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Dielectric Bragg Reflector as Back Electrode for
Semi-Transparent Organic Solar Cells with an Average

Visible Transparency of 52%

Leonie Pap, Bertolt Schirmacher, Esther Bloch, Clemens Baretzky, Birger Zimmermann,

and Uli Wiirfel*

A crucial challenge in the development of semi-transparent solar cells is to
maintain a reasonable power conversion efficiency (PCE) while reaching a high
average visible transparency (AVT). Typically, organic semiconductors are
favorable for this application since they can selectively absorb infrared light while
transmitting visible light. This ability stems from limited electronic states at
high (er) energies in contrast to inorganic semiconductors with their typical rise of
the absorption coefficient toward higher photon energies. To increase PCE at
high AVTs, a series of infrared dielectric Bragg reflectors is developed for semi-
transparent organic solar cells. Using the multi-layered back electrode (TiO,|SiN|
TiO,|AZO|Ag|AZO) with PV-X Plus as photoactive layer and a metal-free PEDOT:
PSS top electrode, a light utilization efficiency (LUE = AVT x PCE) of up to 4.32%
is achieved, together with an AVT of 47.9%. Although the short circuit current
and AVT agree well with optical simulations, a low fill factor (FF) and partial
shunting limit the overall device performance. Using ZnO and PFN-Br as
additional electron transport layers and modifying the back electrode stack

particularly in densely populated regions,
where they compete with agriculture, face
stringent zoning regulations, and must
strike a balance between environmental
considerations and the push for more
renewable energy.l* Integrating compati-
ble renewable technologies into urban
and agricultural environments is therefore
of increasing importance to meet demand
sustainably and optimize the utilization of
land simultaneously."”) Due to this, the
concept of building-integrated photovoltaics
gained traction. Installing semi-transparent
photovoltaics as power-generating win-
dows, facades and greenhouses emerged
as a promising development.®'? Semi-
transparent solar cells (STSCs) maintain
a high transmission in the visible region

(TiO,|SiO,|TiO,|AZO|Ag|AZO) accordingly leads to an LUE of up to 4.6% with a

remarkable AVT of 51.9% and a maximum PCE of 8.79%.

1. Introduction

Amidst the effort for climate protection and decreasing CO,
emissions, solar cells offer a viable solution for renewable energy
generation. Renewable energy capacity increased by 50% in 2023
to nearly 510 GW globally, with solar PV accounting for three-
quarters of new installations worldwide, as per the latest IEA
report, Renewables 2023.1"! This comes as no surprise as solar
energy is widely regarded as one of the top contenders for meet-
ing humanity’s energy demands.!>*! Still, a significant challenge
is to allocate appropriate land for photovoltaic installations,
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while utilizing the infrared region (and/or
UV  region) for energy conversion.
Therefore, they are able to provide sustain-
able powergeneration without significantly
impeding plant photosynthesis or human
visibility. When developing STSCs, adjusting the material choice
for the photoabsorber to the respective application (for instance
selective absorption in the near-infrared™*'* or ultraviolet!>*¢!
light regime for adjusted optical properties) is of utmost impor-
tance. Organic solar cells provide properties like mechanical
flexibility, solution processability at low temperatures, and light-
weightness that are beneficial for the production and installation
of STSCs.B~'°1 Additionally, by tailoring their molecular struc-
ture they have the ability to selectively absorb light in a spectral
regime of choice.'%?°4 This is due to their absorption coeffi-
cient, which — unlike inorganic semiconductors — does not rise
continuously for higher photon energies.?*!

To compare and characterize both the visible transmission
and power conversion efficiency (PCE) of such semi-transparent
solar cells, multiple figures of merit are commonly used.
Similarly to opaque solar cells, the PCE is used to compare device
performance. The transmission received by the human eye is
defined by the average visible transmission (AVT) based on
the AM1.5G spectrum, the transmission of the device and the
photopic response of the human eye.®! Depending on the spe-
cific application an AVT of 25% is usually regarded as a minimal
requirement for power-generating windows, although in recent
years AVTs of over 50% have been set as a new standard.?**”!
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One of the most crucial challenges when developing semi-trans-
parent organic solar cells (STOSCs) is to maintain a reasonable
PCE while attaining high AVTs.***”! Typically, the PCE
decreases with increasing AVT, since most organic semiconduc-
tors do not absorb exclusively outside the visible region. To
identify the best trade-off between AVT and PCE, another
figure of merit has been introduced: light utilization efficiency
(LUE=AVT x PCE). Advanced device stack engineering,
changes in active layer morphology, and combining new donor
and acceptor materials are just a few examples of the efforts in
research that led to the current state-of-the-art STOSCs. One
example for achieving an outstanding AVT of 50.05% while also
maintaining a high PCE of 10.01% was published by Zhang
etal.”® They reported an LUE of 5.01% by using sequential depo-
sition of PCE10-2F and Y6 to achieve a favourable morphology,
enhancing interfacial contact and charge dynamics while sup-
pressing energy losses. In the regime of using complex device
stack engineering to achieve high AVTs with good PCEs, Li et al.
reported a PCE of 10.8% with an AVT of 45.7%.”) Due to an
additional anti-reflection-coating comprising MgF, and SiO, as
well as an optical outcoupling layer stack of alternating MgF, and
4,4'-Bis(N-carbazolyl)-1,1’- biphenyl layers they were able to reach
an LUE of 5.0%. Alternative engineering approaches include Liu
et al. publishing a PCE of 11.43% with an AVT of 46.79% and an
LUE of 5.35% for a solar cell stack with PM6: BTP-eC9: L8-BO as
absorber.*® The fabricated cell included a new transparent elec-
trode stack incorporating a thermally evaporated aperiodic band-
pass filter of lithium fluoride (LiF)|tellurium dioxide|LiF. Despite
these promising developments, literature reports become more
sparse when looking for AVTs of 50% and higher without PCEs
dropping below 6%. In this work, we propose a series of dielectric
Bragg reflectors as infrared-reflecting back electrodes consisting of
an AZOJ|Ag|AZO stack (AZO: Aluminum doped ZnO) supported
by different compositions of layers with an optical function only
(including SiO,, TiO,, SiN, AZO, and Ag). Combined with the
photoactive material PV-X plus as well as a combination of two
different poly(3,4-ethylenedioxythiophene) (PEDOT:PSS) formula-
tions as metal-free top electrode an AVT of 47.9% was achieved
with a PCE of 8.48%. However, the cell performance and espe-
cially the yield were limited by shunting. Therefore, a series of
experiments and optical simulations were carried out and led to
an optimized, much more shunt-proof cell stack including ZnO
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as an additional electron transport layer. This enabled an improved
AVT of around 52%. Simultaneously, the median PCE was
increased to 8.56% (champion device 8.79%). Although the total
LUE of #4.5% (champion device 4.6%) is somewhat lower than
the reported state-of-the-art in literature, the results stand out
due to their high AVT. Additionally, the engineering of the device
stack was performed without an overall decrease in PCE despite
using the same active layer material. This proves that optical sim-
ulations and the subsequent optimization of the layer stack are
powerful tools to overcome the trade-off between PCE and AVT.

2. Results and Discussion

To reach an improved trade-off between AVT and PCE, the incor-
poration of a multilayer stack comprising silver and aluminum-
doped zinc oxide (AZO) as an infrared-reflecting back electrode
has demonstrated to be beneficial as reported in our recent
work.P! There we could successfully fabricate solar cells with an
LUE of 4.0% by employing a single silver back electrode (AZO|
Ag|AZ0) in conjunction with a PV-X Plus photoactive layer and a
highly conductive poly(3,4-ethylenedioxythiophene) (PEDOT:
PSS) top electrode. Despite these advancements, an optimized
infrared reflection remains an area for further improvement.
Utilizing the SCOUT/CODE simulation software from W.
Theiss, our analysis revealed that increasing the number of alter-
nating AZO and silver layers in the back electrode enhances the
steepness and the magnitude of the infrared reflection onset. To
keep production costs minimal and avoid a strong reduction in
AVT associated with additional silver layers, the improved elec-
trode stack was augmented with only one additional AZO and
silver layer. For this “double silver” electrode configuration
(AZO|Ag|AZO|Ag|AZO), optical simulations were conducted
to optimize the thickness of each layer, enhancing infrared reflec-
tion. The optimized layer stack (52 nm|14 nm|75 nm|13 nm|30 nm)
exhibits a three-fold increase in the slope of the reflection
between 600 and 750 nm, while the total reflection at 800 nm
is doubled compared to the single silver electrode (45nm|
14 nm|40 nm). Additionally, the simulated spectra for reflection,
transmission, and absorption of the double silver electrode show
excellent agreement with the experimentally measured ones as
can be seen in Figure 1.
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Figure 1. Simulated (dashed lines) and measured (solid lines) a) reflection, b) transmission and c) absorption spectra of the double silver electrode in
comparison to the respective single silver electrode. Also shown is the photopic response of the human eye.
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Figure 2. a) Efficiency and AVT, b) V¢, ) Jsc and d) Fill Factor of solar cells with the double silver electrode compared to the single silver electrode (Glass|
double or single silver electrode| PV-X Plus|hole transport layer and top electrode).

Subsequent experiments were conducted to compare the solar
cell performance of the double silver electrode with the previ-
ously reported single silver electrode (Figure 2). An increase
in short-circuit current density (Jsc) was observed for the cells

with the double silver electrode, rising from 13.2 to 14.4 mA cm™?,

consistent with the simulated Jsc data (14.0 and 15.0mA cm 2,
respectively).

Both the FF and open-circuit voltage (Voc) remained compa-
rable between the two configurations. However, the overall effi-
ciency of the cells with the double silver electrode was higher
than that of the single silver electrode, with median efficiencies
of 7.68% and 7.01%, respectively. Despite the improvement in
efficiency, the AVT values decreased significantly from 48.5%
for single silver to 45.6% for double silver due to parasitic absorp-
tion of the additional silver layer in the visible.

To achieve higher AVTs while maintaining efficiency at a sim-
ilar level, absorption in the back electrode must be minimized
while maximizing infrared reflection at the same time. To do
so, materials with suitable optical properties are used as an exten-
sion to the single silver electrode stack. A key principle under-
pinning this approach is the reflection that occurs at the
interface of two materials with differing refractive indices. This
phenomenon is described by Fresnel’s equations, which provide
a mathematical framework for understanding how light behaves
at the boundary between two media. The reflection coefficient R
at normal incidence is given by

ny — my?
n1+n2

1)

where n; and n, are the refractive indices of the two materials.
This equation illustrates that a larger difference in refractive indi-
ces results in higher reflection at the interface. The materials
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chosen for the optical extension must therefore exhibit a minimal
absorption coefficient, as well as substantial differences in
their refractive indices, to maximize reflective properties and
enhance reflectivity in the desired spectral ranges. Herein, two
electrode extensions are proposed (Figure 3). One incorporates
alternating layers of TiO, and SiN while the other uses thicker
layers of TiO, and SiO,. Specific layer thicknesses can be found
in Table 1.

Optical simulations show an increase in reflection (at 800 nm)
by 20% (the extension with the SiN interlayer) and 38.5% (for the
extension with the SiO, interlayer) compared to the single silver
electrode (Figure 3b). Additionally, the slope of the reflection
onset (600-750 nm) doubles when using the extension incorpo-
rating SiN, and quadruples with the SiO, extended stack. Despite
this increase in infrared reflection, we demonstrate that transmis-
sion (Figure 3c) and absorption (Figure 3d) in the visible region
stay within a comparable range for all three configurations. To val-
idate the accuracy of the optical simulations, measured and simu-
lated reflection, transmission and absorption data of the extended
electrode stacks were compared. The simulated spectra show
excellent agreement with the measured data, confirming the reli-
ability of the simulations. Experimental results for the correspond-
ing cell performances can be seen in Table 2.

It may be noted, that for the cell with the extended SiN elec-
trode different photoactive layer thicknesses lead to comparable
LUE values, by exchanging PCE for AVT. The best cell perfor-
mance, reaching an LUE of 4.32%, was achieved using a photo-
active layer thickness of only 60 nm together with the extended
electrode including the SiN interlayer. Surprisingly, the cells
including the electrode with SiO, have the lowest median
PCE, despite the promising simulation results. This can be attrib-
uted to the low FF of 50% which stems from shunting limitations
shown in Figure 4a.
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Figure 3. a) Schematic cell architecture with extended back electrode using a SiN or SiO; interlayer, respectively (specific layer thicknesses can be found in
Table 1). b) Simulated reflection, c) transmission, and d) absorption spectra of the single silver reference cell (black) compared to the extended back
electrode stacks. Simulated and measured e) reflection, f) transmission, and g) absorption spectra of the extended back electrode stacks.

Table 1. Specific layer thicknesses for the respective electrode stacks.

Electrode Layers
Single silver Glass AZO Ag AZO
1100 nm 45nm  14nm 40nm
Double silver Glass AZO Ag AZO Ag AZO
1.1 mm 52nm 14 nm 75nm  13nm 30nm

DBR with SiO, Glass TiO, SiO, TiO, AZO Ag AZO
No added ETL
With added ETL 1.1 mm
DBR with SiN Glass TiO, SiN TiO, AZO Ag AZO

1.1mm 100nm 113nm 126nm 5nm 14nm 38nm

103nm  109nm 125nm 5nm 14nm 29nm

1.1mm 55nm 64 nm 22nm 5nm  14nm 36nm

In order to prevent these limitations, a 30 nm ZnO layer and a
5 nm PFN-Br layer were included as additional electron transport
layers (ETLs) on top of the electrode stack. Using these additional
ETL layers, no shunting effects were observed for the cells
(Figure 4a). However, this comes at a cost of the Jsc. Since the
cell performance is optically configurated for an architecture
without the extra ETL layers, the alignment is shifted and with
this, the photogenerated current decreases. Thus, in the next
step, optical simulations were performed, now including the

additional ETL layers. Both the uppermost AZO and the ZnO layer
thicknesses were varied in order to find the best optical alignment
and thus to reach the best theoretical LUE (Figure 4c). Since only
photogenerated current and AVT can be simulated, but not V¢
and FF, the experimental median values for FF and Vo for devi-
ces without additional ETL (0.5 and 0.83 V) were used to approxi-
mate the resulting LUE which is therefore quite low. Results show
that the best LUE is achieved with a AZO layer thickness of 40 nm
and an ZnO layer thickness of 0 nm. However, since the increase
in FF when using additional ETL needs to be accounted for, the FF
values with ZnO were adjusted (Figure 4d). As cells with addi-
tional ETL showed an improved average FF of 0.7, the FF was
implemented in the simulated LUE data (Figure 4d) as follows:
From 0 to 16 nm the FF is set to increase linearly from 0.5 to
0.7. For thicker ZnO layers, the FF is kept constant at 0.7. The
latter was chosen since we observed saturation of the FF for thick-
nesses beyond about 16 nm. This comes as no surprise as the addi-
tional ETL shall predominately prevent micro-shunts and if this is
achieved, no further improvement is to be expected for even
thicker ZnO layers. Additionally, minor optical layer thickness var-
iations were included to improve the overall alignment even more.
With these adjustments, the best result was found for an AZO
layer thickness of 29 nm and a ZnO layer thickness of 16 nm.
Lastly, experimental results of the respective cells can be found
in Figure 5 and Table 2. The simulated full stack reflection,

Table 2. Experimental results for cells with three different electrode configurations. Shown are the median values and the standard deviations of all
working cells on a substrate including the best cell results in square brackets.

Voc V] FF 1]

PCE [%] AVT [%] LUE [%]

Electrode Photoactive layer thickness [nm] Jsc [mAcm™F]

Single silver 70 nm 15.65 (4:0.11) [15.6] 0.83 (0.004) [0.83]
SN interlayer 70 nm 17.1 (£0.07) [17.1]  0.83 (0.006) [0.83]
SN interlayer 60 nm 15.5 (£1.92) [15.9]  0.83 (0.004) [0.83]
SO, interlayer 60 nm 15.45 (£0.05) [15.5] 0.81 (+0.013) [0.83]

0.63 (£0.04) [0.65]
0.64 (£0.05) [0.66]
0.66 (:0.06) [0.68]
0.50 (:0.08) [0.64]

8.17 (+£0.53) [8.51]
8.85 (+0.73) [9.36]
8.48 (£1.41) [9.01]
6.20 (£1.17) [8.19]

+1.41

456 3.73 (+0.24) [3.88]
458 4.05 (+0.33) [4.29]
479  4.06 (+0.67) [4.32]
49.0  3.05 (+0.57) [4.01]
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Figure 4. a) IV-curves for cells with the extended SiO, electrode with and without ZnO as electron transport layer and b) corresponding Jsc values.
c) Estimated LUE values for cells with varying AZO and ZnO thicknesses (assuming a FF of 0.5 and Voc 0.83 V). d) Simulation of the LUE with
the Vo set to 0.83V and the FF increasing linearly from 0.5 for 0 nm ZnO to 0.7 for 16 nm after which it is kept constant.
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Table 3. Experimental results for cells with standard and optimized electrode configurations with and without ZnO and PFN-Br as additional ETL layers.
Shown are the median values of all working cells on a substrate including the standard deviation in brackets and the best cell results in square brackets for

the overall highest LUE.

Electrode ETL Jsc [mAcm ™ Voc V] FF [1] PCE [%] AVT [%] LUE [%]

Standard - 15.80 (+2.32) [15.7] 0.83 (£0.27) [0.83] 0.64 (£0.19) [0.65] 8.39 (£3.5) [8.46] 50.0 420 (£1.75) [4.23]
Standard ZnO|[PFN-Br 13.85 (£0.21) [14.2] 0.84 (£0.002) [0.84]  0.70 (£0.005) [0.71]  8.10 (0.13) [8.41] 53.1 430 (£0.07) [4.47]
Optimized - 15.85 (2.46) [14.9] 0.83 (£0.28) [0.84] 0.62 (£0.17) [0.70] 8.20 (+3.59) [8.79] 485 4.00 (£1.74) [4.26]
Optimized ~ ZnO[PFN-Br  14.70 (+£0.18) [14.90]  0.84 (+0.002) [0.84]  0.70 (£0.006) [0.70]  8.56 (&0.12) [8.79] 51.9 4.44 (£0.06) [4.56]

transmission and absorption data shows good agreement with
the measured results (Figure 5c). Additionally, we demonstrate
the improvements of the cell performance with the optimized
cell stack. An increase in median FF of 10% can be observed
when using ZnO and PFN-Br. The added ETL layers also provide
a high reproducibility without any severe shunting. Although the
median Jsc decreases for both the cells with the standard and
with the optimized electrode design when adding ZnO and
PFN-Br, we observe that the decrease for the cell with the opti-
mized electrode is lessened. Overall, the median efficiency is
highest when using the optimized cell stack including the added
ETL layers, reaching a value of 8.65% with an AVT of 51.9%,
giving an overall LUE of 4.44%. The champion device shows
a PCE of 8.79% and thus an LUE of 4.56% (Table 3).

3. Conclusion

In this work, we demonstrate an enhanced AVT for organic solar
cells utilizing PV-X Plus as an absorber and a multilayered dielec-
tric Bragg reflector as an infrared-reflecting back electrode. Both
optical simulations and experimental data are used to systemati-
cally improve the device stack. A double silver electrode configu-
ration (AZO|Ag|AZO|Ag|AZO) significantly improves infrared
reflection compared to a previously reported single silver elec-
trode, tripling the slope of the reflection between 600 and 750 nm
and doubling the total reflection at 800 nm. However, this
enhancement results in a reduction of AVT from 48.5% to
45.6% due to parasitic absorption by the additional silver layer.

To achieve higher AVTs without a decrease in PCE, electrode
extensions with materials exhibiting high refractive index con-
trasts and low absorption coefficients are investigated, such as
TiO, combined with SiN or SiO,. These configurations increase
infrared reflection and thus PCE without compromising
visible transmission. Experimental data for reflection, absorp-
tion, and transmission validate our optical simulation results.
Incorporating additional electron transport layers (ETLs) like
ZnO and PFN-Br mitigates shunting and reproducibility issues.
Following optical optimization of the complete device, i.e.,
including ZnO and PFN-Br, the best performance is obtained
with a (TiO,|SiO,|TiO,|AZO|Ag|AZO) back electrode. A median
efficiency of 8.56% is reached, comparable to previous stacks
without ZnO and PFN-Br. Notably at the same time, AVT is
increased to 51.9%, resulting in a median LUE of 4.44% with the
best cell reaching an LUE of 4.56%. These results demonstrate
how optical simulations and cell stack engineering can effectively
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increase AVT to clearly over 50% while maintaining similar PCE
values.

4. Experimental Section

Device Fabrication and Characterization: In a first step in the fabrication
of semi-transparent organic solar cells 25 x 25 mm? glass substrates pur-
chased from Glasmanufaktur Pfihler were cleaned in ultrasonic baths of
acetone, isopropanol and water for 10 min each and dry-blown with nitro-
gen. Alternating layers of TiO,, SiO,, SiN, AZO, and Ag were sputtered
onto the glass substrates structured into active areas for six individual
solar cells with a shadow mask.

A ZnO (N11 from Avantama diluted down to 1% nanoparticles in iso-
propanol) solution was spin-cast at RT and annealed for 10 min at 110 °C.
Then PV-X Plus from Raynergy Tek (mixture of PV2300:PV-A-3:N1100 in a
ratio of 1:1:0.2 with a concentration of 22 mg mL™") was spin-cast from
o-xylene at 60°C in a nitrogen-filled glove box (GB) and annealed for
10 min at 110°C. A 40 nm HTL-X layer (purchased from Raynergy Tek)
followed by 90 nm CLEVIOS™ F HC SOLAR (R&D GRADE SCA 2003, sup-
plied by Heraeus) was spin-cast (GB) on top of the photoactive layer and
annealed for 2 and 5min at 110°C, respectively. Details regarding the
CLEVIOS F HC SOLAR material can be found in our recent work.?"!

The HTL layers were structured by taping followed by a photoactive
layer structuring by wiping with o-xylene. Lastly, a support structure of
4 nm Cr followed by 100 nm Ag was deposited via thermal evaporation
at a pressure below 10> mbar outside, but closely around the active area.

Current-voltage measurements under simulated AM1.5G light by a
class A solar simulator (Newport SP94063A-SR1-167, corrected for spec-
tral mismatch) were carried out with a computer-programmed Keithley
2400 source meter.

UV/VIS measurements were carried out from 280 to 1200 nm by a
Perkin Elmer Lambda 950 UV/Vis/NIR spectrophotometer. Layer thick-
nesses were determined with a Veeco Dektak 150 measuring samples
of single layers on glass substrates.

Analysis: Optical modeling was conducted using the transfer matrix
method with the software package CODE/SCOUT from W. Theiss. The
optical coefficients, specifically the refractive index (n) and extinction coef-
ficient (k), for all materials were derived using a Kim oscillator model. The
model was fitted to measured reflection, absorption, and transmission
data of single layers with specified thicknesses on glass substrates.
These optical coefficients were then utilized to simulate the complete solar
cell stack, with either defined or as a function of layer thicknesses to cal-
culate theoretical current generation and AVT, taking optical interference
effects into account. Through this approach, layer thickness optimization
was performed using fit parameter settings to maximize both AVT and
current generation.

AVT is used to characterize semi-transparent solar cells by incorporat-
ing the transmission of the solar cell stack T(1), the intensity of the solar
AM1.5G spectrum S(4) and the photopic response of the human eye P(1).
It is defined as follows?*?

At AT PG S()
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