is 33% for an absorber with an ideal band
gap of 1.34eV."? On one hand, the band gap of absorber
should be high to reduce the thermalization loss, while on the
other hand, it should be low to make use of a broader part of
the solar spectrum. In order to overcome this problem, stack-
ing multiple junctions in series is the most widely used
approach. In this approach, photons are supposed to be
absorbed in different junctions according to their energy and
the band gap of the absorber material. Multi-junction solar
cells promise smaller thermalization losses and, thus, a higher
output voltage, as well as the utilization of long-wavelength
photons. The performance of multi-junction cells depends on
the band gaps of absorber materials. With absorbers having
optimal band gaps, the corresponding efficiency limit is
raised to 46%, 51%, and 56% for double-, triple-, and
quadruple-junction cells, respectively.”* Ideally, the more
junctions with different band gaps are used, the higher effi-
ciency can be achieved.

Thin-Film Silicon-based Solar Cells (TFSSCs) have been
featuring the potential for low-cost and large-area manufac-
turing. Using raw materials which are highly abundant in the
Earth’s crust makes TFSSCs as a favorable source of
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renewable energy. Improving its relatively low energy con-
version efficiency is the main challenge to stay competitive
with other photovoltaic technologies. Examining state-of-the-
art TESSCs, the record efficiency increases from 11.0% at
single-junction hydrogenated nanocrystalline silicon (nc-Si:
H) cells*® to 12.6% at hydrogenated amorphous silicon (a-Si:
H)/nc-Si:H tandem cells.” Both record initial and stabilized
efficiency of TESSCs were achieved on triple-junction devi-
ces, which were 16.3% in a-Si:H/hydrogenated amorphous
silicon germanium (a-SiGe:H)/nc-Si:H structure with short-
circuit current density (Jsc) of 9.43 mA/cm® (Ref. 8) and
13.4% in a-Si:H/nc-Si:H/nc-Si:H structure with Jgc of
9.52mA/cm?? respectively. It is evident that the efficiency of
TESSCs could be improved by adding more junctions into a
solar cell. Besides better spectral utilization, multi-junction
TESSCs benefit from mitigated light-induced degradation
owing to thinner amorphous absorbers. From electrical point
of view, the reduced operation current in such devices (e.g.
half in a tandem, one-fourth in a quadruple-junction cell)
comparing with single-junction cells leads to less parasitic
electrical loss. A lower requirement of series resistance in the
device means that the transparent conductive oxide (TCO)
can be made thinner to reduce the parasitic optical absorp-
tion.'” Therefore, making quadruple-junction (4J) cells is con-
sidered a sensible option for further development of highly
efficient TFSSCs. A theoretical study based on optical simula-
tion'! revealed that an initial efficiency of 19.8% can be
achieved with a 4] TFSSC with hydrogenated amorphous sili-
con oxide (a-SiO:H), a-SiGe:H, nc-Si:H, and hydrogenated
nanocrystalline silicon germanium (nc-SiGe:H) as the absorb-
ers in the four component junctions. In that study, Lambertian
scattering at internal interfaces was assumed and resulted in a
Jsc of 8.72mA/cm?. The simulation study demonstrated the
potential of thin-film technology for being competitive with
the mainstream silicon wafer-based or other thin-film photo-
voltaic technologies. So far, not many experimental results on

© 2014 AIP Publishing LLC
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4] TFSSCs have been reported since Yang et al. demonstrated
in 1985 an a-Si:F:H/a-Si:F:H/a-Si:F:H/a-Si:Ge:F:H 4] cell
with an efficiency of 11.0%.'* In that device, thick amorphous
layers were used, and the device utilized a narrow range of
the solar spectrum up to 900 nm that was limited by the use of
a-Si:Ge:F:H absorber. In this work, we present experimental
results of 4] TFSSCs consisting of a-SiOy:H/a-Si:H/nc-Si:H/
nc-Si:H absorbers with open-circuit voltage (Voc) up to
2.91V and solar spectrum utilization up to 1100 nm. Optical
simulations were used to design the absorber thicknesses in
such a way that light absorption is appropriately distributed in
the four junctions. By optimizing the optical design of our 4]
cells, an initial efficiency of 11.4% has been achieved.

Our 4] cells were initially fabricated by stacking an
additional top sub-cell with a-SiO:H absorber'® on typical
triple-junction a-Si:H/nc-Si:H/nc-Si:H cells. The band gap of
a-SiO4:H (2.1eV) is higher than that of a-Si:H (1.8 eV). The
shift towards a higher band gap offers a better spectral utili-
zation in a-SiO,:H/a-Si:H/nc-Si:H/nc-Si:H 4J cells. The
properties of the intrinsic nc-Si:H absorbers in the 3rd and
4th sub-cells were not intentionally differentiated, so they
may share the same band gap energy. In such configuration,
two sub-cells with identical absorber material do not sup-
press the thermalization loss but provide a reasonable distri-
bution of photo-generated carriers among all the sub-cells,
since they are connected in series and the available currents
should be well matched. Meanwhile, the absorber thickness
in individual sub-cell is reduced that results in improved ma-
terial quality and electrical carrier collection. Figure 1 shows
the structure of the studied 4] cells in a simplified sketch and
a cross-sectional scanning electron microscope (SEM) image
of a fabricated device.

The 4J TESSCs were fabricated on textured glass sub-
strates in p-i-n configuration. The surface of the textured
glass on which the layers were deposited resembled crater-
like features with lateral correlation length around 6 yum and
aspect ratio of 0.1. The micro-textured substrate was chosen
to ease the defect control in this first demonstration of such
device. The smooth morphology of substrate can avoid the
formation of defective areas during nc-Si:H deposition so
that guarantee high material quality. The glass texturing pro-
cess has been reported elsewhere.'* 90-nm thick tin-doped
indium oxide (ITO) was deposited as part of the front contact
of the solar cells by radio-frequency magnetron sputtering.
The p-i-n junctions of the cells were deposited by radio-
frequency (13.56 MHz) plasma-enhanced chemical vapor
deposition (RF-PECVD), except for the intrinsic nc-Si:H
absorber that was made using PECVD with a frequency of
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FIG. 1. (a) SEM image exhibiting the
cross section of a 4] cell in p-i-n con-
figuration with a-SiO:H/a-Si:H/nc-Si:
H/nc-Si:H absorber layers on top of
textured glass substrate. Division of
the sub-cells is indicated. The image
acquisition was performed at a tilted
angle of 45°. (b) Simplified structure
of the studied 4] TFSSC.

40.64 MHz. A stack of Ag/Cr/Al with thickness of 300/30/
500 nm was evaporated as back reflector and electrode, with
a pattern defining the cell area (4 x 4 mm?). After the deposi-
tions, edge isolation of the cells was performed by reactive
ion etching of silicon and silicon alloys outside the cell areas.
The fabrication was finished with a thermal annealing step at
170°C for 2 h. Relevant single-, double-, and triple-junction
cells were co-deposited for obtaining information about the
quality of the deposition process and the component sub-
cells.

The fabricated cells were characterized by illuminated
current-voltage (I-V) measurements with an AM 1.5 G solar
simulator to determine the Voc and fill factor (FF). The
measured data in terms of voltage is presented in Table I.
One can notice that the increase of Vo of a cell with
increasing number of junctions is consistent with the V¢ of
corresponding single-junction cells. From 1.03 V for a-SiOy:
H single-junction cell, the Vo was sequentially increased to
191 V, 241V, and, finally, 291V for our 4] TFSSC.
Therefore, the 4] cell functioned as expected from voltage
point of view, showing that the absorber materials were of
high quality in spite of the large thickness in the bottom
cell.'* A fill factor up to 78% was obtained, but it should be
noted that the value of FF can be affected by the level of cur-
rent mismatch. "

External quantum efficiency (EQE) measurements with
proper bias illumination were performed to investigate the
spectral response of each sub-cell, as well as, to estimate the
Jsc of the whole 4] device. For measuring the individual
sub-cells, different combinations of LEDs were used to gen-
erate sufficient photocarriers in the remaining three sub-
cells. The reflectance (R) of the solar cell was also measured
to determine the total absorption (A=1—R) in the entire
structure including parasitic optical losses in the supporting
layers. In Figure 2, the colored symbols show the measured
EQE of the four sub-cells of our first fabricated 4] device.

TABLE 1. Measured V¢ of relevant TESSCs. Column on the left shows
the Voc of corresponding multi-junction cells starting with a-SiO4:H sub-
cell. Values in parentheses indicate the increase in Voc. Column on the right
shows typical Ve of respective single-junction cells under AM 1.5G
illumination.

Voc (V) Component Voc (V)
a-SiO:H 1.03 1.03 (a-SiO,:H)
a-SiO,:H/a-Si:H 1.91 (+0.88) 0.89 (a-Si:H)
a-SiO,:H/a-Si:H/nc-Si:H 2.41 (+0.50) 0.53 (nc-Si:H)
a-Si0,:H/a-Si:H/nc-Si:H/nc-Si:H 2.91 (+0.50) 0.53 (nc-Si:H)
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FIG. 2. Spectral response of a 4] TFSSC. Colored symbols are experimental
EQE and reflectance, while solid lines show simulated absorption spectra of
the four sub-cells in a same solar cell structure. Simulated reflectance and
parasitic absorption are indicated by the area plot.

The photocurrent density which a sub-cell can potentially
generate was calculated by integrating the respective EQE
with the AM 1.5G spectrum, and the values are given in
Table II. It can be seen that the light absorption, and thus the
potential photocurrent density, is not evenly distributed over
the component sub-cells. The net current density of multi-
junction solar cells is limited by the sub-cell delivering the
smallest potential current density. The excess light absorp-
tion in other sub-cells cannot contribute to power generation.

Current mismatch is an essential problem in making
highly efficient multi-junction TFSSC, and has a higher
impact on the efficiency of solar cells consisting of more
junctions because of their high voltage and low current den-
sity. Furthermore, current matching becomes more challeng-
ing for 4J cells since the structure contains a large number of
layers as well as textured interfaces and each of them can
affect the optical environment of the others. It is impractical
to experimentally optimize current matching from scratch
because there are too many variables for optimization and
the fabrication of 4] TFSSCs at lab-scale is relatively time-
consuming. In order to facilitate the burdensome task of
current matching, optical simulations have been used to esti-
mate the absorption distribution in a solar cell. In the in-
house optical model GenPro4,'® simulation of scattering
properties at a textured interface is treated either by ray trac-
ing or by scalar scattering theory depending on feature size
of the concerned morphology. The feature size of the tex-
tured glass is much larger than the wavelengths of interest;
therefore, ray tracing approach was selected in our simula-
tions. The light is regarded as coherent in most of the layers
in the structure, except the glass substrate and the intrinsic

TABLE II. Implied/Measured photocurrent density of 4J cells in mA/cm?.
Current densities in individual sub-cells and their sum as the total response
in the absorbers are shown.

Ist 2nd 3rd 4th Total
Simulated initial 5.65 4.96 543 5.98 22.02
Measured initial 5.79 5.00 491 5.61 21.31

Measured optimized 5.49 5.99 6.16 6.09 23.73

Appl. Phys. Lett. 105, 063902 (2014)

nc-Si:H layers in the 3rd and 4th sub-cells, which are rather
thick that the light does not exhibit interference effect. For
the input parameters of simulation, atomic force microscopy
was used to obtain morphological information of the textured
substrate. The 3-dimensional topography was used to simu-
late the scattering properties of the interfaces by ray-tracing.
Complex refractive indices of all involved materials were
acquired with spectroscopic ellipsometry by analyzing re-
spective layers deposited on flat glass. By assigning the
materials, thicknesses, and interfaces to the simulated struc-
ture in the model, the absorption spectrum for every layer, as
well as, the total reflectance of the device can be calculated.
A simulation was carried out on a structure identical to the
presented 4] device, so that the effectiveness of the optical
model can be evaluated by experimental results. The simu-
lated spectral response of the four sub-cells shown in Figure
2 (solid lines) agrees reasonably well with the experimental
results except for the discrepancy at long wavelengths.
Interestingly, the clearly visible fluctuation of EQE between
600-900 nm, the wavelength range within which the light is
mainly absorbed in the 3rd and 4th sub-cells, actually origi-
nates from the effect of coherent propagation of light in the
intrinsic a-Si:H layer in the 2nd sub-cell. The discrepancy at
long wavelengths may be ascribed to the less accurate char-
acterization of materials’ optical constants, considering that
determining absorption coefficients by spectroscopic ellips-
ometry is very challenging for thin layers with low absorp-
tion. On the other hand, since the evolution of interface
morphology depends on the deposition dynamics and is not
perfectly conformal,'”'® the scattering properties will
change with the morphology of the interface. Overall, the
good agreement within a major part of the spectrum of interest
confirms that this simulation approach is valid for our applica-
tion, so it can be used for optimizing the design of 4] solar
cells, in particular, determining the thicknesses of absorber
layers. Indeed, the simulated spectra also acted as a useful hint
for choosing appropriate LEDs in the EQE measurements.
According to the expected spectral response, the LEDs were
selected to have low response in the measured sub-cell but can
generate sufficient photocarriers in other sub-cells.
Optimization of 4] TFSSCs was then carried out, based
on the materials available at our lab. The influence of inter-
mediate reflector, p-layer of the top sub-cell, anti-reflective
coating, and current matching has been taken into account.
At first, n-type hydrogenated nanocrystalline silicon oxide
(nc-SiO,:H) was used in the third and fourth sub-cells. It is a
commonly used intermediate reflector for boosting the
light absorption of upper sub-cells in multi-junction
TFSSCs. 519721 However, it exhibits a broadband reflection
which is not ideal for multi-junction cells. In this work, inter-
mediate reflector was only used between the bottom sub-
cells to avoid undesirable reflection losses of long-
wavelength light. Second, it can be seen in Figure 2 that the
EQE of the first sub-cell does not exhibit a sharp onset due
to significant parasitic absorption. Concerning parasitic opti-
cal losses, in addition to the front TCO, the p-layer in the
first sub-cell is of major importance, because high-energy
photons can be easily absorbed in these layers before reach-
ing the first absorber layer. Tackling this problem, the depo-
sition parameters of the p-layer were adjusted to make the
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material more transparent. As a result, the improved
response at the short wavelengths led to a gain in photocur-
rent density of 1 mA/cm?, while the thickness of a-SiO:H
absorber could be reduced. Finally, a plastic foil functioning
as a broadband anti-reflective layer was applied onto the
front side of solar cells to enhance the in-coupling of inci-
dent photons into the device.

Once the configuration of 4] TFSSCs with respect to the
sequence of materials was decided, thickness determination
of absorber layers was assisted by aforementioned optical
simulations and fine-tuned by experimental examinations.
The thicknesses of absorber layers from top to bottom were
70 nm, 380 nm, 1.9 pum, and 3.2 um. Figure 3 shows the spec-
tral response and illuminated J-V curve of the optimized 4J
cell with better matched photocurrent densities and an
improved optical design. From the EQE measurement, the
Jsc of the optimized cell was estimated to be 5.49 mA/cm?.
With Ve and FF of 2.82V and 73.9%, respectively, deter-
mined from illuminated I-V measurements, an initial effi-
ciency of 11.4% has been achieved. The reduced Vo is due
to the adaption of the p-layer.

Although the best initial efficiency of 11.4% achieved by
the 4] TFSSCs is less than the state-of-the-art tandem and
triple-junction cells, it demonstrated high Voc and FF. The
efficiency can be significantly improved by employing
advanced materials in the cell. For instance, by replacing the
front ITO with a high-mobility TCO material characterizing
low free carrier absorption such as hydrogen-doped indium ox-
ide (I0:H),** the absorption loss in the front TCO as well
as the primary reflectance at long wavelengths can be reduced
without compromising the electrical performance. Specifically,
according to the simulations, the infrared absorption in front
TCO can be decreased by an amount corresponding to a photo-
current density of 3 mA/cm?. Similar adaption should also be
applied to supporting p- and n-layers. It can be seen in Figure
2 and Figure 3(a) that these supporting layers consume about
20% of the incident light in the range of 400—600 nm and a
considerable amount in the infrared. On the other hand, the
substrate morphology should be optimized to enhance the light
scattering effect without sacrificing the quality of materials de-
posited subsequently. Deploying effectively-scattering sub-
strate can raise the EQE in the long-wavelength while
reducing the parasitic losses in the short-wavelength by effi-
ciently absorbing the blue light in the top cell. Moreover,
beyond the existing technology, one of the most important
tasks is to develop high-performance narrowband intermediate
reflectors, by which the blue light is reflected back to the upper

10 15 20 25 30

Voltage (V)

sub-cells while the red light can be utilized in the bottom sub-
cells. In this way, the thicknesses of amorphous absorbers in
the upper sub-cells can be reduced, and a higher stabilized effi-
ciency can be achieved in 4] TFSSCs. Last but not least, a low
band gap absorber such as nc-SiGe:H* should be introduced
in the bottommost cell to absorb the low-energy photons, so
that it can extend the spectral utilization of TFSSCs to a
broader part of the solar spectrum. This absorber is expected to
have high absorption coefficient at long wavelengths as well as
high material quality to reduce the material consumption and
guarantee satisfactory electrical performance.

To conclude, a-SiO4:H/a-Si:H/nc-Si:H/nc-Si:H  p-i-n
quadruple-junction TFSSCs have been experimentally demon-
strated with Ve higher than 2.82 V. Current matching in the
4] solar cells was facilitated by optical simulations to deter-
mine the optimal absorber thicknesses with minimum efforts at
fabrication. Based on the available materials and light trapping
scheme, the optical design of the solar-cell structure has been
optimized. It resulted in a Jsc of 5.49 mA/cm? and ultimately,
an efficiency of 11.4%. Strategies were pointed out for further
improvement in the performance of 4] TFSSCs.

This work was carried out in the framework of the project
“Stirring of Light!”, funded by the Foundation for
Fundamental Research on Matter (FOM), which is part of the
Netherlands Organization for Scientific Research (NWO). The
contribution of D.Y.K. was carried out in the framework of the
FP7 project “Fast Track”, funded by the EC under grant
agreement no 283501. The work of H.T. and R.S. was funded
by the Dutch STW-VIDI Grant-10782 of A.H.M.S.
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