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installation of solar panels. The develop-
ment of building-integrated photovoltaics 
(BIPVs) that integrate transparent solar 
cells onto window panes, skylights, and 
building facades provides an emerging 
opportunity for installation of solar cells in 
locales that have yet to be fully exploited 
for this purpose.[3–13]

Semitransparent Si solar cells on glass 
can generate energy along with partial 
interior shading.[14] However, the broad 
visible light absorption spectra of inor-
ganic solar cells limit their potential utility 
in BIPV applications. In this regard, 
semitransparent organic photovoltaics 
(ST-OPVs) provide an attractive alterna-
tive due to their narrow excitonic absorp-
tion spectra that can allow for visible light 
transmission along with ultraviolet (UV)/
near-infrared (NIR) absorption through 
the choice of molecular composition of 
the device active region.[15] Using such 
an approach, both high power conversion 

efficiency (PCE) and visible transmittance can be simultane-
ously achieved.[16–25] Moreover, mechanical flexibility, pleasant 
appearance, and light weight enhance their potential utility for 
BIPV applications.[26]

Unlike conventional photovoltaics, semitransparent cells can 
be an effective solution for balancing energy generation with 
accurately transmitting the solar spectrum. To accurately quan-
tify their performance in addition to PCE, the apparent transpar-
ency of a window known as the average photopic transmittance 
(APT), needs to be optimized (see the Experiment Section). 
Thus, the light utilization efficiency (LUE = PCE × APT) pro-
vides a useful figure of merit of ST-OPV performance, which 
enables comparison between technologies and also represents 
an overall system efficiency that incorporates both the gener-
ated power efficiency and overall lighting efficiency.[1] Although 
recent rapid developments of small energy gap materials pro-
vide opportunities to achieve efficiency >9% for semitrans-
parent OPVs, most devices demonstrated to date exhibit APT ≈ 
30%, giving  LUE < 3.0% (see Figure S1 in the Supporting 
Information for a compilation of recent results), due to the 
inevitable trade-off between the PCE and APT.

In addition to the pursuit of high PCE and APT, the appear-
ance of power generating windows is equally important. One 
note of caution in reading the data in Figure S1 (Supporting 
Information) is that not all cells are neutral density. This is 
particularly true for the organic and perovskite cells that can 

Building-integrated photovoltaics employing transparent photovoltaic cells 
on window panes provide an opportunity to convert solar energy to electricity 
rather than generating waste heat. Semitransparent organic photovoltaic 
cells (ST-OPVs) that utilize a nonfullerene acceptor-based near-infrared 
(NIR) absorbing ternary cell combined with a thin, semitransparent, high 
conductivity Cu-Ag alloy electrode are demonstrated. A combination of 
optical outcoupling and antireflection coatings leads to enhanced visible 
transmission, while reflecting the NIR back into the cell where it is absorbed. 
This combination of coatings results in doubling of the light utilization effi-
ciency (LUE), which is equal to the product of the power conversion efficiency 
(PCE) and the average photopic transparency, compared with a conventional 
semitransparent cell lacking these coatings. A maximum LUE = 3.56 ± 0.11% 
is achieved for an ST-OPV with a PCE = 8.0 ± 0.2% at 1 sun, reference 
AM1.5G spectrum. Moreover, neutral colored ST-OPVs are also demonstrated, 
with LUE = 2.56 ± 0.2%, along with Commission Internationale d’Eclairage 
chromaticity coordinates of CIE = (0.337, 0.349) and a color rendering index of 
CRI = 87.

Semitransparent Solar Cells

Moving global energy consumption away from fossil fuels 
toward renewable sources is a necessary step in reducing the 
rate of climate change. Among the many renewable energy 
sources available, solar energy is delivering on its promise of 
over 60 years as it increasingly becomes a source of low cost, 
clean, and literally infinite supply of clean energy. However, the 
current installed area of photovoltaic technologies only provides 
≈2% of the worldwide energy demand.[1,2] The main obstacle to 
further growth of the solar energy market is the cost and rate of 
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have noticeable tints. If the coloration is too strong, the cells 
no longer perform as windows, but rather as power generating 
“optical filters” that do not serve the purpose of building inte-
grated appliances.

Here, unlike conventional ST-OPVs where the enhancement 
in LUE primarily originates from recycling the NIR photons 
back into the active region using combination of an antireflec-
tion coating (ARC) and a mirror in the NIR,[4] we show that 
the appearance and efficiency of the ST-OPVs can simultane-
ously be tailored by applying a second coating on the exit sur-
face, called an outcoupling (OC) layer. Combining the elements 
of near-infrared (NIR) absorbing materials sets with a semi-
transparent, sputtered 2% Cu-Ag alloy electrode, as well as 
multilayer ARC and OC layers, results in LUE = 3.56 ± 0.11%, 
with PCE = 8.0 ± 0.2% and APT = 44.2 ± 1.4%. Also, a neutral-
color ST-OPV with LUE = 2.56 ± 0.2%, and APT = 44.3 ± 1.5% 
is demonstrated with Commission Internationale d'Eclairage 
chromaticity coordinates of CIE = (0.337, 0.349) and a color 
rendering index of CRI = 87 when illuminated by a reference 
AM1.5G solar spectrum.

Figure 1 shows a schematic illustration of the ST-OPV struc-
ture. The inverted device employs an OC on the semitrans-
parent contact, and an ARC on the back surface of the glass 
substrate. The OC has the effects of increasing the transmis-
sion and reducing reflections in the visible while reflecting 
the NIR radiation back into the device active region. The 
ARC reduces optical reflections at the glass-air interface, thus 
increasing the total transmission in the visible. The DBR is 
grown on a separate quartz substrate works as both a NIR 
mirror and an encapsulating lid to prevent oxygen and moisture 
from degrading the device. The photoactive layer comprises 
two solution-processed NIR absorbing nonfullerene acceptors  
(TT-FIC, BT-CIC), and a polymer donor (PCE-10) forming a ter-
nary blend bulk heterojunction (TBHJ).[27] Thin film absorption 
spectra of PCE-10, BT-CIC, and TT-FIC are shown in Figure 2a. 
The molecular structural formulae of the molecules are shown 

in Figure 1 and their nomenclatures are provided in the Experi-
mental Section.

The semitransparent Cu-Ag alloy anode consists of 2% Cu 
in Ag  deposited by cosputtering. The Cu atoms act as nuclea-
tion sites for Ag atoms, thus preventing Ag aggregation. As a 
result, continuous Cu-Ag films are achieved at thicknesses of 
only 8 nm, compared with 15 nm required for a neat Ag layer 
(the series and sheet resistances increase significantly with 
thickness below 15 nm.). Details of optimization can be found 
in Figure S2 (Supporting Information). The 2% Cu-Ag alloy 
shows the lowest imaginary part (ε2) of the permittivity across 
the entire wavelength range, which is favorable for achieving 
high transparency. The transmission spectra of three different 
ultrathin metal films (Ag, Ag with Au seed layer, and Cu-Ag) 
are shown in Figure 2b. The Cu-Ag film shows the highest 
average transmittance in the visible, with Tavg = 72 ± 3% cal-
culated from the arithmetic mean of the transmittances from 
400 to 650 nm. The transmittances for Ag and Au-Ag are lower, 
at Tavg = 58 ± 2% and Tavg = 64 ± 2%, respectively. The strong 
visible absorption of Au results in the reduced Tavg for Au-Ag, 
whereas aggregation of Ag leads to reduced transparency in 
the neat film. As shown in Figure 2c–e, the Ag film has a root-
mean-square roughness of RMS = 6.25 ± 0.3 nm. The forma-
tion of Ag islands introduces plasmon losses of the incident 
light, resulting in reduced transmittance. In contrast, RMS = 
0.70 ± 0.04 nm for an 8 nm thick Cu-Ag film, and RMS = 
1.54 ± 0.08 nm for Au-Ag films of comparable thickness. Fur-
thermore, the sheet resistances of both Cu-Ag and Au-Ag are 
11.3 ± 0.5 Ω sq−1 compared with 26.9 ± 1.3 Ω sq−1 for Ag.

The current-density–voltage (J−V) characteristics and external 
quantum efficiency (EQE) spectra for the ST-OPVs using 
Cu-Ag, Au-Ag, and Ag anodes are shown in Figures S3 and S4 
(Supporting Information), with a summary of device perfor-
mance given in Table 1 and Table S1 (Supporting Information). 
We also prepared a cell with a thick Ag anode with the struc-
ture: ITO/ZnO (40 nm)/NSM (1 nm)/ PCE-10:BT-CIC:TT-FIC 
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Figure 1. Schematic of the semitransparent device showing optimized layer thicknesses and compositions. Left: molecular structural formulae of the 
NSM, CBP, donors (PCE-10), and acceptors (TT-FIC and BT-CIC). Right: detailed layer structures of the outcoupling layer, antireflection layer, and 
distributed Bragg reflector.
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(1:1.25:0.5, 85 nm)/MoO3 (20 nm)/Ag (100 nm) to study the 
tradeoff between transparency and efficiency. Compared to the 
opaque device, the semitransparent devices with the Cu-Ag 
alloy anode show a decreased JSC, but similar VOC and FF. The 
lower JSC is due to the reduced reflectivity of the thin anode 
leading to reduced light absorption within the active layer. The 
APT and PCE of these devices vary from APT = 17.8 ± 0.5% and 
PCE = 8.6 ± 0.3%, to APT = 35.4 ± 1.3% and PCE = 7.2 ± 0.3%, 
with a Cu-Ag thickness of 21 nm ≥ x ≥ 11 nm. For x = 11 nm, 
the ST-OPV has LUE = 2.55 ± 0.07%, and for x = 16 and 21 nm, 

LUE = 2.07 ± 0.06% and 1.53 ± 0.05%, respectively. To avoid 
overestimation of JSC measured using a solar simulator, the JSC 
reported here are values integrated from the measured EQE 
spectra.[28]

Although PCE = 8.6% was obtained in these ST-OPVs, the 
low APT strongly limits their development, since architectural 
glass requires an APT ≈ 50%.[1] To solve this problem, an OC 
consisting of four layers: CBP (v nm, index of refraction, nCBP = 
1.90 ± 0.03/MgF2 (w nm, nMgF2 = 1.38 ± 0.01)/CBP (y nm)/MgF2 
(z nm) is deposited onto the Cu-Ag surface to maximize visible 
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Figure 2. a) UV–vis absorption spectra of PCE-10, BT-CIC, and TT-FIC blend films. b) Optical transmission characteristics of the semitransparent 
cells with different anodes at the thickness of 8 nm. Inset: scanning electron microscope (SEM) image of a pure Ag film (8 nm). c) Atomic force 
microscopy(AFM) topographic images (500 × 500 nm) of the c) Cu-Ag (8 nm), d) Au-Ag (8 nm), and e) Ag (8 nm) films.

Table 1. Operating characteristics of semitransparent OPVs under simulated AM 1.5G, 100 mW cm−2 illumination.

Device* JSC EQE
a) [mA cm−2] VOC [V] FF PCEb) [%] APT [%] LUE [%] CEI

100 nm Ag 23.3 ± 0.4 0.68 ± 0.01 0.72 ± 0.01 11.4 ± 0.3 – – –

11 nm Cu-Ag 15.0 ± 0.4 0.68 ± 0.01 0.71 ± 0.01 7.2 ± 0.3 35.4 ± 1.3 2.62 ± 0.07 (0.276, 0.314)

11 nm Cu-Ag (with 

OC and ARC)
14.8 ± 0.3 0.67 ± 0.01 0.72 ± 0.01 7.2 ± 0.2 49.0± 1.5 3.53 ± 0.10 (0.291, 0.332)

16 nm Cu-Ag 16.6 ± 0.3 0.68 ± 0.01 0.72 ± 0.01 8.1 ± 0.2 25.6 ± 1.0 2.07 ± 0.06 (0.256, 0.287)

16 nm Cu-Ag (with 

OC and ARC)
16.2 ± 0.2 0.68 ± 0.01 0.72 ± 0.01 8.0 ± 0.2 44.2 ± 1.4 3.56 ± 0.11 (0.280, 0.335)

21 nm Cu-Ag 17.9 ± 0.4 0.68 ± 0.01 0.71 ± 0.01 8.6 ± 0.3 17.8 ± 0.5 1.53 ± 0.05 (0.243, 0.262)

21 nm Cu-Ag (with 

OC and ARC)
18.0 ± 0.4 0.68 ± 0.01 0.72 ± 0.01 8.8 ± 0.3 35.6 ± 1.3 3.13 ± 0.09 (0.258, 0.328)

a)The JSC values are calculated from the integral of the EQE spectrum; b)The PCE are calculated based on measurement of eight devices.
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transmission of the ST-OPVs. The ST-OPV with a x = 16 nm 
Cu-Ag anode is used to illustrate the function of this layer. The 
same design principle can be extended to other devices using 
electrodes with different thicknesses.

Transmission resonance occurs when the net phase shift 
equals 2nπ (n is an integer). On the other hand, the reflection 
resonances occur when the net phase shift is equal to (2n + 1)π.  
Therefore, control of the phase shift by changing the thick-
ness of CBP and MgF2 can maximize the transmission reso-
nance in the visible while reflection  is maximized in the NIR. 
Figure S5a (Supporting Information) shows the optical field 
intensity within the OC device versus wavelength. The OC has 
increased transmission between 400 and 600 nm with a peak 
at 555 nm, which is consistent with the transmission spectra in 
Figure S5b (Supporting Information). Figure S6 (Supporting 
Information) shows the net phase shift, which includes phase 
shifts acquired upon reflection from both the top and bottom 
interfaces, and the propagation phase accumulated within each 
layer of the device. Intensity maxima are apparent at 554 nm 
with 40 nm CBP, at 555 nm with 100 nm MgF2, 557 nm with 
70 nm CBP, and at 568 nm with 40 nm MgF2. Similarly, the 
reflection resonances are realizing around 800 nm. Therefore, 
illumination at λ > 700 nm is recycled into the active layer by 
the OC, which results in an increased absorption in the range 
of 700–1000 nm.

ST-OPVs with OC layers were fabricated with the structure: 
(ITO)/ZnO (40 nm)/NSM (1 nm)/PCE-10:BT-CIC:TT-FIC 
(1:1.25:0.5, 85 nm)/MoO3 (20 nm)/Cu-Ag (16 nm)/CBP 
(40 nm)/MgF2 (100 nm)/CBP (70 nm)/MgF2 (40 nm), as shown 
in Figure 3a. The ST-OPV with an OC shows that the APT 

increases from 25.6 ± 0.1% to 42.6 ± 1.3%, nearly 61% improve-
ment than that of a cell without an OC layers, which in agree-
ment with simulations (see Figure 3b,c). An ARC consisting of 
a bilayer of 120 nm thick MgF2 and 130 nm low refractive index 
SiO2 (nSiO2 = 1.12 ± 0.03) was deposited onto the distal surface 
of the glass substrate to further reduce optical reflections at the 
glass–air interface.[29] As shown in Figure 3d, The ARC-coated 
ST-OPV shows a reduced reflection from ≈10% at 500 nm to ≈6%,  
thus leading to an increase in APT = 44.2 ± 1.4%.

Figure 4 shows the J-V and EQE characteristics of opti-
mized ST-OPVs with both OC and ARC together with their 
transmission and reflection spectra. The incorporation of the 
OC and ARC significantly increases visible transmission and 
reduces reflections for all three transparent devices. It is worth 
noting that the PCEs maintain their initial values along with 
an increase in visible transmittance, thus further improving 
the LUE. The APT varies from 49.0 ± 1.5% to 35.6 ± 1.3%, for 
x = 11 nm to 21 nm, respectively. For x = 11 nm, the PCE = 
7.2 ± 0.2% and LUE = 3.53 ± 0.10%, and for x = 16 and 21 nm, 
PCE = 8.0 ± 0.2% and 8.8 ± 0.3%, LUE = 3.56 ± 0.11% and 
3.13 ± 0.09%, respectively. Furthermore, an increased EQE 
in the range of 700–1000 nm is achieved with the OC and 
ARC that increase absorption at long wavelengths as result of 
increasing backside NIR reflections from the OC, and reduced 
NIR reflections at the front-side contact from the ARC. The 
ST-OPV (16 nm Cu-Ag) optical properties are dependent on 
light incidence angle <60° from normal. For example, chroma-
ticity changes from (0.280, 0.335) at 0°, to (0.273, 0.332), (0.253, 
0.316), and (0.244, 0.282) at 20°, 40°, and 60°, respectively (see 
Figure S7, Supporting Information).

Adv. Mater. 2019, 31, 1903173

Figure 3. a) Schematic of the semitransparent device (16 nm Cu-Ag) showing optimized layer thicknesses and compositions with both outcoupling 
(OC) and antireflection (AR) coatings. Measured and simulated reflection and transmission spectra of the semitransparent devices b) without OC and 
AR coatings, c) with only OC coatings, and d) with both OC and AR coatings.
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In previous work, a distributed Bragg reflector (DBR) was 
used to increase the NIR photon harvesting for devices with 
semitransparent top electrodes.[4,7,30] Here, we employed 
a similar strategy by growing a DBR mirror on a separate 
quartz substrate comprising 12.5 alternating layers of plasma 
enhanced chemical vapor deposited SiNx and SiO2. As shown 
in Figure S8 (Supporting Information), the DBR exhibited 
over 98% reflectance between 650 and 850 nm, which matched 
the absorption of the PCE-10:BT-CIC:TT-FIC (1:1.25:0.5) 
blend. Using the mirror, the ST-OPV devices showed further 
increases in PCE (7.2 ± 0.2% vs 7.4 ± 0.3% for 11 nm Cu-Ag 
device, 8.0 ± 0.2% vs 8.2 ± 0.3% for 16 nm Cu-Ag device) due to 
increased photocurrent generation in the NIR absorbing device. 
Note that the attachment of a separately fabricated mirror only 
slightly increases device complexity (see Table S2, Supporting 
Information).

Finally, we demonstrated color-neutral ST-OPVs employing 
OC layers. An 8 nm thick Cu-Ag layer is selected as the anode 
to enhance the device transparency. A bilayer structure con-
sisting of CBP and ZnS, that excites additional transmission 
resonances near 600 nm, is introduced to balance the blue 
transmission of device (Figure S9, Supporting Information). 
The device with an 8 nm thick Cu-Ag anode exhibits a lower 
LUE = 2.56 ± 0.2% compared to the device with 16 nm Cu-Ag 
and a CBP/MgF2 OC layer with LUE = 3.56%. However, its 
1931 CIE chromaticity coordinates (0.337, 0.349, see Figure 5a) 
are close to the AM1.5G solar spectrum point (0.332, 0.343). 
This ST-OPV achieves a color rendering index of CRI = 87 and 
a correlated color temperature of CCT = 5310 K. This indicates 
that the illumination through the OPV window accurately ren-
ders the color of an object. Moreover, the transmission spectra 
are only weakly dependent on illumination angle up to 60° 
from normal (see Figure S10, Supporting Information). A 

comparison of the performance of the two, near-neutral density 
devices is given in Table 2. Also, red, green, and blue (R, G, B) 
tinted ST-OPVs are demonstrated by tailoring the design of OC 
layers (see Figure S11 and Table S3, Supporting Information). 
These tinted devices might have potential applications in aes-
thetically fashioned buildings to create a desired visual appear-
ance. Although the energy harvesting for building integration 
will vary depending on location (from Equator to Arctic) and 
time of day, specific device structures and/or optical designs 
for each location can be optimized reduce or eliminate oblique 
angle variations in light harvesting.[31]

ST-OPVs require that the active materials absorb in the NIR, 
and the low resistance contacts themselves must also be opti-
cally transmissive. Indium tin oxide (ITO) is almost universally 
used as bottom electrode due to its high transparency, relatively 
low resistance and high work function. However, utilization of 
ITO as a top electrode remains a challenge due to damage of the 
underlying organic layers during its sputter deposition. Solution 
processable electrodes based on metal nanowires,[32–34] nano-
tubes[35,36] and graphene[37,38] are promising alternatives, but 
their performance remains inferior to metals, and even ITO as 
anode materials. In contrast, thermally evaporated or sputtered 
ultrathin metal films have the best combination of transparency 
and conductivity. A 15 nm thick semitransparent Ag electrode, 
for example, shows a sheet resistance of ≈4.3 Ω sq−1, with a peak 
transmittance of 76% at 425 nm, decreasing to a minimum of 
40% at 650 nm. As mentioned above, a few nanometers of Ag 
tends to form isolated nuclei that limit transparency and increase 
resistance. In our work, we minimize cluster formation by using 
a sputtered, 2% Cu-Ag alloy anode. This alloy composition 
results in a uniform layer as thin as 8 nm with a transmittance 
of 70–80% across the visible, while exhibiting a lower sheet resis-
tance of only 11.3 Ω sq−1 compared to 26.9 Ω sq−1 for Ag film.

Adv. Mater. 2019, 31, 1903173

Figure 4. a) Current density–voltage characteristics of the optimized semitransparent cells with different anode thicknesses. Measured and simulated 
optical transmission, reflection, and external quantum efficiencies of the semitransparent cells b) with 11 nm Cu-Ag, c) with 16 nm Cu-Ag, and d) with 
21 nm Cu-Ag anode.
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One of the most interesting challenges in thin film semi-
transparent solar cells is to balance PCE and APT, thus maxi-
mizing the LUE. Previous approaches have demonstrated 
that DBR mirrors[4] or aperiodic dielectric reflectors (ADRs)[7] 
can increase the PCE by recycling NIR photons back into the 
active region. In this work, we include a two-period, CBP/MgF2 
light outcoupling layer that reduces trapping of visible radia-
tion within the cell and also increases the NIR reflectivity. This 
approach provides for freedom in varying the device archi-
tecture and the choice of active materials without altering 
the electrical characteristics of the device itself. Therefore, 
both the PCE and APT can be independently optimized to 
deliver the highest performance. The outcoupling layer has a 
narrow spectral bandwidth, and thus also can control the cell 
appearance.

It should be noted that we use APT instead of average vis-
ible transmittance (AVT) to quantify the transmittance of our 
cells. This is consistent with generally accepted practices of the 
window manufacturing industry that weight the integration 
of the transmission spectrum against the photopic response 
of the human eye.[39] In some cases, there is a significant dif-
ference between the transmission spectra of the ST-OPVs 
and the photopic response of the human eye (see Figure S12, 
Supporting Information). Therefore, the AVT can lead to an 

overestimation in the perceived transparency of the window. For 
example, in previous work there is a relative 10% difference 
between AVT = 43% and APT = 39%.[18]

We demonstrated efficient ST-OPVs comprising an NIR-
absorbing nonfullerene acceptor-based TBHJ along with a 
semitransparent, thin Cu-Ag alloy electrode. The cell absorbs 
between 600 and 1000 nm while leaving a transparent window 
in the range of 400–600 nm. The combined use of an OC and 
ARC increases visible transmission while enhancing the reflec-
tion in the NIR to improve the device efficiency. This approach 
allows freedom in varying the device architecture and the 
materials used without degrading the electrical characteristics 
of the device itself. With this strategy, we demonstrate an opti-
mized ST-OPV cell with PCE = 8.0 ± 0.2%, APT = 44.2 ± 1.4% 
and LUE = 3.56 ± 0.11% which is twice that of a cell lacking 
these coatings. When utilizing a DBR mirror on top of semi-
transparent contact, the PCE was improved to 8.2 ± 0.3%. Fur-
thermore, the neutral ST-OPV shows PCE = 5.8 ± 0.2%, and 
APT = 44.3 ± 1.5% with CIE coordinates of (0.337, 0.349) and 
CRI = 87. In a recent study of the theoretical efficiency limits of 
ST-OPVs, it was determined that cells with APT = 50% have the 
potential to exhibit a PCE close to 15%. Combining photonic 
control proposed here with new transparent electrode, as well 
as materials sets that absorb out to wavelengths of 1100 nm, we 
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Table 2. Operating characteristics of semitransparent, near-neutral OPVs.

Anode JSC
a) [mA cm−2] VOC [V] FF PCEb) [%] APT [%] LUE [%] CIEc) CRI CCT [K]

8 nm Cu-Ag 13.2 0.65 0.67 5.8 44.3 2.56 (0.34, 0.35) 87 5310

16 nm Cu-Ag 16.6 0.68 0.72 8.0 44.2 3.56 (0.28, 0.34) – 8250

a)The JSC values are calculated from the integral of the EQE spectrum; b)The PCE are calculated based on measurement of eight devices; c)The 1931 CIE chromaticity coor-
dinates calculated using a reference AM1.5G solar spectrum.

Figure 5. a) Chromaticity chart showing the CIE coordinates of the transmission spectra of the neutral color device (denoted by “+”), 11 nm thick Cu-Ag 
(square), 16 nm Cu-Ag (circle), and 21 nm Cu-Ag (triangle) using a reference AM1.5G solar input spectrum. b) Photograph of the outdoor image in 
comparison to c) a view through the neutral color cell (right). d) Measured optical transmission, reflection, external quantum efficiencies, and their 
sum of the neutral color device.
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expect the performance of ST-OPVs to approach these predicted 
efficiencies in the near future.

Experiment Section
Materials: All devices were grown on patterned ITO substrates with sheet 

resistances of 15 Ω sq−1. The acceptors, (4,4,10,10-tetrakis(4-hexylphenyl)-
4,10-dihydrothieno [2″,3″:4′,5′] thieno[3′,2′:4,5]cyclopenta[1,2-b]thieno[2,3-d]
thiophene-2,8-diyl)bis(2-(3-oxo-2,3-dihydroinden-5,6-difluoro-1-ylidene) 
malononitrile), TT-FIC; (4,4,10,10-tetrakis (4-hexylphenyl)-5,11-(2-
ethylhexyloxy)-4,10-dihydro-dithienyl[1,2-b:4,5b′]benzodi-thiophene-2,8-diyl)
bis(2-(3-oxo-2,3-dihydroinden-5,6-dichloro-1-ylidene)malononitrile)), 
BT-CIC, were synthesized in our group. 2-[4-(carboxyl)benzylidene]-1H-
indene-1,3(2H)-dione (NSM) was synthesized by Li et al. Other materials 
were purchased from commercial suppliers: MoO3 (Acros Organics), 
4,4′-bis(N-carbazolyl)-1,1′-biphenyl (CBP, Luminescence Technology Corp.), 
MgF2 (Kurt J. Lesker Corp.), and PCE-10 (1-Material).

Solar Cell Fabrication: Prepatterned ITO on glass substrates was 
cleaned using a series of detergents and solvents, and exposed to 
ultraviolet-ozone for 10 min before growth. The vacuum-deposited layers 
were grown at ≈1 Å s−1 in a high vacuum chamber with a base pressure 
of 2 × 10−7 torr. The vacuum chamber was connected to glove boxes 
filled with ultrapure N2 (O2, H2O < 0.1 ppm). The ZnO layer (≈40 nm) 
was spin cast from a ZnO precursor solution onto the substrates and 
then thermally annealed at 150 °C for 30 min in air. The NSM was 
dissolved in methanol with a concentration of 1 mg mL−1 and spin 
coated at 4000 rpm for 60 s, followed by thermal annealing at 100 °C for 
10 min. The substrate was washed in methanol at 4000 rpm for 60 s. The 
active layer, PCE-10:BT-CIC:TT-FIC (1:1.25:0.5 w/w/w), was dissolved 
in chlorobenzene:chloroform (CB:CF, 9:1 by vol.) at a concentration 
of 16 mg mL−1. The solution was stirred overnight on a hot plate at  
65 °C, and then spin-coated at 2000 rpm for 90 s to achieve a thickness 
of 85 nm. The samples were then transferred back to the vacuum 
chamber for deposition of MoO3.

All metal electrodes were deposited at room temperature by a DC 
magnetron sputtering at a chamber base pressure of 1 × 10−6 Torr. 
During the deposition, the substrate holder was rotated at a rate of 
10 rpm. The Cu-Ag electrodes were deposited via cosputtering from 
Cu and Ag targets with the Ar pressure of 4.5 mTorr. The optical and 
electrical properties of the Cu-Ag films were optimized by adjusting 
the source powers for the targets, which correspondingly changed the 
film composition. The optimal deposition rates of Cu and Ag were 
0.19 and 11.09 Å s−1, respectively. For the Au-Ag films, the ≈1 nm thick 
Au seed layer was deposited at a rate of 8.3 Å s−1 at an Ar pressure 
of 3.5 mTorr, and the top Ag was deposited at a rate of 12.4 Å s−1 at  
4.5 mTorr. Pure Ag electrodes were deposited at a rate of 12.4 Å s−1 
at 4.5 mTorr. The device areas of 4.0 mm2 were defined by the overlap 
between the patterned ITO and the metal contact deposited through an 
ultrathin shadow mask (50 µm).

The OC was grown by vacuum thermal evaporation (VTE) at 1 Å s−1 
for MgF2, and 0.6 Å s−1 for CBP. ZnS was deposited by electron-beam 
at 3 Å s−1 and a base pressure of 2 × 10−6 Torr. The thickness of each 
layer of the 11 nm Cu-Ag device was v = 35 nm, w = 100 nm, y = 70 nm, 
and z = 60 nm. For the 16 and 21 nm Cu-Ag device: v = 40 nm, w = 
100 nm, y = 70 nm, z = 40 nm. Finally, the ARC was grown onto the 
glass substrate after the devices were complete. MgF2 was deposited by 
VTE at a rate of 1 Å s−1, while the SiO2 was grown by electron beam 
deposition with the substrate at an angle of 85° to the beam direction 
to achieve a low refractive index of 1.1. A DBR, consisting 12.5 pairs 
of 130 nm SiNx and 120 nm SiO2 on a fused silica substrate, was grown 
by plasma-enhanced chemical vapor deposition at a rate of 5.2 Å s−1 
for SiNx layer and 7.4 Å s−1 for SiO2 layer. The neutral density device 
structure is (ITO)/ZnO (40 nm)/PCE-10:BT-CIC:TT-FIC (1:1.25:0.5, 
85 nm)/MoO3 (10 nm)/Cu-Ag (8 nm)/CBP (140 nm)/ZnS (56 nm).

Solar Cell Characterization: The current-density–voltage (J–V) 
characteristics and EQE of the cells were measured in a glove box 

filled with ultrapure N2. The EQE measurements were performed with 
devices underfilled by a 200 Hz chopped monochromated and focused 
beam from a Xe lamp. The current output from the devices as well 
as from a reference NIST-traceable Si detector was recorded using a 
lock-in amplifier. Light from a Xe lamp filtered to achieve a simulated 
AM 1.5G spectrum (ASTM G173-03) was used as the source for J–V 
measurements. The mismatch calculated factors were between 1.006 
and 1.009. The lamp intensity was varied using neutral density filters 
and was calibrated by a Si reference cell certified by National Renewable 
Energy Laboratory (NREL). Each cell was measured under six different 
light intensities from 0.001 to 1 sun (100 mW cm−2).

ST-OPVs were measured from the ITO side with an ultrathin metal 
mask (2.0 mm2) and no object behind the cells. Errors quoted account 
for measurement variations from three or more cells, as well as an 
additional systematic error of 5% for JSC and PCE. The J–V characteristics 
of the ST-OPVs were reproducible from device to device and run to 
run, and were independent of the light exposure time (1–5 min). The 
cells were measured more than 3 months after fabrication, showing 
stable performance with little degradation (see Figure S13, Supporting 
Information). The devices were encapsulated, stored in air and kept 
in the dark between measurements. The data showed that the device 
is stable over the three months with ≈10% reduction in PCE. Optical 
simulations and optimization of the single junction used MATLAB based 
on the transfer matrix method in combination with the measured J–V 
characteristics of each cell.

Optical and Electrochemical Characterization: The reflection spectra 
of fabricated devices were measured with a thin-film measurement 
instrument (F20, Filmetrics) integrated with a spectrometer and light 
source (395–1032 nm). The transmission spectra and layer thicknesses 
were measured with by spectroscopic ellipsometry (M-2000, J. A. Woollam 
Co.) with a beam diameter of ≈4 mm. The film absorbance was measured 
using UV–vis spectrometer (Perkin Elmer 1050). Optical simulations 
based on the transfer matrix method were performed to calculate the 
spectral reflection, absorption in the active layer and transmission, electric 
field intensity distributions, and phase shifts. The refractive indices 
of materials used in the simulations were measured by spectroscopic 
ellipsometry. The four-point probe method (FPP-5000, Miller Design & 
Equipment) was used for sheet resistance measurements.

The average photopic transmission (APT) is calculated using

∫
∫

λ λ λ λ

λ λ λ

) ) ) )
) ) )

( ( ( (
( ( (

=
d

d
APT

T P S

P S
 (1)

where λ is the wavelength, T is the transmission, P is the normalized 
photopic spectral response of the eye, and S is the solar photon flux 
(AM1.5G).

Finally, one important consideration in reporting the performance 
of ST-OPV is photon balance, where the sum of the absorption (A), 
reflection (R), and transmission (T) of the device should be equal to 1 
at every wavelength. Owing to difficulties in measuring A directly, the 
minimum absorption can be estimated from the EQE and the parasitic 
absorption of the electrode. In this approximation, the sum of EQE, T, 
and R should be less than unity at every wavelength. Recently, reports 
of ST-OPVs with very high PCE showed EQE+T+R > 1. This might be 
explained by errors in accounting for extrinsic absorption (i.e., by the ITO 
anode), or the device area was smaller than the beam spot. Therefore, 
independent EQE, R, and T measurements for each device are required 
to avoid these errors.

Data Availability: The data that support the plots within this paper 
and other findings of this study are available from the corresponding 
author upon reasonable request.
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