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Abstract: The continuous thin film of silver (Ag) film is important for semitransparent electrodes in
polymer solar cells, while the Ag atoms form as non-continuous below a critical thickness. Here, semi-
transparent inverted polymer solar cells were fabricated using thermally evaporated Ag/germanium
(Ge)/Ag as highly transparent electrodes. An ultra-thin Ge film was introduced to modify the growth
mode of Ag. The dependence of the device performance and the thickness of the outer Ag film was
investigated. Ag/Ge/Ag electrodes exhibited excellent optical and electrical properties, which were
proved by the transmittance and reflectance spectra. A champion efficiency of 5.1% was achieved
with an open-circuit voltage level of 0.703 V, a short current density of 11.63 mA/ cm?, and a fill factor
of 63%. The average visible transmittance (300-800 nm) of devices with Ag/Ge/Ag was calculated
as 25%.

Keywords: polymer solar cells; semitransparent; Ag/Ge/Ag; transmittance; RGB

1. Introduction

Polymer solar cells (PSCs) show strong competitiveness in future energy sources due
to their solution processing, large area printing, easy manufacturing, flexibility, and low
material costs [1-13]. In the past decades, the power conversion efficiency (PCE) level has
exceeded 18% due to the progress made in bulk heterojunction solar cells [14,15]. Among
them, PSCs with semitransparent electrodes show great application prospects [16-21].
An ideal transparent electrode of devices should have both high charge carrier collection
efficiency and high transmittance in order to produce better performance. Nevertheless,
the poor ability to transport charges—caused by the non-continuous clusters of silver (Ag)
atoms of thin-film—results in lower device efficiency, while thicker Ag film causes low
transmittance [22]. During the deposition of Ag film, there is a critical thickness of about
15 nm. Ag film deposited on the substrate initially produced isolated islands and formed
non-continuous clusters below this thickness. Then, these islands joined together and
resulted in a continuous Ag film.

In recent years, a variety of semitransparent electrode structures have been devel-
oped [23-25]. Some ultra-thin metal films were introduced to replace Ag in the formation
of semitransparent electrodes. For example, a thin gold film was introduced by Li et al. to
obtain a single-layer, semitransparent electrode [26]. Despite their excellent transmittance,
these solar cell devices suffer from some inherent drawbacks, such as high series resistance
and low FF [27-29].

In this paper, a multi-layer electrode structure of Ag/germanium (Ge)/Ag was fab-
ricated and investigated. The growth mode of Ag could be affected by the presence of a
germanium (Ge) nucleation layer, which has been reported by Cioarec et al. [30,31]. As
reported, Ag atoms were deposited on a Ge layer using a Volmer—Weber model, leading to
the small and dense nucleation on dots, which contributed to the fast coalescence (critical
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thickness < 1 nm) in the initial step. Eventually, a smooth surface was completed. Accord-
ing to the work in the research of organic light-emitting devices (OLEDs), the ultra-thin
Ge layer of 1 nm can also markedly affect the growth mode of Ag [32]. The potential of
the Ag/Ge/Ag electrode was further explored in the PSCs. The dependence of device
performance on the thickness of each layer was investigated; meanwhile, the transmit-
tance, reflectance, and color-neutrality of the different electrodes are also analyzed through
various thicknesses of the Ag capping layer.

2. Experimental

The photovoltaic device has the structure of ITO/polyethyleneimine (PEI)/PTB7:PC7BM/
MoO3/Ag/Ge/Ag, as shown schematically in Figure 1. The electron acceptor material
of PC7;BM and the electron donor material of PTB7 were obtained from 1-Material Inc.
(Hackensack, NJ, USA) and Lumtek Corp., respectively, without any purification. To
fabricate inverted PSCs, ITO-coated substrates were precleaned using acetone, ethanol,
and de-ionized water, respectively, and were then dried using nitrogen. Subsequently,
PEI was dissolved in deionized water at a concentration of 1 mg/mL and spin-casted
on the ITO substrate to produce ETL. Afterward, PEI films were thermally annealed at
100 °C for 15 min. PTB7 was dissolved in chlorobenzene to produce a 10 mg/mL solution,
followed by blending with PC7;BM in a 2:3 weight ratio. The blend was stirred for 72 h
before spin-coating on the top of PEI film and was then dried for 3-5 min in the air.
Finally, the devices were transferred into a vacuum chamber. The MoOj; buffer layer
(8 nm) and the Ag/Ge/Ag electrode layer, with different thickness compositions, were
thermally evaporated in sequence under a high vacuum (~10~° Tor) without disrupting
the vacuum [33]. The evaporation rate of Ag (1 nm)/Ge (1 nm) deposition was 0.02 A/s.
Finally, the coater Ag film was deposited with an evaporation rate of 0.20 A /s.
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Figure 1. Structure diagram of PSCs with the Ag/Ge/Ag semitransparent electrode.

The Ag/Ge/Ag electrode area of the device is defined by the shadow mask. The
current density—voltage (J-V) characteristics were measured using a computer-programmed
Keithley 2400 source/meter under Air Mass 1.5 Global (AM 1.5 G) solar illuminations
with an Oriel 300 W solar simulator intensity of 100 mW cm~2 [34]. The light intensity
was calibrated with a photometer (International light, IL1400), which was corrected using
a standard silicon solar cell. The incident photon-to-current efficiency (IPCE) spectra of
devices were also measured. The transmission and reflection spectra were measured using
an ultra-violet/visible spectrometer (UV 1700, Shimadzu, Kyoto, Japan). The morphology
of Ag films was investigated through scanning electron microscopy (SEM) using an LEO
1525 Gemini high-resolution field emission gun scanning electron microscope. The work
function (WF) of the Ag/Ge/Ag film was calculated through ultraviolet photoelectron
spectra (UPS) measurement using He I radiation. The morphology of the electrode was
tested through atomic force microscopy (AFM) in the tapping mode (Dimension Icon
Scanasyst). The color perception indices were calculated using the CIE 1931 xy color
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space to quantify the color-neutrality of different films. All average parameters of device
performance in this study were summarized for over 32 devices.

3. Result and Discussion

To investigate the role of the Ag/Ge/Ag electrode on the performance of PSCs, the
devices with Ag (1 nm)/Ge (1 nm)/Ag (10, 12, 14, and 16 nm) and single Ag layers (15 nm)
were fabricated and tested. The thickness of a single Ag electrode was decided using
the critical thinness, below which the Ag atoms form non-continuous clusters [32]. The
J-V characteristics of devices, illuminated from the ITO side and Ag/Ge/Ag side, are
shown in Figure 2a,b. A summary of the average parameters of the device performance
is shown in Table 1. With a Jsc of 10.07 mA/cm?, a Voc of 0.673 V, and an FF of 56%, a
device with a single Ag electrode yields a lower PCE of 3.8%. Conversely, a significant
increase in Jsc is observed in devices with the Ag/Ge/Ag electrode. When the thickness
of the Ag capping layer was 14 nm—possessing the same Ag thickness as with a single
Ag electrode—the performance of the device was dramatically enhanced, indicating that
the conductivity and hole collection abilities of the Ag/Ge/Ag electrode were improved
through the incorporation of 1 nm Ge. The composite Ag/Ge/Ag electrode influenced the
growth mode of the Ag through the growth of denser and smaller nucleation in the initial
step, which lead to a more continuous and smoother surface. Thus, the performance of
PSCs was significantly increased. However, even the ultra-thin Ge film can influence the
growth mode of Ag; devices with an Ag capping layer of less than 14 nm still exhibited
poor performance. Moreover, the devices with a thicker Ag capping layer of 16 nm
were fabricated and measured; the results showed a PCE of 5.1%, which indicates no
enhancement when compared with the device with a 14 nm Ag capping layer. Besides, the
transmittance of the semitransparent electrode would be affected by a thicker Ag film of
16 nm. Therefore, the Ag/Ge/Ag (14 nm) was supposed to be the optimal semitransparent
structure. The J-V characteristics in the forward and reverse scans were also measured
and are shown in Figure S1. The parameters are listed in Table S1. The statistical data for
32 devices, as well as the stability of the devices stored in the air, are shown in Figure 2e,f. An
enhancement in stability was observed for devices with the Ag/Ge/Ag electrode, which
could be attributed to the denser morphology of the upper coated electrode.

Table 1. Characteristic data of semitransparent inverted PSCs with different thicknesses of the Ag
capping layer, as illuminated from the ITO (bottom) and the Ag/Ge/Ag (top) sides.

Device (nm) INlumination Jsc (mA/cm?) Voc (V) FF (%) PCE (%)

Single Ag 15 Bottom 10.07 0.673 56 3.8

Single Ag 15 Top 1.96 0.626 58 0.7
Ag/Ge/Ag 10 Bottom 10.16 0.688 62 4.3
Ag/Ge/Ag10 Top 2.39 0.651 62 1.0
Ag/Ge/Ag 12 Bottom 11.18 0.686 61 4.7
Ag/Ge/Ag 12 Top 2.51 0.654 61 1.0
Ag/Ge/Ag 14 Bottom 11.63 0.703 63 51
Ag/Ge/Ag 14 Top 2.27 0.659 66 1.0
Ag/Ge/Ag 16 Bottom 11.75 0.702 62 5.1
Ag/Ge/Ag 16 Top 2.04 0.660 69 1.0

When the light was illuminated from the top side, the absorption of the active layer
material was directly proportional to the transmittance of the incidence electrode, which
means the thinnest Ag layer would result in the largest absorption. However, the device
with a 10 nm Ag layer exhibited a lower Jsc compared to the device with a 12 nm Ag
layer. This decrease was attributed to the non-continuous clusters, which had not formed
a smooth surface. Moreover, the unsmooth [-V curve of the device also confirmed the
unstable transport ability and unequal illumination caused by the non-continuous clusters
of the 10 nm Ag layer [35,36], which was consist with the lower Jsc. With the increase in the
Ag capping layer from 12 nm to 16 nm, the Jsc value gradually decreased due to the lower
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transmittance. It can be seen that the Voc of devices from the top illumination measurement
was significantly decreased. The dependence of the Voc and the photo-current () can be
generally expressed as follows [37]:

KT Iph
VOC = qug(IS + 1) (1)

where I, is the reverse saturation current, K is the Boltzman constant, T is the temperature,
and q is the charge. In Equation (1), Voc is directly proportional to Iy,. The I, from the
ITO side was much bigger than that from the Ag/Ge/Ag side, which is shown in Table 1.

~
&
C

- single Ag 15 nm - single Ag 15 nm
£ .J |~ Ag/Ge/Ag 10nm £ o Ag/Ge/Ag 10nm
3] —o— Ag/GelAg 12nm G ~o— Ag/Ge/Ag 12nm
< —o— Ag/Ge/Ag 14nm < —o— Ag/Ge/Ag 14nm
£ 4 —o— Ag/Ge/Ag 16nm £ —o— Ag/Ge/Ag 16nm
N ~ .1
2 2
I} 0
c d &
o 4 A o}
-] 7 k-]
- -
S0 eaad0ed - c 24
=] s S
O 2 o
-100 150 250 350 450 530 630 700 -100 150 250 3;0 450 550 6;0 700
Voltage (mV) Voltage (mV)
© )
709 —o— Ag/Ge/Ag 10nm —o— Ag/Ge/Ag 10nm
~—Ag/Ge/Ag 12nm 254 N —o— Ag/Ge/Ag 12nm
60 —o— Ag/Ge/Ag 14nm o, —o— Ag/Ge/Ag 14nm
—o— Ag/Ge/A \ —o— Ag/GelAg 16nm
5 20 L
w w 15 Y
2 304 E 2
- = 104 23
20+
10 54
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
© ®,
16 single Ag 15 nm ' LI 3 single Ag 15 nm
[ JAg/Ge/Ag 14 nm —_ 3 ® Ag/GelAg 14 nm
14, = 0.99+ i
uJ L]
12 -
w 098+ }
£ 4 .
> 097
o¢® T f
o 8
L) T 096
‘ £
O o954
2 H H z
T T yomiereciely ° v T T v T
30 40 45 5.0 55 20 40 80 80 100
PCE (%) Time (h)
Figure 2. J—V characteristics of devices with a single Ag electrode (15 nm) and

ITO/PEI/PTB7:PC7;BM/Mo0O3/Ag (1 nm)/Ge (1 nm)/Ag (10, 12, 14, and 16 nm) depending on the
thickness of the Ag capping layer when illuminated from (a) the ITO side and (b) the Ag/Ge/Ag
side. IPCE spectra of devices measured from (c) the ITO side and (d) the Ag/Ge/Ag side. (e) The
histograms for the performance of devices with a single Ag electrode and Ag/Ge/Ag electrode.
(f) The normalized PCE of devices with a single Ag electrode and a Ag/Ge/Ag electrode.

To further explore the relationship between the Jsc value and electrode thickness, the
IPCE values of the devices were measured when the light was illuminated from both the
ITO side (Figure 2c) and the Ag/Ge/Ag electrode side (Figure 2d). As shown in Figure 2c,
with the Ag capping layer increased from 10 nm to 16 nm, the IPCE was enhanced in the
whole range from 300 nm to 800 nm. The enhancement was attributed to the improved
conductivity of the continuous Ag film and the increased reflected light. As for the IPCE
measured from the Ag/Ge/Ag electrode side, the value did not decrease linearly with the
Ag thickness. The highest IPCE was not observed from the device with the Ag/Ge/Ag
(10 nm) electrode, which achieved the highest transmittance value and allowed more
incident light to the active layer. The highest IPCE value of 26.85% was observed at 330 nm
from the device with the Ag/Ge/Ag (12 nm) electrode due to its better continuity compared
to 10 nm Ag.
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In order to explore the uniformity of evaporated Ag and Ge, the SEM-EDX images
of Ag (1 nm)/Ge (1 nm) and Ag (1 nm)/Ge (1 nm)/Ag (14 nm) were measured and are
shown in Figure 3a,b. The composition of Ag is represented by the color red and the
composition of Ge is represented by the color green. The mass fraction of Ge is 26.06% and
Ag is 73.94% for the Ag/Ge film with uniform separation of Ag and Ge. In the Ag/Ge/Ag
layer, the composition of Ag became continuous. The mass fraction of Ge is 1.87% and
Ag is 98.13%. According to a study of Ag/Ge deposition, the film of the semitransparent
electrode becomes more compact with the incorporation of Ge [38—42]. The WF of the
Ag/Ge/Ag layer, calculated through UPS, was —4.18 eV (Figure S2). In order to further
understand the role of Ge on the Ag deposition, the morphology of the Ag film was
examined using SEM. Figure 3c,d displays Ag film deposited on MoO3, with thicknesses
of 3 nm and 12 nm, while Figure 3e,f displays Ag film deposited on Ag (1 nm)/Ge (1 nm)
film, with thicknesses of 3 nm and 12 nm. When the thickness of the Ag film on MoO3
was 3 nm, the Ag islands with larger sizes can be clearly seen when compared with Ag
deposited on the Ag/Ge film. The Ag islands deposited on the Ag/Ge film exhibited
better morphology, as they were much smaller and denser. Finally, Ag deposited on MoO3
formed a film with obvious gaps, which will affect the conductivity of the Ag electrode [43],
while Ag deposited on the Ag/Ge film exhibited a film with a smoother surface where
gaps can barely be seen. To further elucidate the growth mode of Ag, Figure 4 shows
that morphology is altered with the Ag deposited on the MoOj3 (Figure 4a,b) and Ag/Ge
(Figure 4c,d) films. When Ag atoms were deposited directly on MoOs, the clusters were
formed with larger sizes and larger gaps (Figure 4a). The merging of clusters was difficult
due to the gaps. Finally, the gaps affected the performance of the semitransparent electrode
(Figure 4b). However, Ag atoms deposited on an Ag/Ge film grew in the Volmer—Weber
model due to the larger activation energy for Ag diffusion on a Ge surface, leading to
smaller and denser nucleation on dots in the initial step (Figure 4c) [39]. As a consequence,
the fast coalescence was completed with small clusters within a thickness of 1 nm. With
clusters growing and merging during the thermal depositing, a uniform and dense film
with the optimized electrical property was eventually formed (Figure 4d). AFM images
of the single Ag film and the Ag/Ge/Ag film were also measured (Figure 4e,f). It can be
seen that the size of the clusters on the surface of the Ag/Ge/Ag film was significantly
decreased compared to the clusters on the single Ag surface. The roughness of the single
Ag film is 1.31 nm, while the roughness of the Ag/Ge/Ag film is 0.69 nm.

To further elucidate the properties of semitransparent electrodes, the reflectance and
transmittance spectra of the Ag (1 nm)/Ge (1 nm)/Ag (10, 12, 14, and 16 nm) films were
measured. The reflectance spectra from 320 nm to 800 nm were measured and are shown
in Figure 5a. Further, the absorption spectrum of the active layer was included to make
a comparison. The reflectance was enhanced with the increase in the wavelength, which
matches the absorption spectrum of the active layer in the range 450-700 nm, so that
the Jsc was increased with the deposition of Ag when illuminated from the ITO side.
The photo in Figure 5b displays a printed school emblem of a university covered by
a 100 nm Ag film (left) and an Ag/Ge/Ag (14 nm) film. The logo is clearly observed
through the Ag/Ge/Ag film, while the logo under the Ag film is invisible. The sight of
the building through the Ag/Ge/Ag film under natural light is also shown in this inset
picture. The reflectance, transmittance, and absorbance spectra of the Ag (15 nm) and
the Ag/Ge/Ag (14 nm) films were plotted separately in Figure S3. The optical transmit-
tance spectrum of the semitransparent device with the Ag/Ge/Ag electrode is shown in
Figure 5c. Further, the RGB picture observed through the device with the Ag/Ge/Ag elec-
trode (right) is still clear and vivid compared to the origin RGB picture (left). The ATV of
devices with Ag/Ge/Ag was calculated as 25%, which is generally agreed to be the bench-
mark for window applications [44]. To quantify the color-neutrality of devices with the
semitransparent electrode, color perception indices of the device with the Ag/Ge/Ag semi-
transparent electrode were calculated and are displayed in the CIE 1931 xy chromaticity
diagram in Figure 5d. Meanwhile, AM1.5 illumination is also shown in the diagram.
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Figure 3. Elemental mapping of the elements Ag (red), Ge (green) in (a) the Ag/Ge film and (b) the
Ag/Ge/Ag film. SEM images of the Ag films with structures of (c) MoO3/Ag (3 nm), (d) MoO3/Ag
(12 nm), (e) Ag/Ge/Ag (3 nm), and (f) Ag/Ge/Ag (12 nm).
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Figure 4. Schematic of the ultra—thin Ag film morphology changing with the increase in film
thickness on (a,b) the MoOs film and (c¢,d) the Ag/Ge film. AFM images of (e) the Ag/Ge/Ag film
and (f) the single Ag film.
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Figure 5. (a) Reflectance spectra and (b) transmittance spectra of the semitransparent electrode
Ag/Ge/Ag (10,12, 14, and 16 nm). (c) Transmittance spectrum of the semitransparent device with
the Ag/Ge/Ag (14 nm) electrode. (d) Color coordinates of devices on the CIE xy 1931 chromatic-
ity diagram.

4. Conclusions

In summary, we present efficient semitransparent inverted PSCs comprising an
Ag/Ge/Ag multilayer structure as the transparent electrode. The ultra-thin Ge layer
was introduced to affect the Ag growth mode, contributing to the fast coalescence (critical
thickness <1 nm) in the initial step. Eventually, a smoother surface of Ag was fabricated,
which is more efficient than a single semitransparent Ag electrode. The performance of
devices with different thicknesses of each layer was investigated, and a PCE of 5.1% was
achieved when the structure of the electrode was Ag (1 nm)/Ge (1 nm)/Ag (14 nm) with
an AVT of 25%.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/en14185837 /51, Figure S1: (a) J-V characteristics in forward and reverse scans of the device
with a single Ag electrode and (b) device with Ag/Ge/Ag 14 nm electrode; Table S1: J-V Parameters
of devices with single Ag and Ag/Ge/Ag electrode in forward and reverse scan direction; Figure S2:
UPS spectrum of Ag/Ge/Ag film; Figure S3: (a) The reflectance, absorbance and transmittance
curves of single Ag 15 nm and (b) Ag/Ge/Ag 14 nm.
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