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       Semi-transparent organic photovoltaics (OPV) are of great 
interest for photovoltaic applications that require a portion of 
the light to be transmitted through the solar cell. These include 
aesthetic applications, such as building-integrated photovol-
taics and solar windows, [  1–3  ]  as well as third generation high 
effi ciency photovoltaic architectures, such as photovoltaics 
with up-converting absorbers [  4,5  ]  and hybrid tandem photovol-
taics (HTPV). [  6  ]  In HTPV a high bandgap organic cell is placed 
on top of a more conventional inorganic photovoltaic, such as 
silicon or CuIn x Ga (1-x) Se 2  (CIGS), to form a higher effi ciency 
tandem cell. Previously we modeled the effi ciencies of HTPV 
devices and showed that they have the potential to improve 
the effi ciency of moderately performing ( ∼ 15%) inorganic 
cells to over 20%. [  6  ]  In all of these applications, the organic 
cell must be highly effi cient while at the same time transmit-
ting the light not absorbed by the organic active layer. Loss of 
transmission primarily comes from the absorption and refl ec-
tion of the transparent electrodes and is typically most severe 
in the red and near-IR. The transmission of these low energy 
photons, which are lower in energy than the bandgap of most 
organic absorbers, is particularly important for HTPV and up-
converting cells, because it is essential for the bottom cell or 
up-converter to receive as much light as possible. However sub 
bandgap transmission is not often studied in semi-transparent 
cells. Arguably the most challenging part of fabricating a high 
performing semi-transparent cell is depositing a transparent 
electrode on top of the organic active layer. The requirements 
for this layer are stringent; it must be conducting enough to 

collect photogenerated carriers with low resistive losses while 
being as transparent as possible to unabsorbed light. It has 
been estimated that for a transparent conducting technology 
to be incorporated into photovoltaic modules it must achieve 
transmission greater than 90% with a sheet resistance less than 
10  Ω  sq −1 . [  7  ]  Furthermore, for this application it must be depos-
ited gently at low temperatures, because organic absorbers can 
be damaged by high temperature processing, [  8  ]  and the UV radi-
ation and ion bombardment of sputter deposition. [  9,10  ]  In the 
past researchers have fabricated semi-transparent OPV devices 
with good electrical performance using transparent electrodes 
based on conducting polymers, [  11–14  ]  very thin metal fi lms, [  2,15  ]  
sputtered transparent conducting oxides, [  9  ]  carbon nano-
tubes, [  16  ]  graphene [  17  ]  and silver nanowires (Ag NWs). [  1,18–22  ]  
However, these devices have generally had relatively ineffi cient 
transmission of light not absorbed by the organic active layer, or 
else use electrodes that are far from the 10  Ω  sq −1  benchmark 
required for making modules. In this Communication, we 
demonstrate semi-transparent OPV devices using an Ag NW–
ZnO nanoparticle (ZnO NP) composite top electrode that have 
a power conversion effi ciency of 5.0%, the highest reported for 
a semi-transparent cell using Ag NWs. The Ag NW – ZnO NP 
composite electrode has a sheet resistance of 14  Ω  sq −1  with a 
peak transmission of 93.5%, and is solution processed entirely 
at room temperature. Furthermore, the semi-transparent cells 
have superior optical performance, transmitting  ∼ 81% of the 
light below and  ∼ 34% of the light above the bandgap of the 
organic absorber. We also discuss our approach to designing 
these cells, which has relied heavily on transfer matrix optical 
modeling [  23–25  ]  both as a predictive tool to guide our design 
choices and as a method of characterization. 

 We have chosen to use a top electrode based on networks of 
Ag NWs because they are capable of achieving transmission 
as high as 90% with sheet resistances below 10  Ω  sq −1  [  26  ]  and 
can be solution processed at low temperature, either beneath or 
on top of organic active layers. [  20,27–29  ]  However, in order for all 
the photogenerated carriers to be effi ciently collected by such 
an electrode, it has been shown [  30  ]  that there must be a mate-
rial fi lling the spaces between the Ag NWs that is capable of 
transporting carriers to the nearest wire with negligible resistive 
losses. In our Ag NW mesh the distance between nanowires is 
 ∼ 1  μ m (Supporting Information, Figure 1), from which we esti-
mate that the fi lling material must have a sheet resistance less 
than  ∼ 1 × 10 9  Ω  sq −1  for the resistive losses due to this lateral 
transport to be negligible. The conductivity requirements for 
this fi lling material are not very stringent – approximately eight 
orders of magnitude less than the  ∼ 10  Ω  sq −1  that are required   DOI:  10.1002/adma.201301985  
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for the electrode on a macroscopic scale (i.e. the Ag NWs them-
selves). Nevertheless, some fi lling material is necessary because 
the organic active layer is typically three orders of magnitude 
too resistive to accomplish the lateral transport on its own (see 
Supporting Information for details). Researchers have previ-
ously used conductive polymers, [  1,18,22,31,32  ]  indium tin oxide 
(ITO) nanoparticles, [  21,30  ]  and intrinsic [  33,34  ]  and doped [  35,36  ]  ZnO 
nanoparticles to fi ll Ag NW meshes. We use intrinsic ZnO nan-
oparticles that have an enhanced conductivity [  34  ]  because of an 
off-stoichiometry Pacholski [  37  ]  synthesis. We measured the con-
ductivity of these ZnO NPs by taking current-voltage measure-
ments of high aspect ratio two-terminal devices with different 
geometries. With only very brief exposure to 1 sun AM1.5 G 
light, such as would be experienced in a solar cell current-voltage 
test, their conductivity is 2.8 ± 0.3 ×10 −4  S cm −1 . Because of the 
photoconductivity of ZnO, [  38  ]  after  ∼ 2 minutes of light soaking 
the conductivity rises  ∼ 18× to 4.9 ± 1.9 ×10 −3  S cm −1 . The 
thickness of ZnO NPs we use in our composite electrode 
is  ∼ 75 nm, giving a sheet resistance of 3–48 ×10 7   Ω  sq −1 , 
depending on the amount of time they are exposed to light. 
This sheet resistance is more than suffi cient to meet the 
 ∼ 1 × 10 9   Ω  sq −1  requirement to fi ll the Ag NW mesh without 
resistive losses, but the carrier density is still low enough to 
avoid signifi cant optical absorption. Previous efforts [  21  ]  to fi ll 
the gaps in Ag NW meshes have used ITO NPs whose sheet 
resistance is  ∼ 1 × 10 5   Ω  sq −1 . We have also made devices using 
ITO NPs to fi ll the Ag NW mesh and fi nd that using a higher 
conductivity fi ller does not improve solar cell performance over 
using ZnO NPs. We prefer ZnO NPs because the high carrier 
density of ITO NPs causes more parasitic optical absorption in 
both the visible and near-IR (Supporting Information: Table 1 
and Figure 2). 

 By combining ZnO NPs with Ag NWs the electrode func-
tions as a composite, with short range ( ∼ 1  μ m) carrier trans-
port occurring in the ZnO NPs and long range ( ∼ 1 cm) carrier 
transport occurring in the Ag NW network. As can be seen 
in  Figure   1 b, the ZnO NPs make excellent conformal contact 
to the Ag NWs. We fi nd that embedding the Ag NWs in ZnO 
NPs somewhat improves the sheet resistance of the meshes, 
reducing it, for example, from 16  Ω  sq −1  to 14  Ω  sq −1  in the case 
of a denser Ag NW mesh and from 80  Ω  sq −1  to 63  Ω  sq −1  in 
the case of a sparser Ag NW mesh. This fi nding is consistent 
with previous reports of improving the conductivity of Ag NW 

electrodes by the addition of a mesh fi lling material. [  33,39,40  ]  The 
nanoparticles also serve to planarize the top surface of the com-
posite, which is important for the deposition of any subsequent 
layers, in this case an anti-refl ective LiF layer. Figure  1 c shows 
the transmission of composite electrodes with Ag NW meshes 
of two different densities. The transmission of the composite 
electrode itself was obtained by measuring total (specular plus 
diffuse) transmission through the composite on a glass sub-
strate and subtracting the transmission losses of the bare glass. 
The 14  Ω  sq −1  composite, which we use on top of the semi-
transparent cells, has a peak transmission of 93.5% at 700 nm, 
and an average transmission (350–1100 nm) of 90.2%. A less 
dense Ag NW mesh has a sheet resistance of 63  Ω  sq −1  and can 
reach a peak transmission of 97.5% (750 nm), with an average 
transmission of 95.4%. These fi gures of merit are in line with 
the best reports for Ag NW electrodes, [  40  ]  though our procedure 
does not include any annealing or mechanical pressing [  28  ]  of the 
Ag NWs.  

 We have optimized the structure of our semi-transparent cell 
(Figure  1 a), including choice of layers and their thicknesses, for 
both power conversion effi ciency and minimization of optical 
losses. In our optical modeling we chose the effi ciency of a 
hybrid tandem photovoltaic as the goal of our optimization 
because HTPV effi ciency balances absorption in the organic 
active layer, which determines the semi-transparent cell effi -
ciency, with transmission of unabsorbed light (400–1000 nm), 
which determines the effi ciency of the inorganic cell beneath 
it (Supporting Information, Figure 3). In addition to transfer 
matrix modeling, we fabricated semi-transparent cells with a 
range of thicknesses of each layer in the cell in order to assess 
electrical performance and to confi rm the validity of our optical 
modeling. We obtained the best performance with the following 
architecture. We use 5 nm of MoO x   as the hole collecting elec-
trode, because it yields excellent electrical performance with 
a variety of bulk heterojunction active layers [  41,42  ]  and transfer 
matrix modeling shows that it results in less refl ection and 
parasitic absorption compared to cells that use the conducting 
poly mer PEDOT: PSS. The active layer of our semi-transparent 
cell is a bulk heterojunction (120 nm thick) composed of 
poly(di(2-ethylhexyloxy)benzo[1,2- b :4,5- b ′]dithiophene- co -
octylthieno[3,4- c ]pyrrole-4,6-dione) (PBDTTPD) and PC 70 BM in 
a 1:1.5 ratio (by weight). This active layer reaches effi ciencies up 
to 8.5% in our lab and in the literature with a refl ective Ca/ Al 

      Figure 1.  a) Schematic of the semi-transparent cell architecture. The LiF layer is partially removed in the schematic to better show the underlying layers, 
but covers the entire cell active area in actual devices. b) SEM image of Ag NWs embedded in ZnO NPs forming a 14  Ω  sq −1  composite electrode. c) 
Transmission of Ag NW – ZnO NP composite electrodes with different sheet resistances. The refl ection and absorption of the glass substrate has been 
subtracted. The inset shows a photograph of a semi-transparent cell. 

Adv. Mater. 2013, 25, 7020–7026



7022

www.advmat.de
www.MaterialsViews.com

wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TI

O
N

 Table   1 ). Table  1  shows that the fi ll factor ( FF ) of the semi-
transparent cell (0.60) is very close to that of an opaque con-
trol device with evaporated silver (0.61). This indicates that 
the resistive losses in the Ag NW – ZnO NP composite elec-
trode are small and that it is effi cient at carrying current over 
both short and long length scales (the device active area is 
0.415 cm 2 ). The primary difference in performance between 
the semi-transparent cell and the opaque device is the short-
circuit current density ( J sc  ); the semi-transparent cell has a 
signifi cantly lower  J sc  , because without a refl ective back elec-
trode, the light only has a single pass through the active layer, 
resulting in lower absorption. Table  1  also shows that the 
semi-transparent cell is signifi cantly better when illuminated 
from the glass side of the device (5.0%) compared to when it 
is illuminated from the Ag NWs side (4.3%). The main dif-
ference is in  J sc  , but the  FF  and open circuit voltage ( V oc  ) are 
also slightly higher for the cell when it is illuminated from the 
glass side. In order to determine whether these differences 
are due to better transmission of light through the glass than 
the Ag NWs, or to difference in charge collection effi ciency, 
we measured [  23  ]  the internal quantum effi ciency (IQE) of the 
cell when illuminated from both sides of the device (Figure  2 ). 
When illuminated from the Ag NWs side of the device, the 
average IQE (400–630 nm) is 78%, while when illuminated 
from the glass side of the device it is 87%. This demonstrates 
that the device is more effi cient when illuminated from the 
glass side of the device because photogenerated carriers are 
collected more effi ciently, not because more light reaches the 
active layer. Not only does this account for the difference in  J sc  , 
it also helps to explain the differences in  FF  and  V oc  . When 
the device is illuminated from the glass side more light is 
absorbed in the active layer close to the MoO x , which is the 
hole-collecting electrode. By contrast, when the device is illu-
minated from the Ag NWs side more light is absorbed in the 
active layer near the ZnO NPs, which is the electron-collecting 
electrode. Holes are known to be the slower of the two charge 
carriers in PBDTTPD/ PCBM blends, [  8  ]  so photogenerated car-
riers are collected more effi ciently when they are generated 
closer to the hole-collecting electrode. [  44  ]  This is particularly 
important when the electric fi eld in the active layer is low (i.e. 
at the maximum power point and  V oc  ), which accounts for the 
higher observed  V oc   and  FF .   

top electrode, [  43  ]  which allows light multiple passes through the 
active layer. ZnO NPs function as the electron collecting con-
tact, as well as the conductive fi ller material of the Ag NW com-
posite. Transfer matrix modeling shows that using a ZnO NP 
layer with thickness between 50–75 nm minimizes the refl ection 
from the cell. The top-most layer in our architecture is 90 nm 
of LiF, which is electronically inactive in the cell, and serves 
as an anti-refl ection coating. The LiF primarily reduces refl ec-
tion in the red and near-IR (620–1100 nm); for example, when 
light is incident on the Ag NWs side of the device, we estimate 
using transfer matrix modeling that it increases transmission 
from 67% to 75% at 1000 nm and from 77% to 84% at 800 nm. 

 Using our optimization method, we were able to fabricate 
semi-transparent cells with effi ciencies up to 5.0% ( Figure   2 , 

 Table 1.   Effi ciency and fi gures of merit for the best semi-transparent 
solar cell using a 14  Ω  sq −1  Ag NW composite electrode when illumi-
nated from the glass and Ag NWs sides of the device. For comparison, 
the fi gures of merit for opaque control devices with evaporated Ag and 
Ca/Al are included. 

   Glass Side  Ag NWs Side  Evaporated 
Ag  

Evaporated 
Ca/ Al  

Effi ciency  5.03%  4.30%  6.59%  8.54%  

J sc  [mA·cm −2 ]  8.83  7.77  11.8  12.9  

V oc  [V]  0.945  0.931  0.918  0.950  

FF  0.60  0.59  0.61  0.69  

R s  [ Ω ·cm 2 ]  14.7  14.8  2.5  1 .3  

Active Layer 

Thickness [nm]  

120  120  120  100  

      Figure 2.  a) Current-voltage characteristics of the 5.0% semi-transparent 
cell when illuminated from the glass and Ag NWs sides of the device. 
The dashed line shows the current in the dark. b) External (open sym-
bols) and internal (fi lled symbols) quantum effi ciencies for the same cell 
when illuminated from the glass and Ag NWs sides of the device. The 
EQE-integrated  J sc   is 8.6 mA cm −2  and 7.8 mA cm −2  for glass side and Ag 
NWs side illumination, respectively, which deviate by < 2% from the  J sc   
as determined from the current-voltage characteristics. 

Adv. Mater. 2013, 25, 7020–7026



7023

www.advmat.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TIO

N

on the semi-transparent organic cell ( Figure   4 ). By itself, the 
effi ciency of the CIGS cell was measured to be 15.7%. When 
a semi-transparent cell using ITO NPs to fi ll the gaps in the 
Ag NW mesh was stacked on top of it, the CIGS cell was only 
8.6% effi cient, because much of the above and some of the 
below bandgap light was absorbed by the organic top cell. In 
this confi guration the hybrid tandem is a 4-terminal device, so 
there are no current or voltage matching constraints and the 
power output of the two subcells may be added together to get 
the effi ciency of the hybrid tandem itself. Adding the maximum 
power output of this semi-transparent organic cell to that of the 
CIGS cell when stacked underneath it gives a measured hybrid 
tandem effi ciency of 11.7% ( Table   2 ).   

 We use measurements on this proof-of-concept device to 
demonstrate that we can predict the performance of mechani-
cally stacked hybrid tandems by calculating their effi ciency. 
From transmission measurements of the semi-transparent 
cells and the external quantum effi ciency spectrum of the 
CIGS bottom cell (Supporting Information, Figure 5), we cal-
culated the  J sc   of the CIGS cell when it is illuminated by light 
that is fi rst passed through the semi-transparent organic cell. 
This combined with the current-voltage characteristics of the 
semi-transparent cell allows us to calculate the effi ciency of the 
mechanically stacked hybrid tandem. Using the above semi-
transparent cell with ITO NPs fi lling the gaps in the Ag NW 
mesh (3.1% effi ciency), we calculate that the mechanically 
stacked hybrid tandem should have an effi ciency of 11.6%. 
This is in excellent agreement with what we measured in our 
proof-of-concept demonstration (11.7% effi ciency), and gives 
us confi dence that calculations of hybrid tandem effi ciencies 
can accurately predict the performance of actual devices in this 
confi guration. Using the same method, we also calculated the 
effi ciency of a hypothetical hybrid tandem photovoltaic where 
the top cell is our best performing semi-transparent cell, 
which uses ZnO NPs to fi ll the gaps in the Ag NWs and has 

  Figure   3  shows the total (specular plus diffuse) transmission 
of the semi-transparent solar cell as well as the contributions 
to the optical losses, which we estimate from transfer matrix 
modeling. The dashed line shows the experimentally measured 
transmission of the cell when illuminated through the Ag NWs 
side of the device, which is a maximum at 85% (730 nm) and 
has an average sub bandgap (700–1000 nm) transmission of 
81% and an average above bandgap transmission (400–700 nm) 
of 34%. The solid line shows the transmission as determined 
by transfer matrix modeling, which has very good correspond-
ence to the experimentally measured transmission. The colored 
bands represent the optical losses in the cell, as determined by 
transfer matrix modeling. The band labeled “Ag NWs” repre-
sents the total optical losses due to the Ag NWs, including both 
absorption and refl ection, which average 10.5% (400–1000 nm). 
The band labeled “Refl ection” accounts for refl ection off all of 
the layers in the cell except for Ag NWs and is an average  ∼ 2% 
(400–1000 nm). The active layer absorbs  ∼ 60% of the above 
bandgap light. The absorption of the ZnO NPs in the visible 
and near-IR is negligible (<1%), so it does not appear on the 
plot. When light is incident on the glass side of the device, the 
total transmission is identical to when it is incident on the Ag 
NWs side, though the relative contributions to the optical losses 
are different (Supporting Information, Figure 4). If a sparser 
Ag NW mesh is used (63  Ω  sq −1 ), then the maximum trans-
mission reaches 89.6% (730 nm) with an average sub bandgap 
(700–1000 nm) transmission 86% and an average above 
bandgap (400–700 nm) transmission of 37%. In this case, the 
cell effi ciency is still 4.8% from the glass side and 4.4% from 
the Ag NWs side of the device.  

 Using our semi-transparent OPV devices we fabricated a 
mechanically stacked 4-terminal hybrid tandem photovoltaic as 
a proof-of-concept demonstration. We stacked the semi-trans-
parent organic cells on top of a CIGS solar cell separated by 
a thin, electrically insulating spacer, and measured each sub-
cell's current-voltage characteristics with 1 sun incident fi rst 

      Figure 3.  Experimentally measured (dashed black line) and modeled 
(solid black line) transmission of the 5.0% semi-transparent cell and the 
components accounting for the optical losses (colored areas) as deter-
mined by transfer matrix modeling. 

      Figure 4.  Measured current-voltage curves of the subcells of a mechani-
cally stacked hybrid tandem device. The semi-transparent organic top 
cell uses ITO NPs instead of ZnO NPs to fi ll the Ag NW mesh, and is 
illuminated from the Ag NWs side of the device, so is only 3.1% instead 
of 5.0%. The measured characteristics of the CIGS cell by itself are also 
shown (dashed line). 
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HTPV devices with effi ciencies exceeding 20%, because HTPV 
requires that a transparent electrode be deposited on top of the 
organic active layer in both 4-terminal and 2-terminal architec-
tures. [  47,48  ]  Although at present it is not possible improve the 
effi ciency of a 15.7% effi cient CIGS cell by adding our 5.0% 
effi cient semi-transparent cell on top of it, our semi-transparent 
cell architecture paves the way for HTPV technology. Advances 
in the understanding of organic photovoltaics will lead to 
polymer blends that achieve higher open circuit voltages and 
can be made thick enough to absorb all of the above bandgap 
light without loss of  FF . Our semi-transparent device architec-
ture may also aid other applications where a transparent elec-
trode is deposited on top of an organic active layer, such as 
organic-organic tandem photovoltaics [  13,49  ]  and OPVs built on 
opaque substrates [  27,50,51  ]  such as metal foils. We believe that 
this technology will speed the development of high effi ciency 
organic photovoltaics in applications ranging from solar win-
dows to hybrid tandems with effi ciencies exceeding 20%.  

  Experimental Section 
  Semi-transparent cell fabrication (in brief ) : MoO x  (5 nm) was deposited 

by thermal evaporation on cleaned and patterned 15  Ω  sq −1  ITO 
coated glass substrates. The active layer was a 1:1.5 by weight blend of 
PBDTTPD/ PC 70 BM, and was deposited by spin coating resulting in a layer 
thickness of 120 nm. The fabrication of the Ag NW – ZnO NP composite 
electrode was accomplished in three separate steps. First, a single layer 
of ZnO NPs was deposited by spin coating from methanol on top of the 
dry active layer, resulting in a fi lm with a thickness of  ∼ 25 nm. Synthesis 
of the ZnO NPs was adapted from [  34  ]  and is described in detail in the 
Supporting Information. The opaque control devices were completed by 
depositing silver contacts with an area of 0.1 cm 2 . Opaque devices with 
Ca/ Al top contacts used  ∼ 30 nm of PEDOT: PSS in place of MoO x  and did 
not have any ZnO NPs. The top electrode was 7 nm Ca/ 150 nm Al and 
was deposited by thermal evaporation with an area of 0.1 cm 2 . 

 On the semi-transparent cells, Ag NWs were deposited by spray 
deposition from methanol at room temperature. Methanol was chosen 
to speed the evaporation of the spraying solvent compared to a higher 
boiling point solvent such as ethanol or isopropanol. The parameters 
of the spray deposition (see Supporting Information) were optimized 
over numerous trial runs to maximize transmission for a given sheet 
resistance. We found that it was important to perform our optimization 
using a substrate that resembled the surface of our semi-transparent 
cells as closely as possible. To this end, we performed our optimization 
by spraying Ag NWs on glass slides coated with  ∼ 25 nm of ZnO NPs. 

 Two more layers of ZnO NPs were then deposited on top of the Ag 
NWs by sequential spin coating steps. No annealing was performed 
during any part of the composite fabrication. The resulting Ag NW – ZnO 

an effi ciency of 5.0% (Supporting Information, Figure 5). 
Assuming the bottom cell is the same 15.7% effi cient CIGS 
cell, we estimate that the resulting hybrid tandem would have 
an effi ciency of 14.5% (Table  2 ). This is signifi cantly better than 
the HTPV device using a top cell with ITO NPs, because the 
cell with ZnO NPs is both more effi cient and more transparent 
to sub bandgap light, but is still 1.2 percentage points worse 
than the CIGS cell by itself. 

 The main reason that this semi-transparent cell is not 
capable of improving the 15.7% CIGS cell is that the organic 
cell cannot be made thick enough to absorb all of the above 
bandgap light without loss of  FF  and  IQE . It is known that for 
this and many other polymer systems there is a signifi cant drop 
in fi ll factor when the active layer thickness exceeds  ∼ 100 nm, 
producing a trade-off between fi ll factor and light absorp-
tion or  J sc  . [  8,45  ]  The active layer thickness that we found to be 
optimal for the semi-transparent cells, 120 nm, is thicker than 
the optimal active layer thickness of an opaque cell using the 
polymer PBDTTPD (typically  ∼ 100 nm). The best opaque cells 
(using a Ca/ Al top contact) using this polymer can achieve a  FF  
exceeding 0.70. [  43  ]  We estimate with transfer matrix modeling 
that in order to make an HTPV device with a PBDTTPD based 
semi-transparent cell that matches the effi ciency of a 15.7% 
CIGS cell, the semi-transparent top cell would need to maintain 
a  FF  of 0.70 and an  IQE  of 90% with an active layer thickness of 
150 nm ( ∼ 67% absorption in a single pass of light through the 
active layer). Alternatively, a semi-transparent OPV with the  FF , 
 IQE , active layer absorption and transmission of the current 
cell could make an HTPV device that ties the effi ciency of a 
15.7% CIGS cell if it achieved a  V oc   of 1.17 V, instead of 0.945 V. 
This corresponds to a  V oc   that is  ∼ 0.6 V less than the polymer 
bandgap ( ∼ 1.8 eV) divided by the electron charge, which is an 
empirical scaling often found for the highest voltage organic 
photovoltaics. [  46  ]  We expect that in the next few years it will be 
possible to increase the thickness and voltage of organic solar 
cells to meet these targets. 

 We have developed a semi-transparent OPV architecture 
that uses an Ag NW – ZnO NP composite as the top electrode 
and allows the cell to achieve high effi ciencies with minimal 
optical losses. The Ag NW – ZnO NP composite top electrode 
has a low sheet resistance of 14  Ω  sq −1 , which approaches what 
will be required for large scale module manufacturing, and is 
solution processed at room temperature, making it compat-
ible with low cost, high throughput fabrication techniques. 
These advances will be instrumental in the development of 

 Table 2.   Effi ciency and fi gures of merit of mechanically stacked hybrid tandem devices using semi-transparent organic top cells with either ITO NPs 
or ZnO NPs. For the device with ITO NPs, the mechanically stacked hybrid tandem was fabricated and the fi gures of merit were experimentally meas-
ured with light incident on the Ag NWs side of the organic top cell. For the device with ZnO NPs, the hybrid tandem effi ciency was calculated from the 
measured transmission of the semi-transparent organic cell. The measured characteristics of the CIGS cell by itself are also shown. 

   CIGS Alone  CIGS Under Organic with 
ITO NPs  

Organic with ITO NPs  CIGS Under Organic with 
ZnO NPs  

Organic with ZnO NPs  

Effi ciency  15.7%  8.6%  3.1%  9.5%  5.0%  

J sc  [mA·cm −2 ]  28.1  16.0  5.36  17.6  8.80  

V oc  [V]  0.710  0.685  0.906  0.685  0.945  

FF  0.79  0.79  0.64  0.79  0.60  

HTPV Effi ciency    11.7%   14.5%   
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NP composite electrode had a total thickness of  ∼ 75 nm, as determined 
by SEM cross-section. Silver contacts to both the Ag NWs and the 
ITO were deposited by thermal evaporation to aid in electrical testing. 
Following deposition of the silver contact pads, extraneous active area 
was eliminated by scratching away all deposited layers (except the ITO). 
Combined with the pre-patterned ITO bottom electrode, this scratching 
step defi ned the active area (0.415 cm 2 ) of the semi-transparent devices. 
Finally, LiF was deposited as the top-most layer by thermal evaporation 
with a thickness of 90 nm. 

  Characterization : External quantum effi ciency (EQE) spectra were 
measured inside the nitrogen glovebox using a halogen lamp for 
partial white light bias ( ∼ 0.04 suns) to light soak the ZnO NPs. A 
monochromatic signal was chopped at 160 Hz and superimposed on 
top of the white light bias. Internal quantum effi ciency was determined 
by dividing the measured EQE by the calculated absorption of the active 
layer. The absorption of the active layer was calculated by measuring 
the total transmission of the semi-transparent cell and subtracting from 
it the absorption and refl ection of all the other layers in the device, as 
determined by transfer matrix modeling. [  23–25  ]  

 Transmission measurements were made by placing devices directly 
in front of an integrating sphere to capture light transmitted both direct 
and diffusely through the entire device. Contributions to the optical 
losses were estimated from transfer matrix modeling, which is described 
in detail elsewhere. [  23  ]  The complex indices of refraction were measured 
independently by ellipsometry for all of the layers in the device except 
the Ag NWs. The optical loss of the Ag NWs was treated as a correction 
on the transfer matrix model, since Ag NWs do not give rise to coherent 
refl ection in the way of the other thin fi lms in the device stack. The 
correction was applied as the fi rst layer in the device stack when light 
was incident on the Ag NW side of the device, and the last layer of the 
device stack when light was incident on the glass side. It was assumed 
that all of the Ag NW optical losses (1-transmission) were absorptive. 

 Hybrid tandem devices were fabricated in a mechanically stacked, 
4-terminal confi guration. CIGS cells were received from the National 
Renewable Energy Laboratory as completed devices including electrodes. 
The semi-transparent organic cell was stacked Ag NWs side up (glass side 
down) on top of the CIGS, such that their active areas were well-aligned. 
Lastly, a painted black optical mask was placed directly on top of the 
semi-transparent cell to defi ne the illuminated areas of both subcells, and 
all layers were clamped together to fi x them in place. The hybrid tandem 
effi ciency was found by adding the maximum power outputs of the two 
subcells when measured in the stacked confi guration, since in a 4-terminal 
confi guration there are no current or voltage matching constraints. The 
effi ciency of hybrid tandem photovoltaics was also calculated from the 
measured effi ciency and transmission of the semi-transparent cells, and 
the known performance of the CIGS cell. The transmission of the semi-
transparent cell was multiplied by the EQE spectrum of the CIGS cell and 
the photon fl ux of the AM 1.5 G spectrum and integrated to get the CIGS 
 J sc  . Multiplying this calculated  J sc   by the measured  V oc   and  FF  of the CIGS 
cell when under a semi-transparent organic cell gave the effi ciency of the 
CIGS subcell in the tandem confi guration. It was assumed that the two 
cells were connected in a 4-terminal architecture so that their maximum 
powers could be added together to obtain the tandem effi ciency. 

 Further details of the semi-transparent cell fabrication and 
characterization are given in the Supporting Information.  
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