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charge collection effi ciency while maintaining a high absorp-
tion, the PM-HJ also employs a neat (homogenous) donor and/
or acceptor layer, whose thicknesses are comparable to  L  D  and 
that clad the mixed region. 

 Unfortunately, such thick and highly absorbing sub-cells typi-
cally result in spectral overlaps between elements in the tandem 
that prevent photons from reaching the back sub-cell, ultimately 
limiting the total photocurrent. In this work, we overcome this 
defi ciency by using two relatively thick and strongly absorbing, 
vacuum-deposited small molecule PM-HJ sub-cells with con-
siderable separation between their absorption maxima, thereby 
minimizing spectral overlap and maximizing photocurrent. [ 22 ]  
The front sub-cell adjacent to the transparent anode comprises 
the primarily orange-to-near infrared (NIR) absorbing donor, 
2-((7-(5-(dip-tolylamino)thiophen-2-yl)benzo[c][1,2,5]thiadiazol-
4-yl)methylene)malononitrile (DTDCTB) [ 23–25 ]  blended with 
C 60 , paired with an ultraviolet-to-yellow absorbing DBP:C 70  
back sub-cell. In the front cell, the C 60  intermolecular charge 
transfer (CT) absorption feature in the green is greatly reduced 
when diluted in DTDCTB, [ 26 ]  thus providing a spectrally com-
plementary system with the back sub-cell. The tandem solar cell 
broadly covers the solar spectrum from  λ  = 350 nm to 900 nm, 
achieving an effi ciency of 10.0 ± 0.2% under 1 sun, AM 1.5G 
illumination (25 ± 1 °C, 1000 W-m −2 , ASTM G173–03). 

 To further improve the cell performance, a second DBP:C 70  
sub-cell is placed immediately adjacent to the transparent 
anode at the second order optical interference maximum to 
form a triple-junction OPV. The cell exhibits a power conver-
sion effi ciency of 11.1 ± 0.2%, with  V  OC  of 2.58 ± 0.01 V and 
the external quantum effi ciency ( EQE ) close to 100% at short 
wavelengths. Further, this cell employs a thick stack structure 
that exploits the second order optical interference maximum. 
Together with a nearly optically lossless BPhen:C 60  electron fi l-
tering layer connecting the sub-cells, our design approach can 
lead to achieving even higher effi ciencies in the future. 

 The low band gap DTDCTB absorbs at wavelengths as long 
as  λ  = 900 nm. To separate the front (i.e., that nearest the 
anode) and the back sub-cell (nearest the cathode) absorption 
spectra, the blue-green absorbing C 60  is used in the front cells 
as the acceptor, whereas the broadly absorbing C 70  is employed 
solely in the back sub-cell. The extinction coeffi cients ( k ) of the 
DTDCTB:C 60  fi lms measured as functions of volume ratio are 
shown in  Figure    1  a. The absorption of a neat C 70  fi lm is also 
shown for comparison. The DTDCTB exhibits an absorption 
peak at  λ  = 700 nm, while C 60  shows two peaks at  λ  = 360 nm 
and  λ  = 450 nm, corresponding to Frenkel-type and intermo-
lecular CT excitations. [ 27 ]  The CT feature results from electrons 
excited from the highest occupied molecular orbital of one mol-
ecule to the lowest unoccupied molecular orbital of a nearby 
C 60  molecule ,  and hence is sensitive to C 60  concentration. In 

  Organic photovoltaics (OPVs) offer a low-cost, light-weight, 
and mechanically fl exible route to solar energy conversion. [ 1–4 ]  
Compared with polymers, small molecule OPVs share the 
advantages of using materials with well-defi ned molecular 
structures and weights. Hence, they provide a simple pathway 
for purifi cation, and are compatible with deposition of multiple 
layers using highly controlled thermal evaporation without con-
cern for dissolving (and hence damaging) previously deposited 
layers or sub-cells. [ 5–7 ]  Single-junction small molecule OPVs 
have achieved a power conversion effi ciency of >8%, [ 8–11 ]  but 
the narrow absorption range, low open-circuit voltages ( V  OC ) 
and large thermalization energy losses at short wavelengths 
ultimately limit the power conversion effi ciencies of single ele-
ment OPVs. [ 12,13 ]  This shortcoming has led to investigation of 
multijunction OPVs, [ 14–17 ]  whose design can allow for more 
complete coverage of the solar spectrum while maintaining a 
high  V  OC . For example, polymer tandem (i.e., double element) 
photovoltaic cells have already demonstrated a power conver-
sion effi ciency of  η  P  = 10.6%. [ 18 ]  Recently Heliatek announced 
a 12% effi cient tandem OPV [ 19 ]  although no details of the struc-
ture or measurement are available. Progress on multijunction 
OPVs has therefore been rapid, indicating considerable poten-
tial for further improvement. 

 Tandem structures deliver high effi ciency since the sub-cells 
are thin to accommodate the short exciton diffusion length 
(where  L  D  ≈ 10 nm) characteristic of the organic active region, 
but as a result they are also semitransparent. To mitigate the 
problem of a short diffusion length, vacuum deposited planar-
mixed heterojunction (PM-HJ) active regions have been used in 
which the donor and acceptor molecules are mixed in the active 
region. The PM-HJ is not limited by  L  D , but rather the much 
larger “charge collection length”. [ 20,21 ]  Therefore, the photoac-
tive region can be made thicker to enhance optical absorption 
without compromising cell effi ciency. To further improve the 
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contrast, the intramolecular Frenkel transition absorption 
strength is linearly proportional to the molecular concentration. 
To analyze the Frenkel and CT absorption in the DTDCTB:C 60  
mixed fi lm,  k  at  λ  = 450 nm and  λ  = 700 nm as a function of the 

C 60  percentage is plotted in the inset of Figure  1 a. The DTDCTB 
Frenkel absorption peak at  λ  = 700 nm linearly decreases with 
C 60  concentration, as expected. On the other hand, the C 60  CT 
peak at  λ  = 450 nm is signifi cantly reduced even at a modest 
dilution, eliminating losses caused by absorption in the green.  

 An optimized DTDCTB:C 60  single junction photovoltaic cell 
has the following structure shown in Figure  1 b inset: ITO/MoO 3  
(10 nm)/DTDCTB:C 60  (60 nm, 1:1 ratio by vol.)/C 60  (20 nm)/
Bathophenanthroline (BPhen, 8 nm)/Ag (100 nm). The MoO 3  
serves as the anode buffer layer due to its large work function, 
high transmittance, and low resistance, [ 28 ]  and BPhen is used 
as the exciton blocking buffer layer adjacent to the cathode. [ 29 ]  
The device exhibits  V  OC  = 0.82 ± 0.01 V, short-circuit current 
density,  J  SC  = 11.6 ± 0.2 mA cm −2  (spectral mismatch factor of 
 M  = 1.09 ± 0.02), and fi ll factor  FF  = 0.55 ± 0.01. This corre-
sponds to a power conversion effi ciency of 5.3 ± 0.1% at 1 sun, 
AM 1.5G illumination. At this blend ratio, the CT absorption 
by C 60  is suppressed to only 40% of its value in the neat fi lm. 
Accordingly, the DTDCTB:C 60  cell shows an external quantum 
effi ciency of  EQE  > 55% at  λ  = 700 nm, falling off to <25% at 
 λ  < 500 nm (Figure  1 b). As shown below, this NIR absorbing 
front sub-cell has minimal spectral overlap with the principally 
green-absorbing DBP:C 70  back sub-cell. 

 We tested the photoresponse uniformity of 1mm diam-
eter devices by scanning an optical fi ber across the device (see 
Experimental Section), with the resulting profi le shown in 
Figure  1 c. The current is uniform across the device and falls off 
sharply at the edge, indicating there are no observable edge effi -
ciency enhancements or other response artifacts, even for small 
diameter devices. 

 To optimize the sub-cells used in the tandem shown in 
 Figure    2  a, we fabricated a single junction front-only cell approx-
imating the DTDCTB:C 60  sub-cell by inserting a 0.1 nm thick 
Ag nanoparticle layer (used for charge recombination and plas-
monic fi eld enhancement) [ 30 ]  followed by a 40nm thick MoO 3  
spacer located beneath the Ag contact. [ 31 ]  Compared with the 
optimized single junction cell, the thickness of the neat C 60  
layer was reduced from 20 nm to 5 nm to move the front cell 
closer to the cathode to increase the absorption by the active 
DTDCTB:C 60  layer, and to reduce the CT absorption of the C 60  
layer. The optimized structure of the back sub-cell is: ITO/MoO 3  
(5 nm)/DBP:C 70  (30 nm, 1:10 ratio by vol.)/C 70  (7 nm)/BPhen 
(7 nm)/Ag (100 nm), resulting in  J  SC  = 11.3 ± 0.2 mA cm −2  
( M  = 1.00 ± 0.01),  V  OC  = 0.90 ± 0.01 V,  FF  = 0.61 ± 0.01 and  η  P  = 
6.2 ± 0.1%, comparable to that of the front sub-cell.  

 The extinction coeffi cient of the 1:1 DTDCTB:C 60  and the 
1:10 DBP:C 70  blends along with the AM 1.5G solar spectrum, [ 32 ]  
are shown in Figure  2 b. The DBP:C 70  fi lm exhibits a broad 
spectral response at  λ  < 700 nm, while the DTDCTB:C 60  layer 
primarily absorbs from  λ  = 500 nm to 900 nm. By stacking 
these two sub-cells, absorption spans the wavelengths from  λ  
= 350 nm to 900 nm, thereby covering a large portion of solar 
spectrum with only minimal overlap between the constituent 
devices. The tandem thus harvests light effi ciently with good 
current match between the sub-cells. 

 Figure  2 c shows the  EQE  spectrum of the tandem OPV with 
the commonly used 3,4,9,10-perylenetetracarboxylic-bisbenzimi-
dazole (PTCBI) interconnecting layer [ 22,31,33,34 ]  between the front 
and back sub-cells. The  EQE  of the tandem cell is calculated 
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 Figure 1.    a) Extinction coeffi cient ( k ) of DTDCTB:C 60  fi lms with different 
ratios of DTDCTB and C 60 , along with  k  for neat C 60 , C 70 , and DTDCTB 
neat layers.  b) External quantum effi ciency ( EQE ) of the single junction 
DTDCTB:C 60  cell. Inset: Schematic of the single junction DTDCTB:C 60  
cell and the DTDCTB molecular structure. c) Normalized 2D responsivity 
map of a 1 mm diameter circular device at a wavelength of 500 nm.
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(solid line) based on the model of Lassiter et al. ,  [ 31,35 ]  along with 
the sum of the measured  EQE  of the sub-cells (dashed line). 
The tandem cell  EQE  is higher than that measured for both 
individual component sub-cells, and is nearly identical with the 
sum of these effi ciencies, except for < 10% loss between  λ  = 
550 nm and 700 nm where the sub-cells show a small absorp-
tion overlap. The tandem device performance parameters are 
 J  SC  = 9.2 ± 0.2 mA cm –2  ( M  = 0.96 ± 0.01),  V  OC  = 1.72 ± 0.01 V, 
 FF  = 0.58 ± 0.01, giving  η  P  = 9.2 ± 0.2%. 

 In spite of its high conductivity, interconnecting layers with 
a PTCBI blocker have a signifi cant absorption loss in the vis-
ible. Hence, for cell interconnection, we employed a previously 
reported transparent exciton blocking and electron conducting 
BPhen:C 60  electron fi lter. [ 26,36 ]   Figure    3  a shows the simulated 
optical fi eld distribution within the tandem cell, comparing a 
5 nm thick PTCBI with a similarly thick BPhen:C 60  mixed 
buffer. As the dashed white rectangle indicates, the BPhen:C 60  
is transparent, in striking contrast with the PTCBI buffer. The 
simulation also shows that both sub-cells fi t within the fi rst 
interference maximum of the optical fi eld.  

 The fourth quadrant  J – V  characteristics of tandems uti-
lizing these two interconnecting layers are shown in Figure 
 3 b. As expected, when PTCBI is replaced with BPhen:C 60 ,  J  SC  
increases from 9.9 ± 0.2 mA cm –2  to 10.4 ± 0.2 mA cm –2  in 
the front sub-cell, with no signifi cant change in  FF . Hence, 
the effi ciency of the front sub-cell increases from 4.8 ± 0.1% to 
5.1 ± 0.1%. Also from Figure  3 a, the optical fi eld in the DBP:C 70  
sub-cell is enhanced when using BPhen:C 60 , leading to a corre-
sponding increase in current. Consequently,  J  SC  of the tandem 
cell is increased to 9.9 ± 0.2 mA cm –2 , which shows signifi cant 
improvement over previously reported small molecule tandem 
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 Figure 2.    a) Schematic of the tandem organic photovoltaic cell com-
prised of DTDCTB:C 60  and DBP:C 70  sub-cells. b) Extinction coeffi cients, 
 k,  of the two mixed absorbers: the front cell DTDCTB:C 60  (1:1 by vol.), and 
the back cell DBP:C 70  (1:10). Also shown is the AM 1.5G solar spectrum. 
c)  EQE  of the measured front-only cell (inverted triangles), back-only cell 
(circles), the sum of the two (dashed line), and the calculated  EQE  of the 
tandem cell structure (solid line) shown in a), with PTCBI as the intercon-
necting buffer layer.

 Figure 3.    a) Simulated optical fi eld distributions in the tandem cell with 
PTCBI or BPhen:C 60  as the interconnecting buffer layer. b) Current den-
sity–voltage ( J – V ) characteristics of the front-only and the tandem cell 
with these two interconnecting buffer layers.
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cells. [ 22,34,37 ]  The results of the cell using BPhen:C 60  along with 
Ag nanoparticles as the interconnecting layer whose structure 
and optimized layers thicknesses are shown in Figure  2 a, are 
summarized in  Table    1  .  

 The optimized tandem cell  EQE  shown in  Figure    4  a is sim-
ilar to that employing a conventional PTCBI buffer, while the 
measured front sub-cell peak  EQE  increased. Figure  4 b shows 
measured and calculated 4 th  quadrant  J – V  characteristics. The 
calculated tandem  J–V  characteristics agree with the measure-
ment, suggesting that the models of optical fi eld distribution 
and charge collection are predictive of performance, thereby 
simplifying device layer thickness design. The optimized 
tandem OPV cell achieves a measured  J  SC  = 9.9 ± 0.2 mA cm –2  
( M  = 0.95 ± 0.01),  V  OC  = 1.72 ± 0.01 V,  FF  = 0.59 ± 0.01, with 
 η  P  = 10.0 ± 0.2%. This represents a >60% improvement over 
the discrete cell effi ciencies comprising the stack. Furthermore, 
the tandem  V  OC  is equal to the sum of the constituent sub-cells, 
suggesting that the interconnecting charge recombination layer 
is lossless.  

 To take further advantage of the optical fi eld distribution 
and achieve even higher  V  OC , an additional DBP:C 70  (1:10) sub-
cell is inserted as the front cell in the stack.  Figure    5  a shows 
the structure of the triple-junction cell, where the middle 
DTDCTB:C 60  (1:1) cell is sandwiched between two DBP:C 70  
(1:10) sub-cells. The BPhen:C 60  interconnecting layers are used 
between the sub-cells to ensure minimal absorption loss. Com-
pared with the tandem cell, the thicknesses of the back DBP:C 70  
and the middle DTDCTB:C 60  cells are increased  such that the 
front, short-wavelength absorbing DBP:C 70  sub-cell fi ts into 
the second order optical interference maximum, as shown in 
Figure  5 b. The front and back green-absorbing cells absorb at 
different optical maxima to effi ciently harvest short wavelength 
photons while complementing the absorption of the middle 
NIR-absorbing cell. Similar to the tandem cell, the thicknesses 
of each active layer is optimized by simulation to achieve cur-
rent balance between sub-cells at 1 sun intensity.  

 The  J – V  characteristics of the triple-junction and tandem 
cells are compared in Figure  5 c, with performance parameters 
listed in Table  1 . Compared with the tandem, the  V  OC  increases 
to 2.58 ± 0.01 V. Although  J  SC  decreases to 7.3 ± 0.2 mA cm –2 , 
the power conversion effi ciency achieved is  η  P  = 11.1 ± 0.2%. 
Figure  5 c, inset, shows that the calculated quantum effi ciency 
at wavelengths from 400 nm to 700 nm approaches 100% in the 
triple-junction cell due to contributions from the two DBP:C 70  
sub-cells at the different interference maxima. Note that its  V  OC  
is 0.04 V lower than the sum of its sub-cells, mainly due to the 
reduced optical intensity in each active layer. 

 Lassiter et al. showed that an optimized multijunction struc-
ture employs sub-cells whose currents are matched at the max-
imum power point (MPP) of operation. [ 35 ]  They defi ned Δ η  as 
the power conversion effi ciency penalty that is related to the mis-
match in constituent sub-cell current densities at their MPPs. 
That is, the optimal design corresponds to Δ η  → 0, where:

 

J V

J VJ J V J V
MM MM

M M M M Mn Mn

1
...

.
1 1 2 2

ηΔ = −
+ + +
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  Table 1.    Measured (meas) and calculated (calc) tandem sub-cells, 
tandem cell and triple-junction cell performances.  

Cells a)  J  SC  
[mA cm –2 ]

 V  OC  
[V]

 FF  η  P  
[%]

 M 

Front (meas) 10.4 ± 0.2 0.82 ± 0.01 0.59 ± 0.01 5.1 ± 0.1 1.09 ± 0.02

Front (calc) 10.0 0.82 0.57 4.7 –

Back (meas) 11.3 ± 0.2 0.90 ± 0.01 0.61 ± 0.01 6.2 ± 0.1 1.00 ± 0.01

Back (calc) 9.4 0.90 0.61 5.2 –

Tandem (meas) 9.9 ± 0.2 1.72 ± 0.01 0.59 ± 0.01 10.0 ± 0.2 0.95 ± 0.01

Tandem (calc) 9.6 1.72 0.60 9.9 –

Triple (meas) 7.3 ± 0.2 2.58 ± 0.01 0.59 ± 0.02 11.1 ± 0.2 0.97 ± 0.01

Triple (calc) 7.7 2.62 0.61 12.3 –

   a)Front refers to the planar-mixed heterojunction (PM-HJ) DTDCTB:C 60  sub-cell 
nearest the anode in the tandem; Back refers to the PM-HJ DBP:C 70  sub-cell near 
the cathode in the tandem; Tandem employs a BPhen:C 60  interconnecting buffer 
layer; Triple employs a second DBP:C 70  sub-cell as the front cell in additional to 
the tandem structure. Measured  J  SC  and  η  P  are spectrally corrected. Errors indicate 
device-to-device variations of samples produced in the same growth cycle; an addi-
tional ≈5% of systematic error applies to  J  SC  and  η  P .     

 Figure 4.    The optimized tandem cell performance: a) Calculated (lines) 
and measured (dots)  EQE  of the front (dash; triangle), back (dash-dot; 
circle) and tandem cell (solid line) using BPhen:C 60  as the intercon-
necting buffer layer; b) Measured 4 th  quadrant  J – V  characteristics for the 
device in (a). Experimental and calculated sub-cell and tandem  J – V  data 
were obtained under 1 sun, AM 1.5G illumination.
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 Here,  J M   and  V M   are the simulated current density and 
voltage at the MPP. The subscript  M  refers to the multijunction 
cell, and 1, 2, … n  refer to each of its sub-cells. According to the 
simulated  J – V  characteristics of the sub-cells in Figure  4 b, our 
optimized tandem cell has Δ η  = 0.28%. This is close to the ideal 
case for a tandem where  J MT  = J M1  = J M2 ,  and  V MT  = V M1  + V M2  . 

 In one further tandem cell structure, we placed the BPhen 
cathode buffer (7 nm, below the Ag contact) with the previ-
ously described high electron conductivity, exciton blocking 
BPhen:C 60  (5 nm)/BPhen (2 nm) compound electron fi lter 
that reduces bimolecular recombination at the buffer/acceptor 
interface. [ 26 ]  The electron fi lter increases  η  P  of the back cell, but 
also increases the  FF  and  J  SC  differences between the sub-cells, 
which ultimately causes a larger mismatch. The current mis-
match results in Δ η  = 4.8%, leading to a slight reduction in  J  SC  
(9.0 ± 0.2 mA cm –2 ) and effi ciency (9.6 ± 0.2%) from the tandem 
in Figure  4 . However, the reduced tendency for bimolecular 
recombination and exciton-polaron quenching suggests that the 
use of this compound buffer can result in improved response 

at high intensity. [ 8 ]  Hence, we measured the responsivity and 
 η  P  from 0.2 sun up to 4 suns intensity of the tandem cells, 
with BPhen or BPhen:C 60 /BPhen as the cathode buffer layers 
(see  Figure    6  ). The responsivity of the tandem cell with BPhen 
decreases from 0.112 ± 0.002 A W −1  to 0.090 ± 0.002 A W −1 , 
while the tandem with the mixed buffer shows only a minor 
(5%) change from 0.092 ± 0.002 A W −1  to 0.087 ± 0.002 A W −1 . 
The tandem cell with the mixed cathode buffer shows no effi -
ciency change up to 1 sun intensity, after which it decreases 
due to series resistance. At 4 suns, both cells exhibit a power 
conversion effi ciency of 9.0%.  

 The previously reported high effi ciency triple-junction cell 
with  η  p  = 9.6% divides the back cell of a polymer tandem struc-
ture into two thinner sub-cells, [ 16 ]  which results in a loss in 
quantum effi ciency since the layer thicknesses are limited by 
solution processing considerations. Vacuum-deposited mul-
tijunction cells avoid this problem, allowing for the fabrication 
of OPVs with an unlimited number of sub-cells. The triple-
junction cell has Δ η  ≈ 20%, suggesting that as sub-cells are 
added into the structure, the current mismatch between them 
increases. Nevertheless, the triple-junction cell has considerable 
room for effi ciency improvements as  Δη  is reduced. 

 In summary, we demonstrated vacuum-deposited small 
molecule OPVs consisting of two or three PM-HJ sub-cells. 
The tandem employs two sub-cells with minimally overlap-
ping absorption spectra. In the DTDCTB:C 60  front-cell, the CT 
absorption feature of C 60  in the green is suppressed in the 1:1 
mixture, enabling the sub-cells to complementarily cover the 
solar spectrum from  λ =  350 nm to 900 nm. The introduction 
of a transparent BPhen:C 60  mixed buffer as the interconnecting 
blocker layer further reduces the absorption loss, thereby 
increasing  J  SC . The optimized tandem exhibits  η  P  = 10.0 ± 
0.2%, with  J  sc  = 9.9 ± 0.2 mA cm –2  under AM 1.5G one sun 
illumination (spectrally corrected). 

 In addition, we fabricated a triple-junction cell by adding an 
additional DBP:C 70  cell as the front sub-cell that absorbs pho-
tons in the second order interference maximum. The calculated 
quantum effi ciency is ≈100% at wavelengths between 400 nm 
to 700 nm, resulting in  η  P  = 11.1 ± 0.2%. The multijunction 
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 Figure 5.    Triple-junction cell: a) device structure schematic and b) optical 
fi eld distribution of the three sub-cells in the stack. c) Measured 4 th  quad-
rant  J – V  characteristics of the optimized tandem and triple-junction cells 
(1 sun, AM1.5G illumination, 25 ± 1 °C). Inset: Calculated quantum effi -
ciencies for the tandem and triple-junction solar cells.
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 Figure 6.    Responsivity ( R ) and power conversion effi ciency ( PCE ) of the 
tandem solar cell with BPhen (7 nm) or BPhen:C 60  (1:1, 5 nm)/BPhen 
(2 nm) as the cathode buffer layer as a function of light intensity up to 4 
suns, AM 1.5G illumination.
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OPV consisting of sub-cells with complementary, or non-over-
lapping spectra, and whose sub-cells are positioned to absorb 
different optical interference orders, showing potential for 
future increases in effi ciency.   

 Experimental Section 
 Devices were grown on indium tin oxide (ITO, sheet resistance of 
15 Ω/sq.) coated glass substrates. All the chemicals were obtained 
from commercial suppliers: DTDCTB, DBP and BPhen (Luminescence 
Technology Corp.), C 60  (MER), C 70  (SES Research), PTCBI (Sensient) 
and MoO 3  (Alfa Aesar). Prior to use, DTDCTB, DBP, C 60  and C 70  were 
purifi ed once using temperature-gradient sublimation. [ 38 ]  

 Prior to thin fi lm deposition, the ITO surface was cleaned in a series 
of detergents and solvents [ 39 ]  and treated with ultraviolet-ozone for 
10 min. All neat fi lms were deposited using vacuum thermal 
evaporation in a chamber with a base pressure of ≈10 −7  Torr at a rate 
of 0.1 nm s –1 , except for the Ag nanoparticle charge recombination 
layer that was deposited at 0.005 nm/s. The components of the 
DTDCTB:C 60  and BPhen:C 60  layers were co-deposited at 0.1 nm s –1 , 
and DBP:C 70  at 0.2 nm s –1 , with the rate for each material adjusted to 
achieve the desired volume ratio. The growth rates and thicknesses 
were monitored using quartz crystal monitors, and calibrated by ex situ 
variable-angle spectroscopic ellipsometry. The 100 nm thick Ag cathodes 
were deposited through a shadow mask with an array of circular, 1 mm 
diameter openings that defi ned the device areas. The device diameters 
were measured using an optical microscope, and ranged from 0.98 mm 
to 1 mm. This 3–4% device area variation is included in the systematic 
error calculations. 

 Following cathode deposition, samples were transferred into a 
glove box fi lled with ultrapure (<0.1 ppm) N 2  for testing. The  J – V  
characteristics were obtained for both the single- and multi-junction cells. 
Measurements were performed vs light intensity using AM 1.5G solar 
illumination (ASTM G173–03) from a fi ltered Xe lamp. Intensities were 
adjusted using neutral density fi lters with no dependence on spectrum 
over the range considered. The cell temperature at 1 sun (1000 W-m −2 ) 
intensity was 25 ± 1 °C, with a measurement time of ≈10 s to avoid 
temperature increase. The intensity was measured using a National 
Renewable Energy Laboratory (NREL) traceable Si reference cell, with 
 J  SC  and  η  P  corrected for spectral mismatch. [ 40 ]  The  EQE  was measured 
using monochromated light from a 200 Hz chopped Xe-lamp whose 
output was focused to under-fi ll the device area, and was calibrated 
with a NIST-traceable Si detector. The spectral mismatch factors ( M ) for 
the sub-cells were calculated from the measured responsivities of the 
samples. Errors in Table  1  correspond to device-to-device variations of 
≈30 devices fabricated on a single substrate in the same run, and the 
measurement of  J  SC  and  η  P  include an additional systematic error of 
≈5%. Devices reported are from the best substrate samples. Structure 
optimization and device performance simulations were carried out using 
the method of Lassiter et al. [ 31,35 ]  

 The device response uniformity was measured using a 2D optical 
scan of a DBP:C 70  single junction cell at a wavelength of 500 nm. The 
light from a monochrometer was coupled to the device using an optical 
fi ber with a core diameter of 10 µm. The current vs fi ber position with 
≈2 µm spatial resolution was then used to create a map.  
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