Published on 29 July 2014. Downloaded by Dalian Institute of Chemical Physics, CAS on 9/2/2019 6:25:08 AM.

Joumal of

Materials Chemistry A

COMMUNICATION

CrossMark
& click for updates

Cite this: J. Mater. Chem. A, 2014, 2,

ROYAL SOCIETY

OF CHEMISTRY

View Article Online
View Journal | View Issue,

High efficiency organic/a-Si hybrid tandem solar
cells with complementary light absorptiont

15303 Wei Qin, 3" Wei Yu,$3 Wei Zi,¢ Xiang Liu,® Tao Yuan,® Dong Yang,®" Shubo Wang,?

Received 29th May 2014
Accepted 25th July 2014

DOI: 10.1039/c4ta02690;j

www.rsc.org/MaterialsA

Organic/amorphous silicon (a-Si) hybrid tandem solar cells have the
potential to provide a highly efficient low-cost photovoltaic tech-
nology using abundant elements, and the technology is adaptable to
large-scale processes. With their high open-circuit voltage (V) and
adaptability to a broad solar spectrum, organic/a-Si tandem devices
offer significantly improved performance. We have shown that
organic/a-Si hybrid tandem solar cells with a complementary organic
absorber can exhibit a power conversion efficiency (PCE) of up to
7.5%, with a fill factor (FF) of 72.3% and a V. almost equivalent to the
sum of the sub-cells under standard air mass (AM) 1.5 illumination. The
high performance of the device results from the complementary
absorption spectra of two sub-cells and well-matched energy levels of
the intermediate layer. This study provides an effective design strategy
for organic/a-Si hybrid tandem solar cells of improved efficiency.

Hybrid solar cells have attracted interest due to their ability to
combine the advantages of diverse components. Heterojunction
and tandem devices are two major structures used in the
construction of a hybrid solar cell. A silicon heterojunction with
an intrinsic thin layer (HIT) has been applied to achieve world-
record efficiency, as high as 24.7%." Si-heterojunctions with an
organic thin film have also achieved good efficiency, in this case
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of 11%.%° In the present article, we address the issues in the
development of hybrid tandem solar cells.

Solar cells with a single light-absorbing layer are able to
utilize only a small fraction of the solar spectrum.”® To make
effective use of a broader range of the solar spectrum, tandem
devices with as many as four light-absorbing layers have been
developed.®® In the first place, tandem devices with materials of
multiple bandgap can extend the absorption to cover a broader
range of the solar spectrum.'®** Secondly, a tandem device gives
a higher open circuit voltage (V,.), which can potentially be
maximized to be equivalent to the sum of the component cells,
Vocs.'*** Thirdly, the strategy of employing a wide bandgap
material to absorb high energy photons and a narrow bandgap
material absorbing longer wavelengths of the spectrum can
effectively reduce thermal energy losses, particularly in the case
of short-wavelength photons.>'"** Finally, as the V,, is increased
and the short-circuit current (J;.) reduced, the spectrum-split-
ting approach reduces electrical losses within the device,
leading to an increased fill factor (FF).'***

During the past decade amorphous-nanocrystalline (a-Si/nc-
Si), or micromorphous thin-film, Si tandem solar cells, have
gained a great deal of attention due to their low cost and high
efficiency.’®® The design employs a-Si as the top-cell with
bandgap of ~1.7 eV, mainly absorbing in the blue-green section
of the solar spectrum.*** Meanwhile a bottom-cell of nc-Si with
a narrower bandgap of ~1.1 eV absorbs in the red and near-
infrared areas.”* Unfortunately, as nc-Si is only an indirect band-
gap material, a layer several micrometers in thickness is
required to efficiently absorb solar light,>**** increasing the
cost of nc-Si solar cells.

Due to the relatively high absorption coefficient of organic
semiconductors, a layer of sub-micron thickness is sufficient for
absorbing solar light,** making them a suitable replacement nc-
Si as the bottom-cell absorbers. In addition, organic solar cells
(OSCs) can potentially be manufactured using a more cost-
effective roll-to-roll printing method,**¢ significantly reducing
the cost of production. Organic/a-Si hybrid tandem solar cells
can thus offer high efficiency at a relatively low cost.
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In 2011, Kim et al.*” first reported organic/a-Si tandem solar
cells using a conjugated polymer of PCPDTBT (optical bandgap
(Eg) = 1.46 €V)*® to replace nc-Si in micromorph solar cells.
However, its relatively low current density and low FF severely
limited its cell performance. In 2012 Seo et al.*® reported an
organic/a-Si (PBDTTT-C)* hybrid tandem solar cell with E, =
1.61 eV, power conversion efficiency (PCE) of 5.72% and V. of
1.42 V, by optimizing the intermediate layers. This gave 92% of
the sum of the V. values of the component cells. However, the
absorption spectrum of PBDTTT-C overlaps significantly that of
a-Si solar cell and absorbs very little light beyond 800 nm. Very
recently, Albrecht et al. have announced an organic/a-Si double-
junction solar cell with PCE > 7%, by optimizing the interme-
diate layers and using a low bandgap polymer, PCPDTBT.*!
These results show the potential for achieving a high perfor-
mance hybrid tandem solar cell comprising silicon and an
organic polymer. It was therefore vital for us to investigate the
key factors influencing performance, such as recombination
losses at the intermediate layer between the component cells,
and the charge collection ability of the cathode.

In the present study, a narrow bandgap polymer poly-
(diketopyrrolopyrrole-terthiophene) (PDPP3T), with a bandgap
of 1.31 eV, was used as the active layer in OSCs.** The UV-vis
spectrum of PDPP3T is complementary to that of a-Si solar cells
and extends the absorption spectrum of the tandem device to
950 nm. In addition, OSCs have been optimized by the use of a
conjugated polyelectrolyte as cathode interface layers (CILs). By
applying these approaches, the PCE of optimized organic/a-Si
tandem solar cells can attain a value of 7.5%, with FF as high as
72.3%. Meanwhile, the V. of the hybrid tandem cell can reach
1.51 V, which is almost equal to the sum of the sub-cell V,,
values, and is the highest value so far encountered in the
lierature.>**?

Fig. 1(a) illustrates the structure of an organic/a-Si hybrid
double-junction solar cell. The a-Si (p-type/intrinsic/n-type
stack) top-cell was deposited on fluorine-doped tin oxide (FTO)
glass by radio-frequency plasma-enhanced chemical vapor
deposition. The a-Si:H absorbs blue and green light. The
bottom-cell (Fig. 1(b)) was constructed from a narrow bandgap
conjugated polymer, PDPP3T, blended with [6,6]-phenyl Cg;
butyric acid methyl ester (PC4;BM), and absorbs red light. The
spin-coated PDPP3T:PCq;BM layer is ~110 nm thick. The
intermediate layer between the a-Si top-cell and the OSC
comprises a transparent indium-tin oxide (ITO) layer and a
highly conductive poly(3,4-ethylenedioxylenethiophene)-poly-
styrene sulfonic acid (PEDOT:PSS; Clevios 4083) layer. The ITO
was deposited at a thickness of 50 nm on the a-Si top-cell using
magnetron sputtering, and the PEDOT:PSS was then spin
coated onto the ITO layer at a thickness of ~40 nm. Details are
given in the ESI. Fig. 1(c) shows the absorption spectra of
PDPP3T:PC¢;BM and PDPP3T:PC,,BM films, along with an a-Si
solar cell. In the PDPP3T:PC,,BM film, absorption occurred in
the range 400-600 nm, unlike its PC¢;BM counterpart, indi-
cating that the absorption was due to the PC,;BM itself. The
PDPP3T absorbs mainly in the red and near-infrared regions of
the solar spectrum (650-950 nm), whereas the a-Si solar cell
shows high transmittance. The spectral response of these two
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Fig. 1 (a) Structure of an organic/a-Si hybrid tandem solar cell; (b) the
chemical structure of the low-bandgap polymer, PDPP3T, used in the
hybrid tandem solar cell; and (c) normalized absorption spectra of an
organic thin film and a-Si thin film.

systems complements each other satisfactorily, showing the
clear advantage of the spectrum-splitting provided by tandem
solar cells.

Before being utilized in the hybrid tandem solar cells the
single-junction OSCs were optimized. The device structure has
the sequence: glass/ITO/PEDOT:PSS/PDPP3T:PCBM/CIL/Al, the
PDPP3T:PCBM film being spin-coated from solution in a
ternary blend of dichlorobenzene, chloroform and 1,8-diio-
dooctane (DCB-CF-DIO).*

Fig. 2(a) shows the characteristics of a Ca/Al-based OSC used
as a control device, under illumination with and without an a-Si
top-cell functioning as an optical filter. PDPP3T:PC,;BM OSCs
exhibit a PCE of 5.60%, whereas in the case of PDPP3T:PCs;BM
OSCs, the PCE is 5.30%. The performance of PDPP3T:PC,,BM
OSCs is thus superior to that of PDPP3T:PC¢BM OSCs.
However, after the incident light has been filtered using an a-Si
thin film, as in the hybrid tandem devices, PDPP3T:PC4;BM
OSCs show superior performance to their PDPP3T:PC,,BM
counterparts. Using the a-Si filter, PDPP3T:PC,;BM OSC gives a
Jsc Of 5.64 mA ecm™>, whereas using this filter PDPP3T:PC4;BM
OSC generates a higher J,., 5.94 mA cm™?, indicating that
PC-,,BM would not contribute as much current as PCs;BM in an
organic/a-Si tandem configuration. This result demonstrates
that the excess absorption of PC,;BM at short wavelengths
contributes to the performance of single-junction devices,
whereas it makes only a limited contribution to the perfor-
mance of tandem devices at longer wavelengths.

To further improve the performance of PDPP3T:PC¢;BM OSCs,
an alternative CIL, poly(9,9-bis(4-(sulfonatobutyl)-2,7-fluorene)-
alt-2,7-(9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-fluorene)) with
sodium sulfonate and oligo-(ethylene oxide) side-chains

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (a) Current density—voltage (J-V) characteristics of organic
single-junction solar cells based on PDPP3T:PC;BM and
PDPP3T:PCq;BM under illumination of 100 mW cm™2, together with
their J-V characteristics under illumination with light filtered using a-Si
thin films; (b) J-V characteristics of PDPP3T:PCgBM organic single-
junction solar cells with different cathode interface layers.

(PFgoSO3Na), was used to replace Ca. Using PFySO;3Na, a PCE of
5.89% along with J,. of 13.43 mA cm™ > was achieved, higher than
that obtained with Ca. PFyoSO;Na can form the desired interfacial
dipole at the interface between the active layer and the cathode,
and significantly improves the charge collection efficiency in
0OSCs.* The J-V characteristics are shown in Fig. 2(b) and the
detailed device parameters are summarized in Table 1.

Current matching between the component cells is crucial to
achieve good performance in tandem devices. By reducing the
thickness of the a-Si top-cell, the optical transmission can be
increased to obtain a maximized but balanced photocurrent for
the organic bottom-cell. When the thickness of a-Si thin film
was decreased from 125 nm to 72 nm, the Ji. of the tandem
device was markedly increased, from 5.29 mA cm ™2 to 6.50 mA
cm %, whereas the V,. (1.50 V) and FF (72.3%) were relatively

Table 1 Device performance of single-junction OSCs
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unchanged. The detailed device performance is summarized in
Table 2 and the J-V curves are as shown in Fig. S1.1 As result, the
PCE of the tandem device was increased from 5.75 to 7.06%. A
further thinned a-Si top-cell makes the V,. and J,. fall sharply
and degrades the performance.

The PCE of the preferred example of a tandem solar cell
reaches a value as high as 7.46%, with J. of 6.73 mA cm ™2, V,,. of
1.51 V and FF of 72.3%. Fig. 3(a) shows the j-V characteristics of
organic (PDPP3T:PCq;BM), inorganic (a-Si) and the preferred
hybrid tandem solar cell under AM1.5 illumination. The a-Si
solar cell has J,. of 9.09 mA cm ™2, V. of 0.83 V, FF of 54.8%, and
PCE of 4.15%; the optimized PDPP3T:PCs;BM OSCs with a
PFroSO;Na CIL show Ji. of 13.4 mA cm ™2, V,. of 0.68 V, FF of
64.6%, and PCE of 5.89%. The PCE of the hybrid tandem solar
cells is 7.46%, much higher than that of either of the two cells
individually. The external quantum efficiency (EQE) of hybrid
tandem solar cells is measured under bias light. As shown in
Fig. 3(b), the current density of OSC is almost equally distrib-
uted in a wide optical cavity (between 650 and 950 nm), which
matches the optical window of an a-Si solar cell.

The hybrid tandem solar cell yields a V. of 1.51 V, which is
virtually equal to the sum of the V,. values of the two
component cells. In hybrid tandem devices, the ITO/
PEDOT:PSS intermediate layer provides a recombinant
region for electrons and holes between the top and bottom
component cells. Fig. 4 shows the energy-band diagram of a-
Si/organic hybrid tandem solar cells, in which the work
function of intermediate layer is measured by a scanning
Kelvin probe microscope (SKPM). The work function of
untreated ITO is 4.70 eV and increases to 4.94 eV after UV-0;
treatment. The well-matched energy level of treated ITO and
PEDOT:PSS may be a reason for the high V,. observed in our
hybrid tandem devices.*”

It will be noticed that the FF of the double-junction device is
maintained at the high value of 72.3%. In tandem solar cells,
the FF is mainly affected by the current-limiting sub-cell.***?
The current density calculated from EQE result shows that the
a-Si top-cell has a J,. of 7.49 mA cm ™2, which is higher than that
of 6.91 mA cm™? for the PDPP3T:PCs;BM OSCs (Table 2). We
therefore believe that the FF of the organic/a-Si double-junction
cell is promoted mainly by the organic bottom-cell. Further-
more, the FF of PDPP3T:PCg,;BM OSCs shows a notable increase
if the incident light is filtered by an a-Si solar cell (Table 1); this
implies that PDPP3T:PCs;BM OSCs could give a higher FF value
as the bottom component cell in an organic/a-Si tandem device
than in a single junction device. This leads to a high FF for the
hybrid double-junction device.

0SCs Back-contact Jse (A em™?) Voe (mV) FF (%) PCE (%)
PDPP3T:PC,;BM Ca/Al 14.27 660 59.5 5.60
PDPP3T:PC,;BM with a-Si filter Ca/Al 5.64 620 61.5 2.15
PDPP3T:PCq;BM Ca/Al 12.27 680 63.5 5.30
PDPP3T:PC¢;BM with a-Si filter Ca/Al 5.94 660 67.5 2.65
PDPP3T:PCq;BM PFroSO;Na/Al 13.43 680 64.6 5.89

This journal is © The Royal Society of Chemistry 2014
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Table 2 Device performance of hybrid tandem solar cells with different thicknesses of a-Si thin films

a-Si (nm) Voe (mv) .]top (mA Cmiz) ]bottom (mA Cmiz) .]tandem (mA Cmiz) FFtandem (0/0) PCEtandem (%)
125 1.53 £ 0.03 10.41 6.23 5.29 £ 0.15 723 £ 1.4 5.75 + 0.3

87 1.43 £ 0.05 8.05 6.64 5.94 + 0.18 72.3 £ 1.6 6.19 £ 0.2

72 1.50 & 0.01 (1.51) 7.49 6.91 6.50 % 0.23 (6.73) 72.3 + 1.1 (73.4) 7.06 + 0.4 (7.46)
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Fig. 3 (a) J-V characteristics of organic (PDPP3T:PCgBM), inorganic
(a-Si) and the new hybrid tandem solar cell under AM1.5 illumination;
(b) EQE spectra of the organic/a-Si hybrid tandem solar cells under
different bias lighting.
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Fig. 4 Approximate energy band diagram of the organic/a-Si hybrid
tandem solar cell taken from literature ref. 23 and 26 The work
function of the ITO layer was measured by SKPM.
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It has been demonstrated that the EQE of single junction
OSCs can be as high as 80%,***° and ~8% PCE has been ach-
ieved using conjugated polymers with a bandgap of 1.38 eV.*® It
is therefore possible for organic/a-Si tandem solar cells to ach-
ieve a Js. of 12.9 mA cm ™, as has been obtained in an a-Si/nc-Si
tandem solar cell** by further optimization of the a-Si solar cells,
the intermediate layers and OSCs. Regarding the measured V.
of 1.51 V and FF of 72.3% in the present study, it is estimated
that the PCE of organic/a-Si tandem cells can be improved to
~14%, and this potentially makes the organic/a-Si hybrid
tandem cell photovoltaic technology highly efficient.

Conclusions

This study provides an effective cell design for achieving a high
efficiency organic/a-Si hybrid tandem device. A high perfor-
mance organic/a-Si hybrid tandem solar cell has been success-
fully fabricated using a low bandgap polymer, PDPP3T. The
complementary absorption of OSCs and a-Si solar cells extends
the spectral range of tandem devices to 950 nm. A high PCE of
7.5% has been obtained for organic/a-Si hybrid tandem solar
cells, with V. of 1.51 V and FF of 72.3%. We have shown that the
Voe Of organic/a-Si hybrid tandem solar cells almost equals the
sum of the sub-cell V,. components under standard AM1.5
illumination, due to a well-matched energy level of the inter-
mediate layer; the FF of 72.3% is the highest value so far ach-
ieved for organic/a-Si hybrid tandem solar cells. Further
theoretical analysis suggests that organic/a-Si hybrid tandem
solar cells with PCE up to 14% should be technically feasible
using an optimized low bandgap polymer.
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