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ABSTRACT: We have investigated the photovoltaic properties of inverted solar

Inverted structure

cells comprising a bulk heterojunction film of poly(3-hexylthiophene) and phenyl- 70 S, woym
Cg;-butyric acid methyl ester, sandwiched between an indium—tin-oxide/Al-doped ol L ; W SLL

zinc oxide (ZnO-Al) front, and tungsten oxide/aluminum back electrodes. The 5ok, S

inverted solar cells convert photons to electrons at an external quantum efliciency 5 Sovcniloaal s O N P

(EQE) exceeding 70%. This is a 10—15% increase over EQEs of conventional solar
cells. The increase in EQE is not fully explained by the difference in the optical

transparency of electrodes, interference effects due to an optical spacer effect of the o7 \!
metal-oxide electrode buffer layers, or variation in charge generation profile. We 10 m PED \
propose that a large additional splitting of excited states at the ZnO—Al/polymer 0F @G TP vy

interface leads to the considerably large photocurrent yield in inverted cells. Our
finding provides new insights into the benefits of n-type metal-oxide interlayers in
bulk heterojunction solar cells, namely the splitting of excited states and
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conduction of free electrons simultaneously.
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B INTRODUCTION

Polymeric semiconductors exhibit great potential for energy
conversion in photovoltaic devices. They offer unique proper-
ties that enable easy processing from liquid solutions, thereby
allowing for low-cost cell manufacturing over large surface areas
via roll-to-roll manufacturing. Polymer solar cells (PSC) are
composed of a bulk heterojunction (BHJ) photoactive film
formed by mixing semiconducting polymers with electron
acceptor molecules such as fullerenes. A photocurrent is
primarily generated through dissociation of excited states at the
polymer/fullerene interfaces, followed by the transfer of
electrons to the fullerene molecule.! Charge generation and
collection processes are highly dependent on the active layer
morphology. BHJ films must form a phase separated
morphology, characterized by length scales on the order of
exciton diffusion length (~5—10 nm) while maintainin§
bicontinuous percolation paths for the free charge carriers.'~
BH]J solar cells with internal efficiencies of nearly 100% have
been realized upon careful selection of material combinations
and improved BHJ morphology.® Power conversion efficiency
can also be improved through reduction of parasitic losses
originating from reflection® or energy dissipation in nonexciton
generating layers.”

Electrodes and buffer layers play pivotal roles in realizing
efficient, stable and robust PSCs. Conventional PSCs are built
on top of an indium—tin-oxide (ITO) anode, which is often
covered by a buffer layer, typically poly(3,4-
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ethylenedioxythiophene):poly(styrene-sulfonate) (PE-
DOT:PSS).>"® PEDOT:PSS is a moderately conducting
polymer with high optical transparency.® However, it is
inherently acidic and may etch the ITO electrode leading to
indium diffusion into the polymer active layer.” In addition, its
hygroscopic nature may initiate device degradation. Some
reports have shown that PEDOT:PSS is also an inefficient
electron-blocking layer, reducing the efficiency of electronic
devices through electron leakage to the anode electrode.'® For
these reasons, alternative high work function electrodes have
been explored and demonstrated by essentially replacing
PEDOT:PSS with metal-oxides such as molybdenum oxide
(Mo0,),"" tungsten oxide (WO;),"* vanadium oxide (V,05),"
and nickel oxide (NiO)."* Similarly, highly reactive low work
function metal electrodes, which are commonly used in PSCs,
have been effectively replaced by electron transporting metal-
oxides such as TiOx”'® and ZnO.'

The power conversion efficiency of polymer-based solar cells
has been increasing dramatically over the past few years,
currently exceeding 8%.'” This is primarily due to increased
knowledge of the morphological changes imparted by film
processing, utilization of more robust materials, and use of
better electrodes. These advances, together with increased

Received: March 28, 2012
Accepted: July 16, 2012
Published: July 26, 2012

dx.doi.org/10.1021/am300549v | ACS Appl. Mater. Interfaces 2012, 4, 3846—3851


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

lifetimes,'® bring PSCs closer to commercialization. Of
particular interest are recent reports that have shown the
achievement of longer lifetimes in inverted solar cells."”*°
Optimized inverted solar cells deliver respectable power
conversion efficiencies. For example, inverted solar cells with
an active layer of poly(3-hexylthiophene) and a fullerene
derivative molecule indene-Cg, bis-adduct has been shown to
exhibit an efficiency of 6.2%,>" while a blend of a low bandgap
polymer poly[N-9”-hepta-decanyl-2,7-carbazole-alt-5,5-(4’,7'-
di-2-thienyl-2',1’,3’-benzothiadiazole)] and a fullerene deriva-
tive [6,6]-phenyl C,-butyric acid methyl ester delivered an
efficiency of 6.3%."” A certified 7.4% power conversion
efficiency was recently published by C. E. Small et al, >
which affirms the competitiveness of inverted solar cells with
conventional structures. Most inverted solar cells are also
known to zield more photocurrent relative to conventional
solar cells.””~° There have been several explanations in recent
reports for the observed photocurrent increment in inverted
cells. Typically, the increased photocurrent was attributed to
improved optical transmittance,”*** and improved charge
collection efficiency.”* However, it has been noted that unlike
in the conventional PSCs,® the thin metal-oxide layers of
inverted solar cells exhibit negligible positive optical spacer
effects.”®

In this study, we discuss the photovoltaic properties of the
bulk heterojunction layer of poly(3-hexylthiophene) (P3HT)
and phenyl-C6,-butyric acid methyl ester (PCBM) in inverted
structures employing glass/ITO/Al-doped zinc-oxide (ZnO-Al)
cathode, and a tungsten-oxide (WO;)/aluminum anode.
Inverted solar cells with an ~80 nm blend layer convert
incident photons to electrons at external quantum efficiency
(EQE) exceeding 70%. The EQE of similarly made and
optimized conventional cells, with an ITO/PEDOT:PSS anode
and a Ca/Al cathode, barely exceeds 60%. The conductivity and
optical transparency (and reflection) of electrodes were shown
to have some minor effects on photocurrent yield.***® Here, we
present strong evidence demonstrating that the extra current
generated in inverted solar cells originates primarily from the
photocarriers generated by the dissociation of excited states at
the metal-oxide/P3HT interfaces. We discuss our findings
derived from photovoltaic, photoluminescence, and optical
characterizations of photovoltaic devices utilizing a
P3HT:PCBM photoactive layer and glass/ITO/ZnO-Al, or
glass/ITO/PEDOT:PSS bottom electrode.

B EXPERIMENTAL SECTION

Device Preparation. Inverted solar cells were built on glass/ITO
(140 nm) substrates covered with a ZnO-Al layer, which was
deposited using a pulsed laser deposition (PLD) technique. The PLD
technique offers capabilities for making uniform and reproducible
films. The deposition of ZnO-Al was performed at a temperature of
200 °C under 10 mTorr O, pressure, using a ZnO:Al20; (98/2 wt %)
target. The glass/ITO substrates were thoroughly cleaned using
acetone and isopropanol prior deposition of the ZnO-Al layers. The
thickness of the ZnO-Al layer was typically ~50 nm. Conventional
solar cells were also built on glass/ITO substrates, which were covered
by a ~30 nm thick PEDOT:PSS (CLEVIOS P VP Al 4083) layer. A
solution of P3HT/PCBM (1:0.8, wt%) was spin-casted on the
substrates from a 18 mg/mL 1,2-dichlorbenzene solution. Partially wet
blend BHJ films were allowed to dry in closed Petri-dishes for about
10 to 15 min and subsequently thermally annealed at a temperature of
140 °C for 10 min. The resulting blend film was ~80 nm thick. The
P3HT and PCBM were purchased from Rieke metals and Nano C,
respectively, and used as received. Finaly, Tungsten oxide (WO;, 3
nm) and aluminum (100 nm) layers were subsequently thermally
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evaporated on top of the active layers under a shadow mask in a base
pressure of 1 X 107 mbar. For conventional cells, a calcium (10 nm)/
Al (100 nm) electrode was thermally deposited on top of the blend
layer. Inverted or conventional only P3HT-based photocells were also
fabricated following the same procedures. The P3HT was casted from
a chlorobenzene solution and gives a thickness of ~40 nm. For
photoluminescence measurements, pure P3HT film (~ 25 nm) was
casted on a glass substreate which was partially covered with a layer of
ZnO-Al All P3HT films were annealed at a temperature of 140 °C for
10 min.

Measurements. Current—voltage characteristics of the solar cells
were measured using a Keithley 2400 source meter. The photovoltaic
characteristics of the solar cells were recorded under a simulated A.M.
1.5G (1000 W/m?) solar illumination from a Newport solar simulator.
To measure an external quantum effeciency, a photocurrent generated
by an incident chopped monochromatic light was recorded using a
lockin amplifier. The procesing and characterization of the solar cells
were all done in a nitrogen filled glovebox (H,O < 0.1 PPM; O, < 0.1
PPM). Optical transmission measurements were done using a normal
incidence reflection/transmission upright microscope with a conven-
tional 4x microscope objective. Reflected light was collected by an
optical fiber and analyzed with a monochromator equipped with a
cooled CCD array. The light source and optical setup were normalized
to a UV-enhanced aluminum mirror. Photoluminescence (PL)
measurements of P3HT-only samples were done in a similar fashion
but replacing the light source with a 532 nm CW laser light (~2 mW)
and adding a 532 line filter in the incident light path and a
complementary 532 long-pass filter. Importanty, the sample was
mounted in a microscope-compatible vacuum chamber (base pressure
1 X 107° mbar) to prevent PL degradation originating from quenching
of excited states by oxygen.”” PL spectra recorded in air degrades with
time, which would have made comparative studies impossible.

B RESULTS AND DISCUSSION

Our investigation is focused on fabricating and characterizing
inverted and conventional solar cells having an 80 nm thick
P3HT:PCBM (1:0.8, wt.) photoactive film. This thickness was
chosen for two reasons. First, the first P3HT optical
interference maxima falls within this range.28 Second, according
to our previous report, the electron and hole transport lengths
(340, and 90 nm, respectively) for the PBHT:PCBM blend film
exceed the 80 nm film thickness.”” This implies that the
number of charges collected at electrodes should remain
comparable for the inverted and conventional solar cells
assuming the BHJ film morphology remains similar in both
devices. For simplicity, the studied devices are identified as
follows:

e Device 1: glass/ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al
(conventional structure)

e Device 2: glass/ITO/ZnO-Al/PEDOT:PSS/
P3HT:PCBM/Ca/Al (conventional structure)

e Device 3: glass/ITO/ZnO-Al/P3HT:PCBM/WO;/Al
(inverted structure)

The photovoltaic characteristics of all devices are displayed in
Figure 1. Both the inverted and conventional cells exhibit good
performance (17, ~3.6 vs 4.6%), typical of P3BHT:PCBM based
solar cells. A 10—15% increase in photocurrent yield was
measured in the inverted cells (Device 3) compared to the
reference conventional cell (Device 1). This result is one of the
best ever recorded for PSCs having a ZnO-Al front electrode.”

The open-circuit voltage (V,.) and fill factor (FF) of the
inverted solar cells are, however, reduced compared to that of
the conventional cells. The decrease in FF and V_ are currently
under investigation. Preliminary results indicate that intrinsic
traps within the ZnO-Al layer as well as backflow of charges
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Figure 1. Photovoltaic parameters of ITO/PEDOT:PSS/
P3HT:PCBM/Ca/Al (Device 1), ITO/ZnO-Al/PEDOT:PSS/
P3HT:PCBM/Ca/Al (Device 2) and ITO/ZnO-Al/P3HT:PCBM/
WO,/Al (Device 3).

may play crucial roles in the reduction of FF and V. in the
inverted devices. In order to corroborate this we have
converted one of the inverted solar cells to a conventional
cell architecture by casting a 30 nm PEDOT:PSS layer on top
of the glass/ITO/ZnO-Al substrate (Device 2). As shown in
Figure 1 the performance of this particular device is nearly
equal to that of the conventional reference cell (Device 1), and
both the FF and V. are now considerably increased. It is,
noted, however that J,. is decreased when PEDOT:PSS was in
the inverted cell as in Device-2. Open circuit-voltages of BH]
devices are mainly determined by the energy of the polymer/
fullerene interfacial charge transfer states in devices with
perfectly conducting and ohmic electrodes.**™>* As our main
concern is focused on the origin of photocurrent increment, the
differences in V. and FF do not affect our analysis and
conclusions.

The photocurrent enhancement is evident in the external
quantum efficiency of the devices as shown in Figure 2. The
EQE spectra show that the photocurrent increase is realized
throughout all regions where P3HT absorbs. The EQE of the

inverted solar cells exceeds 70%, which is typical of other
inverted solar cells.”>*® The conventional cell may suffer from
optical loses in the PEDOT:PSS layer since it is not perfectly
transparent in the visible sun energy spectrum. This seems to
support the typical explanation of better optics as the reason for
larger short-circuit current (J,.) in inverted solar cells.
According to previous reports, the increased photocurrent
recorded in inverted solar cells was attributed to improved
optical transmittance,”>*® and improved charge collection
efficiency.”* To explore the origin of current increase in
inverted cells in more detail, we have characterized the optical
transmission and reflection spectra of the front electrodes as
well as that of the complete solar cell devices (See Figure 3).
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Figure 3. Reflection characteristics of (a) the various front electrodes
and (b) full solar cell devices. The transmission spectra of the front
electrodes are displayed in (c). All the measurements were carried out
at normal incidence.

The front electrodes of Device 1 and Device 2 have very similar
transmission in the high wavelength region (>~$50 nm).
Below 550 nm, the contact of Device 2 is less transparent and
more reflective. On the other hand, the contact of Device 3 is
less transparent in the wavelength region exceeding ~450 nm
compared to the contacts of both Device 1 and 2. Device 2 has
a somewhat higher reflection response, and this has probably
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Figure 2. External quantum efficiency (EQE) spectra of ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al (Device 1), ITO/ZnO-Al/PEDOT:PSS/
P3HT:PCBM/Ca/Al (Device 2), and ITO/ZnO-Al/P3HT:PCBM/WO,/Al (Device 3) (left figure). The inverted devices show higher EQE as
compared to the conventional devices. The figure in the right represents EQEs of two inverted solar cells having WO; layers of different thicknesses.
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contributed to its reduced photocurrent as compared to the
inverted cell. However, the overall photovoltaic performance of
Device 2 is nearly equivalent to that of the reference cell except
for the slightly smaller photocurrent, which may be assumed to
be in accord with the measured differences in their optical full
device reflection losses (Figure 3b). Thus, the trend of the
measured optical transparency and reflection is not in a linear
correlation with the observed increase in photocurrent in
inverted devices. In the complete devices, the incident light
intensity distribution within the organic film is strongly dictated
by reflection and interferences. The latter is directly correlated
with the total number of absorbed photons within the active
layer. To consider these optical effects, we have calculated the
total number of absorbed photons in each complete cell using
the transfer matrix method. The total number of absorbed
photons in the cells is nearly equivalent as shown in Figure 4a.
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Figure 4. (a) Total number of photons absorbed in each device, and
(b) the corresponding internal quantum efficiency.

However, the internal quantum efficiency (IQE) shows a clear
difference as depicted in Figure 4b. IQE is described by exciton
diffusion, charge transfer, and charge collection effeciencies.>*
Device 3 has a significantly larger IQE in comparison to that of
Device 1 and 2. Comparing the IQEs of Devices 1 and 2, one
recognizes no clear overall difference but they have differing
IQEs at various regions of the solar spectra.

Interfacial buffer layers in the back contact, such as WOj,
may act as optical spacers as well and manipulate the optical
interference within the active layer.” Although this was found to

be negligible for inverted solar cells with thin back oxide
layers,”® we have used a 3 - 4 nm thick WO layer in order to
reduce the optical spacer effect, if, in fact, there is one. We have,
however, observed a small photocurrent reduction (~1—2%)
on changing the WO; thickness from 3 to 11 nm. (See Figure
2, right) Moreover, as discussed previously, the fact that the
carrier transport lengths exceeded the active layer thickness™
implies negligible differences in the number of free carriers
reaching the electrodes. We have previously shown that this
scenario will change for thick films as more holes start to be
generated near the back electrode® and in this case the
conventional reference cell starts to produce more current than
the inverted cell. Overall then, we see minor differences from
an optical perspective, and therefore incapable of explaining the
enhanced current in inverted devices.

In order to explain the extra-current, we have looked at the
problem from a different perspective. ZnO is a known electron
accepting and transporting material.”*>** We have made a
systematic study of the charge transfer characteristics of glass/
ZnO-Al/P3HT samples using emission spectroscopy. The
latter involved recording of the photoluminescence (PL)
properties of P3HT films cast on a glass substrate with one-
half-coated with a ZnO-Al layer. Excitation and collection of PL
emitted light was performed on the P3HT film side in order to
avoid effects of light scattering through the substrates. The laser
excitation wavelength is near the maximum absorption peak of
P3HT (550 nm), whereas it is not absorbed at all by the ZnO
layer. The PL data recorded by probing at various locations of
the sample are shown in Figure S. A substantial reduction in PL
intensity was recorded in the presence of the ZnO-Al film.
Although the P3HT:PCBM BHJ films exhibit complete
quenching, we believe that P3HT chains lying near the ZnO-
Al interface may preferentially transfer electrons to the ZnO-Al
layer thereby producing a photocurrent. The availability of pure
P3HT at the ZnO-Al interface is plausible since vertical phase
separation is known to occur in films of polymer/PCBM
blend.*® Vertical phase separation in BHJ films of inverted cells
has recently been under discussions. Y. Vaynzof et al.*® have
shown formation of 1-2 nm PCBM-rich layer at a ZnO/
P3HT:PCBM interface, whereas the same amount of P3HT-
rich layer was found at the air interface. This conclusion was
reached based on XPS depth profile and UPS studies. On the
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Figure S. Photoluminescence spectra of P3HT film casted on a glass substrate half-covered with a 50 nm ZnO—Al layer. The dip in the right PL
curve is due to a scratch on the P3HT film to mark the ZnO boundary.
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contrary, using an XPS depth profile analysis, H. Cheun et al.*’
have recently shown a preferential enrichment of a P3HT-rich
phase adjacent to the bottom ZnO substrate. The latter report
suggested that the relatively hydrophobic nature of the ZnO
layer (contact angle about 64°) may agitate P3HT to segregate
toward the ZnO layer, which is also consistent with other
reports (ref 34). We have measured the contact angle of ITO/
PEDOT:PSS and ITO/ZnO-Al substrates and found a value of
9 and 62° respectively. The relatively hydrophobic ZnO-Al
substrate may allow accumulation of more P3HT chains near
the ZnO-Al/Blend interface compared to the highly hydrophilic
PEDOT layer. The observed quenching of excited states at the
ZnO-Al/P3HT interface should yield photocurrent in solar
cells. With the aim of exploring the extent of this interface
generated current, two types of solar cells comprsing ~40 nm
of P3HT layer were made, viz. ITO/PEDOT:PSS/P3HT/Ca/
Al and ITO/ZnO-Al/P3HT/WQO;/Al. The first cell is not
expected to produce substantial current since no exciton
quenching layer is included in the cell. This indeed is the case
as observed from the experimental result displayed in Figure 6.
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Figure 6. Photovoltaic characteristics of solar cells comperising only
P3HT as a photoactive layer-ITO/PEDOT:PSS/P3HT/Ca/Al (left)
and ITO/ZnO-Al/P3HT/WO,/Al (right).

The inverted solar cell has resulted into a 10-fold increase in
photocurrent yield and a decent fill factor. The photocurrent
generated at the ZnO-Al/P3HT interface, however, is subject
to losses mainly due to back recombination as reported
previously.>* *!' This losses can be remedided through
interfacial modifications.***" The aforementioned loss has
been observed for our ZnO-Al/P3HT device. Clear changes
in photocurrent were observed after an ultrathin layer of a
ruthinium dye N719 was adsorbed onto the ZnO-Al layer (see
Figure 28S in the Supporting Information). N719 forms a dipole
at the P3HT/ZnO-Al interface, which shifts the interface
energy offset resulting in reduced charge backflow.***!
According to a recent report, a simple interfacial engineering
of a BHJ inverted solar cell has resulted into an effeciency
surpassing 8%, whereas a 6.1% effeciency was achieved in
nonmodified devices.** In general, despite the observed loss,
the photocurrent generated at the ZnO-Al/polymer bilayer
almost approaches the photocurrent change observed earlier
between the inverted and conventional bulk heterojunction
devices. These results imply that thin films of n-type metal-
oxides, integrated into BHJ organic solar cells, have potential
for quenching excited states created at the metal-oxide/polymer
interface. Moreover, the electrons that are directly transferred
to the metal-oxide are the most effectively collected since losses
are minimum compared to the ones created in the bulk of the
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BHJ material through exciton quenching at the PCBM/
polymer interfaces. This apparent multifunctionality of the
metal-oxide layers is a very important characteristic which has
not been previously considered in BH] based solar cells. This
attractive feature of the inverted solar cells could be benefecial
for fabrication of cost-effective thin layer organic solar cells if
the detrimental aspects of the inverted architecture can be
ameliorated.

B CONCLUSIONS

Inverted solar cells with glass/ITO/ZnO-Al transparent front
electrodes convert incident photons to electrons at an efliciency
exceeding 70%. We have shown that, compared to conventional
cells with ITO/PEDOT:PSS anode, the inverted cells yield
more photocurrent primarily due to a high probability of
additional carrier generation at the ZnO-Al/P3HT interface.
This investigation gives new insights into the role of metal-
oxide layers in BHJ organic solar cells.
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Calculated total and measured reflectance of conventional and
inverted solar cells, and the external quantum efficiency of
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