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ABSTRACT: Photodegradation of inverted organic solar cells based on ZnO 1.00 - e L

as an electron transport layer (ETL) was studied over short time scales of S R

min and 8 h. Devices with ZnO as ETL reproducibly exhibited a steep loss of  ¢.951 .

open-circuit voltage, V¢, and shunt resistance, Rgy, in a matter of minutes 3 o..

upon illumination. Removing the UV-content of illumination minimized Vo S 0.90- ~a.. a.

loss and impact on the device’s shunting behavior, indicating its role in the 3 Choice of Electron Transport Léi/e.r' “Q--... 0
loss. Application of an ultrathin layer of Al on ZnO led to almost negligible % 0851 _@ 7no (Vo)

photoinduced Vi loss up to 8 h of exposure. By applying the fundamental go s ~*O° ZnO (PCE)

Shockley diode equation, we approximated the Vi loss to be caused by =" | —e— zno/Al (V)

dramatic increases in reverse saturation current I, We attribute the increased 075 -0 ZnOJ/AI (PCE)

rate of recombination to diminished carrier selectivity at the ZnO/organic ' i i . i .

interface. Devices with Al modified ZnO ETL demonstrated remarkable Rgy 0
(1.4 kQ cm? at 1 sun), rectification ratio (10°) and reverse saturation current
density (2.1 X 1077 mA/cm?).
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1. INTRODUCTION

The use of organic photovoltaics (OPV) as a renewable energy
source has great promise due to the low monetary and energy
costs of production and a potential for lightweight and flexible
substrate implementation. High power conversion efficiency
(PCE) organic solar cells (OSCs) have traditionally revolved
around the use of polymer light absorbing materials in bulk-
heterojunction (BHJ) devices, but recently been surpassed by
multijunction tandem cells and the use of small molecules,
exceeding device conversion efficiencies of 10%."~* Plastic solar
cells, as a technology, have thus proven competitive with Si
based inorganic solar cells.

However, in order to realize the commercialization of OPV,
another important aspect to consider is the reliability, or
lifetime, of modules. Problems faced regarding the stability of
OSCs include factors such as the chemical®® and photo-
instability”® of the light absorbing medium, thermally induced
phase changes,” interfacial breakdown due to ion-exchange'
and oxidation''™"* nonexclusively. To counter some of these
issues, the “inverted” geometry in cell architecture was
introduced. As opposed to the “conventional” geometry, the
cathode is bottom-lying, while the anode is surface facing. This
minimizes ambient exposure for the low work-function metal,
or excludes altogether the use of such metals, using electron
transport layers (ETLs) instead to promote electron extraction.

n-Type metal oxides such as TiO, and ZnO have seen
extensive use in OPV as ETL,M_17 as well as functioning as
recombination layer in tandem cells."”'® Besides their
application in OPV, both TiO, and ZnO have also been
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reported to be used as electron extraction layers in other types
of solar cells such as dye-sensitized'®™>" and the more recent
perovskite solar cells.”>** Devices prepared with ETLs based on
TiO, commonly require an extensive ultraviolet (UV) light-
soaking process to “activate”, otherwise presenting an S-shape,
or inflection, in its current-bias curve.** Although the nature of
this S-shape is still of debate, the need for extensive UV light-
soaking in TiO, based inverted OSCs is both detrimental to the
stability of the organic light absorbing materials and impedes its
photovoltaic function. For these reasons the use of ZnO as
electron transport layer (ETL) is more desirable.

There are numerous reports of OSCs with ZnO based ETLs
demonstrating excellent shelf lifetimes.'”>> While the shelf
stability of ZnO based OSCs are unquestionable, the amount of
reports made thus far regarding their operational stability is
notably scarce. Careful scrutiny has to be made in this instance,
as shelf storage conditions typically involve a lack of both
illumination and encapsulation, presenting little information
regarding the OSCs’ photochemical stability. Both factors are
unrealistic: the former contradicts the function of a solar cell,
whereas in the latter case, inverted devices have been noted to
“self-heal” with the Ag anode oxidizing at the Ag/hole transport
layer (HTL) interface and improving hole extracting proper-
ties,”**” but could be counter-productive if the organic light
absorbing layer was exposed similarly to air during operation.
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Figure 1. (a) Device architectures of inverted organic solar cells using a ZnO and Al-modified ZnO as electron transport layers, respectively. (b)
Optical transmission profiles of ITO, ITO/ZnO and ITO/ZnO/Al electrodes.
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Figure 2. Changes in the current—voltage behavior of devices with (a) ZnO ETL under simulated sunlight for S min, (b) ZnO ETL under UV-
filtered simulated sunlight for 8 min (“before UV” describes a fresh device prior to any form of light exposure; the device displays inflections similar
to devices with unactivated TiO, layers in literature, “0 min” refers to the device having been briefly exposed to 10s of unfiltered AM1.5G light to
active ZnO photoconductivity) and (c) Al-modified ZnO ETL under simulated sunlight for S min. Shifts in device (d) V¢ and (e) normalized PCE

tracked over light exposure duration.

In one example, Manor et al. reported the formation of
shunting channels in ZnO at the ZnO/organic interface
following photoaging under concentrated simulated sunlight.”®
This was marked by a significant loss of Vi5¢, and a decrease in
shunt resistance (Rgy). While the article focused on the loss of
Rgyy in correlation with an increase in photoconductivity of the
ZnO layer, there was a lack of adequate mention of or
explanation for the decrease in V. In another instance,
Kuwabara et al. also reported on the photoaging of inverted
OSCs employing the use of ZnO ETL prepared using different
annealing temperatures.” Although neither increased shunting
nor diminished V¢ values were explicitly commented upon, it
does indicate that the UV content of simulated sunlight has an
important role to play in the photovoltaic performance of these
devices.
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Considering the importance of ZnO in varied forms of solar
cells, both conventional and state-of-the-art, and a distinct
shortage of understanding regarding the nature of its impact on
the operational lifetime of said devices, we feel that further
investigations is due regarding the reported Vi loss in ZnO
based inverted OSCs and the role UV-illumination might have
to play in it.

In this work, we examine the degradation of inverted OSCs
based on a ZnO ETL under operational conditions, both with
and without UV content. We show that these devices undergo a
significant matter of minutes loss in Vi, the occurrence of
which is dependent on the availability of UV light, and attempt
to offer an explanation for this phenomenon. By applying a
technique we recently demonstrated,***' we simultaneously
demonstrate an enhancement in the performance of the device
and sequester the substantial V¢ loss by modifying the surface

DOI: 10.1021/am507056h
ACS Appl. Mater. Interfaces 2015, 7, 1608—1615


http://dx.doi.org/10.1021/am507056h

ACS Applied Materials & Interfaces

Research Article

energetic profile of the ZnO ETL by applying an ultrathin layer
of Al. We further relate these changes to the concept of charge
selectivity at the carrier extracting contacts that has been shown
elsewhere to influence the photovoltaic properties of OSCs.*>*?

2. EXPERIMENTAL SECTION

Device Fabrication. Two types of devices based on the use of a
poly(3-hexylthiophene-2,5-diyl):phenyl-C61-butyric acid methyl ester
(P3HT:PCBM) BH]J light absorbing layer with an inverted
architecture were studied. The two types of devices are inverted
OSCs with ZnO ETLs and a variant with the ZnO layer surface
modified by the application of an ultrathin layer of metallic Al via
thermal evaporation. The structures can be described as glass/ITO/
ZnO/P3HT:PCBM/MoO;/Ag and glass/ITO/ZnO/Al/
P3HT:PCBM/Mo0O;/Ag respectively (Figure la). Optical trans-
mission profiles of the two cathodic arrangements are shown in
Figure 1b.

The devices were fabricated on prepatterned ITO glass substrates
with sheet resistance of 13—16 Q/[] that were cleaned by sonication
in a sequence of solvents: detergent, deionized water, acetone and
isopropyl alcohol. Prior to ZnO layer deposition, the substrates were
cleaned by microwave induced argon-sputtering. ZnO was deposited
on the substrates by spin coating solutions of ZnO dissolved in
NHj;(aq) at 3000 rpm, followed by thermal annealing at 150 °C for 20
min to result in a 15 nm thick ZnO layer. The ZnO-based solution in
aqueous NH; was prepared as previously described>* The organic
light absorbing layer was deposited by spin coating a solution of a
P3HT (Rieke Metals) and PCBM (Nano-C) blend (20 mg and 16
mg/mL respectively) in dichlorobenzene. The organic layers were left
to dry for 2 h before thermally annealed at 140 °C and capped with an
anode comprising a MoO;/Ag bilayer (S nm, 100 nm) applied via
thermal evaporation in vacuo (2 X 10™* Pa). In the instance of devices
with an Al-modified ZnO ETL, a thin layer of Al (1.2 nm) was applied
via thermal evaporation in vacuo (2 X 107* Pa) prior to the deposition
of the organic layer. AFM topographical images of ZnO and Al-
modified ZnO films are shown to be relatively similar in surface
roughness (Figure S1, Supporting Information).

Device Characterization. The current—voltage characteristics of
the devices were measured with a Keithley 2400 SourceMeter under
100 mW/cm?* (AM 1.5G) simulated sunlight (San-Ei Electronics, XES-
70S1). Shadow masks were used to define the active area (0.09 cm?).
Photodegradation of the devices was conducted under modified ISOS-
L-1 conditions: the samples were illuminated by the same simulated
sunlight source at 1 sun intensity in a glovebox with chemically inert
atmosphere (N,, < 1 ppm of O, and H,0) and under open-circuit
conditions. Temperature of the devices were maintained within 25—30
°C by gas cooling during the aging process to minimize thermally
induced degradation effects.

3. RESULTS AND DISCUSSION

We first probe the initial photovoltaic performance and
subsequent short-term degradation of the described inverted
devices under illumination, as summarized in Figure 2. This
short-term degradation describes the “burn-in” process in the
degradation of a device. Commonly regarded in most lifetime
studies as a period of time taken by the OSC to stabilize, this
burn-in is often not included in most lifetime studies. However,
it is also often responsible for a steep loss in device
performances and should be considered if possible to mitigate.
Figure 2a shows the evolution of the current density—voltage
(J-V) curve of an inverted OSC based on a P3HT:PCBM
blend and a ZnO ETL (device A) under continuous simulated
sunlight. Device A yields an initial PCE of about 3.2%
comparable to literature performances, and displays neither
significant inflection point behavior nor shunting reported
elsewhere. However, the efficiency of the device rapidly
deteriorated to ~87% of its initial performance after 5 min
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exposure (Figure 2e). Shifts in its J—V curves attribute this
considerable loss in device PCE to a steep decrease of its Vi
value from 0.57 to 0.53 V. This change in V5 was tracked over
time in Figure 2d. The Rgy value approximated from the
reciprocal of the zero bias gradient also showed a concurrent
decline from about 1.2 to 0.6 kQ cm?, indicating an increase in
the shunting of photogenerated charges. This agrees with the
observation made by Manor et al, albeit not at the same
magnitude.28 On the other hand, minimal changes in short-
circuit current density (Jsc) were observed due to the short
duration of exposure which limits the amount of photo-
bleaching in the organic layer.

Figure 2b shows the J—V curves for a similar ZnO based
inverted OSC under illumination, except with UV light content
excluded through the application of an UV long-pass filter with
a cutoff at 400 nm (device B). A fresh device B with no prior
exposure to UV content yielded an inflection around the Vi
point. Even after 1 min of UV-filtered AM 1.5G light-soaking,
the inflection point did not diminish. However, upon 10 s light-
soaking in full AM 1.5G simulated sunlight, the inflection point
disappeared (Figure 2b “0 min”). This suggests that small
quantities of UV illumination are still necessary for the
induction of photoconductivity in the ZnO layer, not unlike
extensive light-soaking for TiO,. Subsequent photoaging of the
activated device under UV-filtered simulated sunlight revealed
little changes in V¢, as shown in Figure 2d. Unlike in device A,
there was negligible change in the shunting behavior of device
B under UV-filtered illumination, maintaining a Rgy of about
1.3 kQ cm’ throughout. To account for the diminished
irradiance due to the use of an UV filter, device B was aged for
up to 8 min as opposed to S min. To put into perspective, the
device produced Jc values of 7.1 and 8.1 mA/cm? with and
without UV filtration, respectively. Comparisons between the
J—V characteristics of devices A and B indicate a possibility that
UV illumination is entirely responsible for the observed rapid
deterioration in V¢ and Rgy.

To identify whether this UV-induced V¢ loss is caused by
effects within the organic bulk or at the contact interfaces, the
same photoaging process was carried out on a device with a
modified ZnO ETL, wherein an ultrathin layer of Al was
evaporated onto the surface of the ZnO film (device C). For
convenience, we address this ETL as ZnO/Al However, due to
the low reduction potential of Al and the low thickness of the
evaporated Al, it is unlikely to remain in elemental form. The
ZnO/Al ETL resulted in an enhanced PCE of about 3.3% in
device C. This minor improvement can be ascribed to an
increase in the initial V¢, from 0.57 to 0.59 V. Similar to
previous reports wherein thin layers of Al are evaporated onto
metal oxides layers, a decrement in surface work-function is
expected following Al oxidation by the ZnO layer, or by
ambient oxygen.””>"*> We also find that device C exhibits no
inflections in its J=V curve prior to UV-exposure, suggesting
that the ZnO ETL benefitted from improved electron
conductivity from an n-doping-like effect from the added AL
In addition to a slight improvement in its photovoltaic
performance, the use of a ZnO/Al based ETL in device C
appears to render it robust under illumination. When light-
soaked for S min, no appreciable changes in its J—=V
characteristics were observed (Figure 2c). The shift in Vo
for device C from S min light-soaking is minor (6 mV) relative
to that for device A (38 mV). Similar to device B, the Ry value
under illumination remains unchanged with prolonged
illumination, maintaining a value of 1.4 kQ cm” The smaller
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shift in V¢ and Rgy here suggests that the processes linked to
the observed photodegradation is primarily located at the ETL/
organic interface.

The significance of the burn-in degradation process on the
long-term performances of these devices was highlighted by
extended photoaging up to 8 h; continued decay in Jsc, Voc
and PCE parameters were tracked in Figure 3a,b,c, respectively.
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Figure 3. Normalized values of (a) Vo, (b) Jsc and (c) PCE tracked
over 8 h of photodegradation for devices with variable transport layers
and aging conditions. The results were derived from averaging the
performances of four diodes for each testing condition.

A 32% and 18% loss in PCE for device A and device C,
respectively, can be linked to a decrease in Jsc, which appears to

be independent of ZnO modification. This damage could be
due to either the use of a MoO; hole-transport layer or the
presence of trace oxygen or moisture in the glovebox as the Js¢
of inverted OSCs using PEDOT hole-transport layers have
been reported as stable under dry nitrogen.”® Although the
reason for this Jgc loss is unclear, it does not detract from the
obvious point that V¢ values for both devices B and C are
relatively stable over long-term photoaging, which continued to
decay for device A, as demonstrated in Figure 3c.

To explain the initial improvements in photovoltaic perform-
ances between devices A and C, we examine the surface energy
profile of the two cathodic assemblies, ITO/ZnO and ITO/
ZnO/Al, via ultraviolet photoelectron spectroscopy (UPS)
using He I excitation energy (21.22 eV), as shown in Figure 4a.
The pristine ZnO film prepared by us was determined to have a
surface work function of 4.21 eV within the range of previously
reported values.***” In comparison, the surface work function
of Al-modified ZnO film was calculated to be 3.93 eV. The
approximately 0.3 eV reduction in work function between ZnO
and ZnO/Al is expected to increase the built-in voltage across
the organic bulk in the photodiode, improve the electron
extraction properties of the cathode, and thus increase the V¢
of the device as observed above. The valence band maximum
(VBM) can be additionally determined from the high kinetic
energy cutoff of the UPS spectra, and has been detailed in an
energy level diagram of the cathode, interlayers, and the organic
bulk materials relative to vacuum level in Figure 4b. The VBM
for ZnO at the film surface is approximated at 7.1 eV below
vacuum level, whereas the VBM for the ZnO/Al surface is at
8.0 eV below vacuum level. In general, a lower work function
for the Al-modified ZnO cathode is expected to improve
electron extraction kinetics, while the deeper VBM increases
hole barrier heights and impedes hole transport across the
interface. Overall, the application of an ultrathin Al layer greatly
enhances the electron selectivity and hole-blocking properties
of the ZnO transport layer. When both types of ETLs have
been placed under 10 min of 300 mW/ cm? UV illumination, we
found that their work functions increased by 0.13—0.14 eV
similarly. Although this coincides with the general trend of V¢
degradation observed in aged devices A and C, the disparity
between V¢ losses and cathode work function increases for the
two devices suggests a loss mechanism besides simply a change
in built-in potential.

The relationship between charge selectivity of electrical
contacts in solar cells and the observed Vi losses can be
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Figure 4. (a) He I UPS spectra of the surface of ITO/ZnO and ITO/ZnO/Al before and after illumination. (b) Approximate energy level diagram of

ITO, ZnO, ZnO/Al, PCBM and P3HT.

1611

DOI: 10.1021/am507056h
ACS Appl. Mater. Interfaces 2015, 7, 1608—1615


http://dx.doi.org/10.1021/am507056h

ACS Applied Materials & Interfaces

Research Article

1000

a)ZnO ETL

J (mA/cm?)

b) ZnO ETL with UV filter

¢) ZnO/AI ETL

0.01

vV (V)

d) —=—7Zn0O ETL
—e—ZnO ETL with UV filt.
| ——2ZnO/Al ETL

40.01

41E-3

4 1E-5

VU

-o
Y
-

ZnO (meas.)
ZnO UV filt. (meas.)
ZnO/Al (meas.)

e

§ 8
41E-4

g >

_,O

+ 1E-6

1E-7

Time of illumination (hr)

ZnO (calc.)
ZnO UV filt. (calc.)
ZnOJ/Al (calc.)

0.3 T T T T
0 2 4 6 8

Time of illumination (hr)

Figure S. Dark J—V curves of devices with (a) ZnO ETL, (b) ZnO ETL with UV-filtered illumination and (c) Al-modified ZnO ETL at 0, 1, 2, 4 and
8 h of total illumination duration. The dotted lines describe the exponential fit of the dark J—V curves to the Shockley diode approximation of | = J;
exp(qV/nkT). (d) Ideality factor n (solid line, solid point) and reverse saturation current density J, (dotted line, hollow point) parameters estimated
from the dark J—V curves. (e) Approximation of Vi values (dotted line, hollow point) derived from the Shockley diode parameters n and J, against

experimentally observed Vi (solid point).

understood from assessing their fundamental diode parameters.
The Shockley diode equation for a nonideal photodiode is
expressed as follows>®

V- IR V- IR
1= Io(exp(u) - 1) - —41,

nkT Ry (1)

where I describes the diode current, I is the diode reverse
saturation current, Iph is photoexcitation current, q is the
electron charge, V is the applied bias, Ry and Ry are parasitic
series and shunt resistances, n refers to an ideality factor, k the
Boltzmann constant and T the temperature in Kelvin. I,
describes charge recombination of a diode in the dark, and
thus implicitly quantifies the leakage of minority carriers due to
poorly selective electrical contacts. Consequently, more greatly
selective electrical contacts would result in lower I, and the
converse is expected to be true. For greater clarity, a selective
contact can be defined as one which preferentially extracts
majority carriers and blocks both collection and injection of
minority carriers via high energy barriers.”

By approximating negligible Rg and infinite Ry, fitting of the
natural logarithm of I against V under dark conditions and
intermediate bias allows for the estimation of both n and I, (eq
2).

qv
nkT )
Manipulation of eq 1 under open-circuit conditions (I, = —Isc,

I=0, V="Vyc) and assuming minimal resistive losses (Rgy >
Ry, Rg =~ 0) yields the following relationship:

InI~Inl, +
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Equation 3 indicates that the V¢ of a photodiode in operation
is governed mainly by n and I;. By estimating these parameters
via eq 2, we can attempt to explain the observed Vi loss.
The dark J=V curves of devices A, B and C presented in
Figure Sa—c illustrate the evolution of their dark diode
characteristics with light exposure up to 8 h. The immediate
observation here is a precipitous drop in the rectification ratio
(£1.0 V) of device A within the first hour from 6.7 X 10* to 2.8
X 10% which then further decreases to 1.5 X 10> at 8 h. This
loss in rectifying behavior reflects the previously mentioned
decrease in Rgy, and is attributed to a degradation of the
minority carrier barriers at the electrical contacts. This is
expected as reverse current for a photodiode in the dark is
dominated by the injection of minority carriers. Despite
presenting a lower initial ratio of 2.2 X 10* device B retained
its rectifying behavior in the absence of UV illumination. The
lower initial rectification ratio in device B is possibly due to
shunting from preparation defects such as ZnO roughness,
whereas the magnitude of the later decrement of the ratio due
to photodegradation is of greater significance as an indication of
diminished charge selectivity at the charge extracting contacts.
The high initial rectification ratio observed in device C (1.2 X
10°), which dropped slightly (5.8 X 10°) after 8 h of light
exposure, implies that the reduced selectivity of transport layers
observed in device A occurred at least in part at the ZnO/
organic interface, and that the Al modification provides a
photostable enhancement in its the hole blocking capacity.
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Exponential fitting was conducted on each curve in Figure
Sa—c; their respective n and I, values have been detailed in
Figure 5d. A temperature of 300 K was assumed, and the fitting
was carried out within a 0.3—0.5 V range to minimize errors in
estimation due to the voltage dependence of the ideality factor.
The estimation shows that both devices A and C possess an
initial » value close to 1.35. In the case of device A, n rapidly
increased to 1.61 after 1 h, followed by a slow rise to 1.75 at 8 h
of light exposure. On the other hand, device C experienced a
gradual increase in 7 to 1.50 after the same duration. Equation 3
predicts that the n value alone would incur an increase in the
Voc values of these devices. However, these shifts in n were
mitigated by a simultaneous increase in their reverse saturation
current I, which was much larger for device A (7.9 X 1077 to
1.6 X 107* mA/cm?) than device C (2.1 X 1077 to 2.2 X 107°
mA/cm?). The overall effect for device A is a greatly diminished
Voc from its original value, whereas device C underwent a
much smaller loss. Unlike device A, device B experienced slight
reductions in its n and I, values after 8 h UV-filtered
illumination. Figure Se shows the V¢ predicted by eq 3 in
comparison with measured Vi values; the estimated values
and trends agree with the experimentally determined values,
verifying the validity of the estimated # and I, values.

The ideality factor n reflects the mode of charge
recombination in a diode. Specifically, when n is unity, the
diode is ideal and charge recombination occurs mainly via a
band-to-band pathway. However, when n approaches a value of
2, charge recombination in a diode is dominated either by
a Shockley—Read—Hall (trap-assisted) recombination process**
or recombination in the depletion region of a junction.”> For
the purpose of this study, we consider the two equivalent as
minority carriers in a space charge region are effectively
confined by high potential barriers. Therefore, increments in
the ideality factors of devices A and C can be interpreted as a
shift in the recombination mode of the photodiodes toward a
trap-assisted process. Since devices A and C are architecturally
similar except for a surface Al-modification of ZnO, we
conclude that this trap-assisted recombination occurs due to
degradation in the hole blocking contact.

The deep valence band edge of ZnO (7.1 eV below vacuum
level) efficiently blocks hole transport across the ZnO ETL and
charge recombination under low forward and reverse bias is
normally expected to be limited. However, in the case of device
A we find that illumination under simulated sunlight with UV
content heavily increases the reverse saturation current from
charge recombination. Under low forward bias, comparisons
with device C indicate there is a significant diffusion of holes
from the organic bulk layer across the ZnO layer into ITO. The
corresponding effective barrier height @y for current leakage
across the devices can be determined from J; according to eq 4
based on thermionic emission theory:****

_qq)B)
kT

where A* refers to a material specific Richardson constant. By
assuming A* to be 1041 A/cm® K* for P3HT:PCBM from
literature,*® the ®; values for devices A, B and C were
estimated and charted against duration of light exposure
(Figure S2, Supporting Information). The changes in V¢ with
illumination for devices A and C are more coherent with

changes in their @3 than cathode work function, indicating that
the degradation described in this work is predominantly due to

]0 A*T exp( @
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diminished hole barrier height across the ZnO ETL. We thus
deduce that UV light erodes the hole blocking capacity of ZnO
and so reduces its overall charge selectivity. Device B, in the
absence of UV, experienced no similar compromise in the
charge selectivity of its contacts. @y for device C is reduced
after 8 h of photoaging but remained significantly higher than
that for device A, thus maintaining greater charge selectivity.

To explain the reduction in charge selectivity for ZnO due to
UV illumination in device A, we propose the following
mechanism (Figure S3, Supporting Information): a fresh
ZnO layer by default has a high defect density, introducing
states in its forbidden band that acts as both electron traps and
hole traps. The presence of electron traps limits its conductivity
expressed in the form of inflection on its J—V curve (Figure
2b). High frequency illumination such as UV causes photo-
excitation in the ZnO layer via promotion of electrons into the
conduction band and leaving holes in the valence band. The
valence band edge of ZnO is low and efliciently blocks both
hole injection from ITO and extraction from the organic bulk
layer. This photoinduced conductivity in ZnO is persistent
(Figure 2b) and can last for days.*” This was explained as the
localized capturing of photo%enerated holes by deep hole traps
as calculated by Zhang et al.*® Extensive UV illumination leads
to the accumulation of both free electrons and deeply trapped
holes in the ZnO layer. When the density of trapped holes is
sufficiently high, there is the potential for the hopping transport
of holes across the ETL. In reverse bias, this means injection of
holes from ITO into the organic bulk layer. This is consistent
with an increase in I, reductions in Rgy and hole barrier height
inferred from @y (Figure S2, Supporting Information). Another
consequence of hole accumulation is the provision of trap-
assisted recombination sites for electrons from PCBM at ZnO/
organic interface. This explains the deviation from ideal diode
recombination marked by an increase in n observed
experimentally previously (Figure Sd). Simultaneously, the
abundance of electrons in the ZnO conduction band eases
recombination with holes from P3HT at ZnO/organic
interface. Because the V¢ of a device under illumination is
determined by a competition between charge generation (Ig.)
and recombination (I,), as described by eq 3, the net effect is a
Voc loss. By applying an ultrathin layer of Al onto the ZnO
surface, a reduction in surface work function is induced as
observed in Figure 4. The resultant shift of the Fermi level
toward the conduction band increases free electron density at
the ZnO surface, granting it high charge conductivity even in
the absence of UV illumination.** Additionally, the low work
function moderates the space charge region of ZnO at the
ETL/organic interface negatively. An effect of this moderation,
coupled with a deeper VBM, is an increase in hole barrier
height, which is expected to increase the overall selectivity of
the ZnO/Al transport layer and suppress the reverse saturation
current.

4. CONCLUSION

In summary, we have shown OSCs based on an ITO/ZnO/
P3HT:PCBM/MoO;/Ag sandwich to be sensitive to the
amount of UV illumination it is exposed to. The ZnO ETL
was shown to require a minute amount of UV light to bring
about significant and persistent photoconductivity. Unfortu-
nately, extensive exposure to UV light has a deleterious effect in
these devices, lowering the effective V¢ rapidly in a matter of
minutes from 0.57 to 0.53 V. Devices aged under UV-filtered
illumination, however, show little degradation. By modifying
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the surface of the ZnO ETL with an ultrathin layer of Al
improved efficiencies due to enhanced V¢ of 0.59 V, and
photostability under simulated sunlight were observed.
Continuous photoaging for 8 h shows that Vi losses
accumulate for ZnO based devices, whereas neither of the
other two devices exhibit significant Vi degradation. UPS
measurements suggest that the observed improvements in the
ZnO/Al based device to be due to lowered work function and
deeper VBM. Dark J—V curves of these devices were examined
by Shockley diode equation parameters such as ideality factor
and reverse saturation current. The diode parameters suggest
the ZnO based device experienced a dramatic increase in its
reverse saturation current upon illumination due to a decrease
in barrier height, causing the severe V. loss observed. We
associate the degradation to a reduction in the hole blocking
capacity of the ZnO ETL caused by UV light. The device with
the Al modified ZnO ETL experienced much less changes in its
photovoltaic and diode parameters prior and post photoaging
due to its already lower surface work function and deeper VBM.

B ASSOCIATED CONTENT
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Surface topography of ZnO and ZnO/Al films via AFM, table
summarizing changes in photovoltaic parameters of devices A-
C before and after 8 h illuminationband diagrams describing
the proposed degradation mechanism of ZnO with UV
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