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ABSTRACT: The effect of air processing, with air exposure varying from
minutes to hours prior to encapsulation, on photovoltaic device performance
has been studied through a series of electrical characterizations and optical
simulations for a donor/acceptor polymer-based organic solar cell based on
poly(dithienogermole-alt-thienopyrrolodione) p(DTG-TPD)/PC,,BM
blends. A ~10% degradation in power conversion efficiency was observed
due to air processing with 10 min exposure time, with AM1.5 power
conversion efficiencies (PCEs) decreasing from 8.5 + 0.25% for devices

LiF/AI

processed in inert nitrogen atmosphere to 7.7 + 0.18% for devices processed
in ambient air. After 3 h air exposure, the PCE leveled off at 7.04 + 0.1%. This decrease is attributed partially to interface issues
caused by exposure of the electrode materials to oxygen and water and partially to a degradation of the hole transport in the

active layer.
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1. INTRODUCTION

Polymer solar cells (PSCs) have attracted an increased interest
over the past decade since they potentially offer a less expensive
and more sustainable alternative for solar energy harvesting." At
the same time they offer additional features such as ambient
temperature solution processability, mechanical flexibility, and
light weight.” Laboratory scale power conversion efficiencies
(PCEs) for bulk heterojunction (BHJ) PSCs based on
conjugated polymers and fullerene derivatives have been
steadily increasing and are currently approaching 10%,>*
while 7-conjugated molecule:fullerene cells have also reached
10%° and polymer:polymer cells have reached 6%.° In order for
PSCs, and organic solar cells in general, to reach their full
potential, device processing must become compatible with high
volume manufacturing processes with interfacial layers, active
layers, and electrodes all deposited under air ambient
conditions.

Since polymer solar cells can be processed from solution,
they present versatility in their production methods. The most
attractive advantage for PSCs is the possibility for high-
throughput production on flexible substrates using deposition
techniques compatible with roll-to-roll (R2R) processing such
as slot-die coating, ink jet printing, and spray coating.’
Compared to devices fabricated on the laboratory scale (ca.
0.1—1 cm? in area), PSCs fabricated by R2R processing usually
have lower PCEs.® The lower efficiency is mainly due to the
difference in device structures and deposition processes
required for R2R processing which include large-area devices,
thick active layers, and air ambient processing.”'® Despite the
fact that air ambient processing is necessary for high-volume
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manufacturing, most laboratory devices reported are still
fabricated in inert environments.'" This is mainly due to the
fact that exposure to oxygen and water has been shown to
damage the organic semiconductors used in the devices, hence
degrading performance.'>' For the eventual commercialization
of PSCs, it will be highly advantageous to use all ambient
processing. It is therefore important to study the effects of
ambient processing on high-performance PSCs in order to
understand the associated degradation mechanisms.

To date, most studies on air-processed solar cells found in
the literature are focused on devices based on blends of poly(3-
hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid
methyl ester (PCy,BM)."* Recently, Wu et al. studied the effect
of air processing on P3HT:PC4,BM device performance. They
found that P3HT:PC4BM devices processed in ambient air
conditions can exhibit reversible degradation upon annealing,
therefore exhibiting good air processability.'> This is in
agreement with other reports on the formation of a reversible
charge transfer complex in P3HT due to oxygen.'®'” While
P3HT:PC4,BM has served as the standard upon which the field
was built, this material system has become less interesting due
to the relatively low PCEs (~4%) when compared to most
newly developed high-performance polymers. Donor—acceptor
polymer:PC,BM blends are now better candidates for air-
processing studies since they exhibit PCEs in the range of 8—
10%. Until now there have been very few reports on air-
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processed devices based on high-efficiency low-bandgap
polymers."®>° While the study of air-processed devices is
important for commercialization, preliminary results on highly
efficient polymers such as PTB7 show significant degradation
upon exposure to oxygen.”' >

Previously, we reported on BHJ PSCs based on poly-
(dithienogermole-alt-thienopyrrolodione) p(DTG-TPD)/
PC,BM blends with a power conversion efficiency up to
8%.”* We have also demonstrated that high efficiencies can be
achieved with a p(DTG-TPD)/PC,,BM active layer thickness
>200 nm, a thickness that is compatible with R2R processing.>®
In this report, we studied the effect of air processing on the
properties of these donor/acceptor materials and the resulting
device performance. Our results show that air processing and
exposure for a period of time up to 10 min leads to less than
10% degradation in power conversion efficiency, with the PCE
decreasing from 8.5 + 0.25% for devices made in nitrogen
atmosphere to 7.7 & 0.18% for the devices made in ambient air.
To the best of our knowledge, this is the highest efficiency
reported for devices processed in air.

2. EXPERIMENTAL SECTION

2.1. Device Fabrication. The devices used in this study have a
conventional architecture with the following structure: indium tin
oxide(ITO)/poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS)/p(DTG-TPD):PC,,BM/lithium
fluoride (LiF)/aluminum (Al), where PEDOT:PSS was used as the
hole extraction layer and LiF/Al was used as the cathode. ITO-coated
glass substrates were UV ozone treated for 15 min between solvent
cleaning and spin-casting of the hole transport layer. PEDOT:PSS
PVP AL 4083 (Heraeus Precious Metals GmbH & Co. KG) was spin-
coated on top of the ITO-coated glass substrates in ambient air
conditions and annealed at 140 °C for 20 min. The average relative
humidity in the laboratory during deposition was approximately 40%
+ 5%. Coated with PEDOT:PSS, half of the substrates were then
transferred into a glovebox filled with N,, where the active layer was
spin-coated from solution in CB:DIO (5 vol %). P(DTG-TPD) was
synthesized and purified as previously reported.*® The rest of the
substrates were kept in ambient air conditions, and the active layer was
spin-coated on top of PEDOT:PSS from the same solution. All
substrates were then transferred to a thermal evaporator where 1 nm
of LiF and 100 nm of Al were deposited on top of the active layer.

2.2. Device Characterization. Current density—voltage (J—V)
characteristics were measured using a Keithley 4200 semiconductor
parameter analyzer system with a Newport Thermal Oriel 94021 1000
W solar simulator, using the AM1.5 G solar spectrum at 100 mW/ cm?
incident power. Hole-only devices with a structure ITO/molybdenum
oxide (MoOx)(8 nm)/active layer(90 nm)/MoOx(8 nm)/silver
(Ag)(100 nm) were used for hole mobility measurements, and
electron-only devices with a structure of ITO/zinc oxide (ZnO)(40
nm)/active layer(90 nm)/LiF(1 nm)/Al(100 nm) were used for
electron mobilities measurements. External quantum efficiency (EQE)
measurements were conducted using an in-house setup consisting of a
xenon dc arc lamp, an ORIEL 74125 monochromator, a Keithley 428
current amplifier, an SR 540 chopper system, and an SR830 DSP lock-
in amplifier from SRS. To measure total absorption efficiencies, (TAE)
samples were tilted at 7° angle relative to beam normal in order to
allow space for the detector without blocking the incident beam. The
same lock-in setup was used for both EQE and TAE measurements.
All thicknesses of the active layers were determined using a Dektak
surface profiler.

3. RESULTS AND DISCUSSION

The objective of this work was the comparison between devices
with active layers processed in air and nitrogen and the study of
air ambient on the device parameters. Throughout this report,
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the active layers processed in nitrogen and the active layers
processed in ambient air conditions are denoted by “N,” and
“Air” respectively.

In our main set of experiments, the active layers for the Air
devices were exposed to air for about 10 min prior to cathode
deposition. To further demonstrate the air processability of
these devices, we intentionally exposed the polymer films to air
for up to 3 h before cathode deposition, which resulted in a
further 8% reduction in PCE to 7.04%. In order to explain the
difference in device performance due to air exposure, we
studied the effects of ambient processing on device parameters
through electrical and optical characterizations with the aid of
optical simulations.

Figure la shows the J—V characteristics for a reference device
processed in nitrogen and an Air device exposed to ambient air
conditions for 10 min during processing. The corresponding
performance parameters are summarized in Table 1. It is
interesting to note that processing the devices in air did not
significantly affect the different device parameters. Air-
processed devices showed a less than 10% decrease in short-
circuit current (J,.) from 15.9 to 14.6 mA/cm? no change in
open-circuit voltage (V,.) of 0.85 V, and no statistical change in
fill factor (FF), resulting in a decrease in PCE close to 10%.
Thus, this reduction in PCE can be attributed to the decrease in
short-circuit current density (J,.) alone. A similar reduction in
current was also observed by Nam et al. during the
investigation of the effects of air processing on the performance
of P3HT:PCy,BM BHJ solar cells. A 15% reduction in PCE due
to air exposure was observed which was almost exclusively due
to a reduction in J.>’

The decrease in ], due to air exposure might be attributed to
degradation of either the optical absorption or the transport
properties of the active layer. Figure 1b shows the ultraviolet—
visible (UV—vis) absorption spectra of both the N, and Air
processed active layers coated on PEDOT:PSS. As shown in
Figure 1b, the absorption spectra for both films are identical,
indicating that the optical properties, as well as the active layer
thickness, do not change due to air exposure. Further, based on
our film thickness measurements, no difference was observed in
thickness due to air processing as the active layer thicknesses
were determined to be 90 + 3 nm for both devices.

In addition to absorption, EQE measurements were
performed in order to determine the spectral response
difference for these devices. The EQE data are shown in
Figure 1lc. Interestingly, the EQE spectra exhibit obvious
differences in the wavelength range between 400 and 570 nm.
In the 400—570 nm wavelength range, the Air device showed a
slightly lower EQE than the N, device, which is consistent with
the slight decrease in J.. However, in the longer wavelength
range between 570 and 800 nm, the two EQE curves are
identical.

In order to understand the origin of the decrease in EQE, the
TAEs for the devices were measured, and the data are shown in
Figure 2a. TAE refers to the optical absorption of the device
measured in reflection, which takes into account the effects of
optical interference between the incident light and light
reflected off the back electrode. Light enters the device through
the transparent electrode and travels through each layer to the
back aluminum electrode where it is reflected. It is assumed
that the reflected light from the back aluminum electrode then
travels back through to the front of the solar cell, where it
enters an inte§rating sphere and is collected by a silicon
photodetector.”
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Figure 1. (a) J—V curves of the solar cells made in nitrogen (black)
and air (red). (b) UV—vis absorption spectra for films of polymer/
fullerene blends in nitrogen and air. (c) EQE spectra of devices made
in nitrogen and air.
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Figure 2. (a) Total absorption efficiency (TAE) in reflection for
devices made in nitrogen (black) and devices made in air (red). (b)
EQE as a function of reverse bias two constant excitation wavelengths,
500 and 683 nm. (c) Normalized IQE for devices made in nitrogen
and devices made in air.

As expected, for wavelengths between 400 and 570 nm, the
TAE for the Air device is slightly lower than that of the N,
device, but the difference is not as pronounced as that in EQE.
Since the film absorption spectra for both the N, and Air
devices measured in transmission were the same, this difference

in TAE is not attributed to a change in the active layer. Instead,
it is attributed to changes in one of the interlayers that provide
the electrode contacts. In order to verify our assumption that
the difference in TAE is due to changes in one of the
interlayers, the series resistance (R,) for both devices was
determined from J—V measurements performed in the dark. An

Table 1. Summary of Average Device Characteristics for the PSCs Fabricated in This Study

atmosphere/exposure time Ji. (mA/cm?)

nitrogen 15.9 (+0.17)
air/10 min 14.6 (£0.3)
air/1 h 13.22 (£0.13)
air/2 h 13.0 (£0.23)
air/3 h 13.15 (£0.18)

V.. (V) FF (%) PCE (%)

0.855 (+0.01) 63 (+1.7) 8.5 (£0.25)

0.85 (x0.015) 62 (+14) 7.7 (+0.18)

0.86 (+0.01) 63.5 (+0.5) 7.2 (£0.21)

0.85 (+0.00) 64 (+0.5) 7.1 (£0.17)

0.85 (0.00) 63 (£0.5) 7.0 (£0.10)
4828 DOI: 10.1021/am5087566
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increase in R from 6 + 3 to 9 + 3 & cm? was observed when
devices were processed in air. Even though this increase is
small, it is sufficient to explain the observed subtle changes in
EQE and TAE with air processing without having an obvious
impact on other device parameters such as the FF.

Although the devices used to measure the TAE were
encapsulated and the LiF/Al contact was never directly exposed
to air, we believe that this small change in TAE is because of the
LiF deposition directly on top of the air-exposed active layer. It
has been shown that exposure of LiF to air ambient leads to
chemical changes in the interlayer.” Based on a study from
Glowacki et al., Al atoms deposited on top of LiF can cause LiF
ions to diffuse into the underlying organic layer.*® In the case of
the Air devices, where the active layer was exposed to and may
retain a small amount of residual oxygen and water, the reaction
with LiF ions could cause a slight change in the total absorption
of the device. This slight change was reflected in the TAE
spectra. It should also be noted that the change in TAE is
unlikely to have originated from degradation of PEDOT:PSS
since, for both the Air device and the N, device, the
PEDOT:PSS was directly exposed to air for the same period
of time.

In order to verify the accuracy of our data and ensure that the
absorption efficiency is actually lower for the Air devices, the
EQEs were measured at 500 and 683 nm as a function of
reverse bias. The wavelengths chosen for these measurements
correspond to the regime where the EQEs are the same for
both devices (4 = 683 nm) and the regime where there is a
small difference in EQE (4 = 500 nm). The EQE dependence
on the reverse bias for two specific wavelengths shown in
Figure 2b was in good agreement with the TAE data. As
anticipated, the data for the EQE as a function of voltage at 683
nm overlap and saturate at the same value under reverse bias. In
the saturation region where the EQE value levels out, the
charge collection efficiency is assumed to be 100% since all
charge carriers are collected at the respective electrodes.®’ In
contrast, at 500 nm, the two EQE curves are separated even at a
large reverse bias, indicating that the absorption efficiency at
500 nm is indeed lower for the device made in air.

To further evaluate whether the difference in EQE is solely
due to the difference in the device absorption, the internal
quantum efliciencies (IQEs) for the two devices were
determined using the EQE data and the TAE data for both
devices.”> The normalized IQE spectra for the two devices are
shown in Figure 2c. The IQE spectrum for the N, device is
almost flat at all wavelengths, and the IQE for the Air device is
indeed lower at wavelengths below 550 nm. Since IQE only
reflects the electrical properties in the device and does not take
into account any difference in the total device absorption, this
reduction in IQE at short wavelengths is solely due to electrical
effects. The reduction in IQE at short wavelengths for the Air
device confirms that the overall reduction in EQE is not only
due to a reduction in the TAE but also due to other electrical
effects.

In order to verify whether the changes in IQE come from
electrical effects associated with charge transport, the electron
and hole mobilities were measured using single carrier devices
assuming the space—charge limited current (SCLC) model.**> A
detailed description of this method can be found in the
literature.>* As expected, the measured average electron
mobilities for both devices are similar, ie., (5 + 0.2) x 107
cm?/(V s) for the N, device and (2 + 0.35) X 10™* cm?/(V s)
for the Air device. This is in good agreement with what has
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recently been reported by Nicolai et al. on photo-oxidation
defects as the products formed in the presence of water and
oxygen in organic semiconductors.>® Their findings suggest that
for stable trap-free materials the target electron affinity of
organic molecules should be larger than 3.6 eV. These numbers
are consistent with multiple reports showing that organic
molecules with electron affinities close to 4 eV or larger are less
susceptible to reduction due to the presence of water and thus
exhibit a higher level of air stability.***” Since the electron
affinity for PC, BM is around 4.3 eV, no change in charge
transport was expected for electrons. One the other hand, the
average hole mobilities for the N, device ((1.6 + 0.3) x 107*
cm?/(V s)) are almost 1 order of magnitude larger than that for
the Air device ((3 + 0.7) X 1075 ecm?/(V s)).

To determine whether the difference in hole mobilities is due
to morphology, tapping-mode atomic force microscopy (AFM)
measurements were performed on both active layers. Details
about this technique can be found elsewhere.*® Figures 3a and

0.0 Height 5.0 um Height 5.0 um

Figure 3. (a) S ym X S um AFM topographic images of p(DTG-
TPD):PC,,BM films: (a) processed in nitrogen; (b) processed in air.

3b show S ym X S um topographic images of p(DTG-
TPD):PC,,BM films for the N, and Air devices. After air
exposure there were no observable changes in the domain size
and morphology. Even though AFM only probes the surface
morphology, it is clear that the effect of air processing on the
morphology of the films is very small. Even though subtle
changes in morphology such as differences in intermixing on
the molecular scale could be responsible for a small change in
device performance, we believe it is more likely that the
difference in hole mobilities is due to a higher trap densit;f in
the active layer upon air exposure as previously reported.”

In order to gain a deeper understanding of the effect of hole
transport on EQE, transfer matrix formalism (TMF)
simulations were used to calculate the field distribution inside
the device.* The optical modeling was based on the
following stack of materials: ITO(90 nm)/PEDOT:PSS(30
nm)/p(DTG-TPD):PC,;BM(90 nm)/LiF(1 nm)/Al(100 nm).
The optical model assumes that all surfaces are planar and all
layers are isotropic.*’ The complex refractive indices for all
materials were acquired using variable angle spectroscopic
ellipsometry (VASE).* To acquire the electric field distribution
inside the device, a constant energy radiator is applied to the
optical model. The normalized electric field distribution can be
seen in Figure 4a. The normalized optical electric field intensity
in the device, |EP, corresponds to the absorption in the active
layer and indicates that the distribution of the electric field
inside the device is wavelength-dependent. The figure shows
that there are two electric field intensity maxima within the
active layer. The first maximum is located at short wavelengths

DOI: 10.1021/am5087566
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Figure 4. (a) Simulation for the normalized electric field intensity
profile |EI> for the studied ITO/PEDOT:PSS/p(DTG-
TPD):PC,,BM/LiF/Al structure. (b) Simulated optical field distribu-

tion for S00 and 700 nm illumination.

(450—600 nm), where the IQE spectra for the devices are
different. This maximum is located closer to the center of the
active layer, further away from the anode compared to the
longer wavelength maximum (650—750 nm) which is located
closer to the anode as shown in Figure 4a. For clarity, Figure 4b
shows the electric field distribution inside the device for the two
wavelengths of interest (500 and 700 nm).

Even though the positional shift in the peak electric field
intensity is not large, ie, ~12 nm, a difference of a few
nanometers is large enough to cause a change in device
performance due to the low-mobility organic semiconductors.*
This observation, in combination with the degraded hole
mobilities, suggests that the difference in photocurrent between
the two devices is due to the change in the number of holes
reaching the electrodes.** Since holes from photons with
wavelengths between 400 and 600 nm are generated farther
away from the anode and have lower mobilities in the Air
devices, they are less likely to be extracted, leading to a
reduction in photocurrent. Hence, lower hole mobilities due to
air exposure account for most of the decrease in the EQE in the
short-wavelength region resulting in a reduction in J. It is
worth highlighting that the reduction in J is less than 10% and
part of it is also due to a small decrease in TAE as mentioned
above.

The data above show the effects of air exposure for 10 min
on device performance. While this exposure time is sufficient
for processing in laboratory environments, a longer air exposure
might be required in manufacturing environments. In order to
study the effect of prolonged air exposure, devices were
fabricated from films intentionally exposed to air for up to 3 h.
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Figure Sa shows the J—V characteristics for devices fabricated in
air and kept in ambient conditions for 1, 2, and 3 h, compared
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Figure 5. (a) J—V curves of the solar cells made in air for different air
exposure times. (b) EQE spectra for devices made in air for different
air exposure times.

to a device made in air and kept in air for 10 min. Once again,
the device parameter most affected by the long air exposure is
Js- A 10% decrease in current was observed as the air exposure
time increases from 10 min to 1 h, whereas no changes in FF or
V.. were observed. Surprisingly, almost no further degradation
was observed for devices kept in air for two additional hours. A
summary of the average device parameters is given in Table 1.
Further, the EQE data for these devices depicted in Figure Sb
showed the same trend as before where the device degradation
was only obvious in EQE at shorter wavelengths. Based on the
air exposure time data, it is reasonable to assume that most of
the degradation in the active layer is due to the first hour of air
exposure.

4. SUMMARY AND CONCLUSIONS

In conclusion, we have presented high-efficiency, air-stable
p(DTG-TPD):PC,,BM PSCs processed in air with PCEs up to
7.7% compared to 8.5% for devices processed in nitrogen. It
was found that upon exposure to air, devices exhibited a lower
Jic than devices processed in nitrogen, while V. and FF were
mostly unaffected. Optical and electrical characterization, as
well as optical simulations, indicate that the reduction in
photocurrent originates partly from a decrease in the TAE of
the device due to changes in the cathode, while the remaining
decrease is attributed to a decrease in hole mobility. Finally, our
data show that with a high level of air stability and power
conversion efficiency, p(DTG-TPD):PC,,BM is a promising
candidate for roll-to-roll processing.
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