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Abstract

Nano-patterning the semiconducting photoactive layer/back electrode interface of organic photovoltaic devices is a widely
accepted approach to enhance the power conversion efficiency through the exploitation of numerous photonic and plas-
monic effects. Yet, nano-patterning the semiconductor/metal interface leads to intertwined effects that impact the optical
as well as the electrical characteristic of solar cells. In this work we aim to disentangle the optical and electrical effects of a
nano-structured semiconductor/metal interface on the device performance. For this, we use an inverted bulk heterojunction
P3HT:PCBM solar cell structure, where the nano-patterned photoactive layer/back electrode interface is realized by pattern-
ing the active layer with sinusoidal grating profiles bearing a periodicity of 300 nm or 400 nm through imprint lithography
while varying the photoactive layer thickness (Lp,;) between 90 and 400 nm. The optical and electrical device characteristics
of nano-patterned solar cells are compared to the characteristics of control devices, featuring a planar photoactive layer/
back electrode interface. We find that patterned solar cells show for an enhanced photocurrent generation for a Lp,; above
284 nm, which is not observed when using thinner active layer thicknesses. Simulating the optical characteristic of planar
and patterned devices through a finite-difference time-domain approach proves for an increased light absorption in presence
of a patterned electrode interface, originating from the excitation of propagating surface plasmon and dielectric waveguide
modes. Evaluation of the external quantum efficiency characteristic and the voltage dependent charge extraction characteris-
tics of fabricated planar and patterned solar cells reveals, however, that the increased photocurrents of patterned devices do
not stem from an optical enhancement but from an improved charge carrier extraction efficiency in the space charge limited
extraction regime. Presented findings clearly demonstrate that the improved charge extraction efficiency of patterned solar
cells is linked to the periodic surface corrugation of the (back) electrode interface.

Keywords Organic solar cells - Electrode patterning - Optical enhancement - Surface plasmons - Dielectric waveguide
modes - Charge carrier extraction
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on flexible substrates, making OSCs highly attractive for
numerous applications [1-4]. Yet, OSCs suffer from low
power conversion efficiencies (PCEs), compared to inorganic
and hybrid solar cells, which slightly diminishes their attrac-
tiveness [5—7]. However, using non-fullerene polymer-based
acceptors led to recent advances in the PCE (> 18%) that put
OSCs back in the race again [8, 9]. In addition, tremendous
efforts have been devoted to improve the performance of the
photoactive layer and thereby the solar cell PCE using light
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trapping concepts [10-12]. In particular, periodically pat-
terning the interface between the active layer and the metal
back electrode is considered as a highly promising candidate
to enhance the solar cell absorption efficiency, even beyond
the well-known Yablonovitch limit [13, 14]. The presence of
a patterned active layer/(metal) electrode interface allows for
the resonant coupling of incident light to propagating sur-
face plasmon (PSP) and dielectric waveguide (WG) modes.
Excitation of these optical modes significantly improves
the spatial confinement of the incident optical fields within
the solar cell, translating into an increased absorption prob-
ability of impinging photons [11, 15-18]. The impact of
the geometrical pattern parameters, such as pattern profile,
pattern periodicity or pattern height on the characteristic of
the observed absorption enhancements has been extensively
covered in literature [19-25]. Due to their simple fabrication,
typically 2D pattern structures (e.g., linear grating profiles
with the corrugation in one direction along the surface) are
used to investigate the mechanisms of enhancing the absorp-
tion characteristics of patterned OSC. This pattern design,
however, intrinsically limits the magnitude of the observed
PSP-related absorption enhancements as only light in TM
polarization can couple to a PSP mode. In contrast, utiliz-
ing 3D pattern structures (e.g., cross-grating profiles with
the corrugation varying in both orthogonal directions along
the surface) when patterning the active layer/back electrode
interface has been shown to excite PSPs for TM- and TE-
polarized light [26, 27]. Moreover, advanced pattern struc-
tures such as multi-diffractive grating couplers composed of
various spatial pattern periodicities were proposed that allow
to spectrally broaden the observed absorption enhancements
through the simultaneous excitation of multiple optical light-
coupling modes [28-31].

Aside from improving the OSC absorption characteristics
in the visible and near-infrared wavelength range, pattern-
ing the active layer/back electrode interface additionally
impacts the electrical device parameters, since the pattern-
ing modifies the spatial photocurrent generation profile and
the carrier extraction processes. Utilizing a patterned elec-
trode interface has been shown to decrease the device series
resistance that was attributed to an increased interface area,
improving both the device fill factor (FF) and short circuit
current density (Jg-), as compared to devices with a planar
electrode interface [27, 32-34]. However, increasing the
absolute interface area can also increase the total number
of surface defects acting as recombination centers for the
light induced photocarriers [35, 36]. Yet, the impact of a
patterned device electrode on the OSC electrical character-
istic is not just limited to charge collection mechanisms at
the active layer/electrode interface. Compared to solar cells
with a planar back electrode surface geometry, the excitation
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of PSPs induces a strong spatial confinement of the opti-
cal fields in close vicinity to the patterned electrode inter-
face, shifting the spatial photocurrent generation from the
(transparent) front electrode to the back electrode [37-39].
The PSP-related modification of the spatial photocurrent
generation profile when patterning the back electrode inter-
face, therefore, alters the mean path length light-induced
photocarriers need to cover until extraction at the respec-
tive device electrodes. For photocarriers harvested at the
front and back electrode, the mean extraction path length
is increased and reduced, respectively. To minimize non-
geminate recombination at solar cells, the extraction path
length needs to be shorter than the diffusion/drift length of
the light-induced photocarriers [40, 41]. Therefore, a vari-
ation of the photocarrier extraction path length could sig-
nificantly affect the impact of non-geminate recombination
on the harvested photocurrents yields. Recently, the PSP-
induced variation of the photocarrier mean extraction path
length in presence of a patterned back electrode interface
was shown to mitigate non-geminate recombination caused
by the introduction of space charges [38]. This mechanism,
however, was only observed at inverted solar cells (i.e., pat-
terned anode interface) but not at devices bearing a standard
device architecture (i.e., patterned cathode interface) [38].
Although this report meticulously examines the space charge
limited photocurrent extraction characteristic of standard
and inverted P3HT:PCBM solar cells, it does not specifically
address the impact of a patterned back electrode interface
at different charge extraction regimes or when varying the
applied pattern period of the utilized 2D pattern structure
[38].

In this work, we thoroughly discuss for two distinct pat-
tern periodicities (i.e., A=300 nm, 400 nm) how patterning
the back electrode affects the extraction of light generated
photocarriers at different extraction regimes. Focusing on
inverted P3HT:PCBM bulk heterojunction OSCs, different
charge extraction regimes are realized by varying the pho-
toactive layer thickness (Lp,;) in the range between 90 and
400 nm. For an in-depth understanding of the experimental
OSC performance, finite-different-time-domain (FDTD)
simulations are performed in dependence of Lp,; and with
respect to the surface profile of the active layer/back elec-
trode interface (i.e., planar or patterned). The simulation
findings are further validated by monitoring the generation
of the spectral dependent photocurrents through the experi-
mental external quantum efficiency (EQE) characteristics of
fabricated solar cells. Our optical and electro-optical exami-
nations are complemented by a detailed investigation of the
voltage and irradiance dependent charge extraction charac-
teristic, obtained from fabricated planar and A =300 nm,
400 nm patterned solar cells.
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2 Experimental
2.1 Materials

Poly(3-hexylthiophene-2,5-diyl) (P3HT) with a regio-reg-
ularity between 91 and 94% and a molecular weight (M)
of 50 kDa <My, <70 kDa was obtained from Rieke Metals
LLC (Referencer #4002-E). The polymer polyethyleneimine
(PEID), the fullerene derivate [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM) and all solvents (i.e., chlorobenzene
(CB), 2-Butanol) were purchased from SIGMA-ALDRICH
and used as received. Pre-patterned Glass/ITO substrates
with a specified nominal sheet resistance of 15 Q/[] were
obtained from Kintec Company.

2.2 Fabrication of imprinting stamps

Patterning of the solar cell back electrode (anode) was
achieved through a thermal-assisted nanoimprint lithogra-
phy approach, where a soft mold is used for transferring the
nano-sized surface relief profiles from a master template into
a polymer layer at elevated temperatures (i.e., soft emboss-
ing technique). The master template used at our investiga-
tions was prepared by UV-laser lithography and a detailed
description of the procedure and the process parameters has
been given elsewhere [30]. For the soft mold, the Sylgard™
184 elastomer kit was purchased from Dow and the poly-
dimethylsiloxane (PDMS) and a curing agent was mixed
at a ratio of 10: 1. In the next step, the mixture was poured
over the master template and weak vacuum conditions
(p ~ 10 mbar) were applied to remove air entrapments. The
mold was cured at a temperature of ~ 70 °C for a duration of
3 h, afterwards allowed to cool down to room temperature
and carefully detached from the master template.

2.3 Device fabrication and imprinting procedure

For fabricating ITO/PEI/P3HT:PCBM/MoO,/Ag bulk
heterojunction (BHJ) solar cells, the P3HT and PCBM
compounds were mixed at a weight ratio of 1:0.75
(P3HT:PCBM), then dissolved in chlorobenzene (CB),
heated to a temperature of 75 °C and stirred for 3 h. Sub-
sequently, the solution cooled down to room temperature
and was continuously stirred for another 12 h to ensure a
complete dissolution of the solid compounds. PEI was
solubilized in 2-Butanol at a concentration of 0.15 g/l by
continuously stirring for 12 h at room temperature. Pre-pat-
terned glass/ITO substrates were thoroughly cleaned by sub-
sequently immersing the substrates in a diluted Hellmanex®
(2%), an acetone and an isopropanol ultrasonication bath
at a temperature of 50, 45 and 40 °C, respectively, for a

duration of 15 min each. Successive fabrication steps were
conducted in a glove box under an inert (Ar) atmosphere,
where the respective oxygen and water levels were kept
below 10 ppm. The PEI solution was spun on the glass/ITO
substrates at a rate of 1500 rpm for 5 s followed by a rate
of 4000 rpm for 20 s. To remove solvent residuals, samples
were transferred to a hot-plate and annealed at a temperature
of 105 °C for 10 min. Next, P3HT:PCBM solutions were
spun at a rate of 1200 rpm for 40 s. The P3BHT:PCBM layer
thickness was varied by adjusting the PAHT:PCBM concen-
tration between 20 and 60 g/1. Obtained P3HT:PCBM layer
thicknesses were 90+ 10 nm (20 g/1), 175+ 12 nm (30 g/1),
284+ 11 nm (40 g/1) and 394 + 16 nm (60 g/1) as evaluated
by an atomic force microscope. For imprinting the pattern
profile, the PDMS mold was placed on the P3HT:PCBM
layer immediately after spin-coating and then thermally
annealed at a temperature of 135 °C for 20 min. Utilized
pattern profiles (i.e., linear 2D sinusoidal grating profile)
had a pattern periodicity of 300 nm and 400 nm, respec-
tively, while the obtained imprint depth (i.e., peak-to-trench
distance) was about 30 nm for both pattern periodicities (see
Figure S1). To ensure for a conformal coating of the mate-
rials comprising the device back electrode (i.e., anode) on
the P3BHT:PCBM layer top surface, Moy and Ag materials
were subsequently deposited through thermal evaporation
at a base pressure < 1 x 10 mbar and at a deposition rate
of 0.1 A/s (MoOy) and 5 A/s (Ag), respectively. The thick-
ness of the MoOy, and the Ag layers was fixed to 10 nm and
100 nm for all examined solar cell samples.

2.4 Simulation setup

The optical characteristics as well as the spatial distribu-
tion of the optical near-field of the investigated glass/ITO/
P3HT:PCBM/MoO,/Ag solar cells were simulated through
a finite-difference time-domain (FDTD) approach, imple-
mented by Ansys Canada Ltd. The refractive indices of
the glass (BK7) [42], ITO [43] and Ag [44] layer materials
used in the simulations were taken from literature, while
the optical constants of MoOy and the P3BHT:PCBM blend
were obtained through variable angle spectroscopic ellip-
sometry measurements (see Figure S2). In the simulations,
Cartesian coordinates were used with the x- and y-axis in
plane of the layers and with the z-axis perpendicular to the
layer surface. The 2D grating profile of fabricated patterned
solar cells at interfaces between the P3HT:PCBM, MoOy
and Ag layers was approximated using the height function
h(x) = A sin(2n/A x) with A as the pattern periodicity and
A as the pattern amplitude. The amplitude A was set to a
15 nm throughout the simulations (i.e., peak-to-trench dis-
tance =30 nm). A light source was placed 200 nm below
the glass/ITO interface to generate plane waves in the spec-
tral range between 350 and 850 nm that propagate along
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the z-axis (i.e., normally incident on the pattern structure).
Periodic boundary conditions were used in x-direction while
perfectly matched layers (PMLs) were placed 500 nm above
the Ag layer and 500 nm below the glass/ITO layer interface.
The width of the simulation unit cell in the lateral direc-
tion was defined as two periods of A. The optical near-field
spatial distribution and the reflectance (R) of the planar and
corrugated geometries was obtained through a set of field
monitors. The absorption characteristic (Abs) of investi-
gated solar cell stacks was acquired through the relation Abs
[%]=100-R [%].

2.5 Ellipsometry measurements

The refractive indices of the P3BHT:PCBM and the MoOy
layer materials were evaluated through variable angle spec-
troscopic ellipsometry (VASE) measurements (J.A. Woolam
Co., Inc.). Obtained ellipsometry measurement data was
further analyzed by the WVASE software package (J.A.
Woolam Co., Inc.). A detailed description of the process
parameters used at the deposition of the P3HT:PCBM and
the MoOy, films and of the refractive index modelling pro-
cedure is given in the Supporting Information.

2.6 Topography characterization

An atomic force microscope (AFM; Nanoscope V, Veeco
Digital Instruments), operated in tapping mode, was used to
assess the photoactive layer thickness (Lp,;) and for moni-
toring the imprint quality (i.e., the pattern amplitude and the
pattern periodicity) of patterned solar cells.

2.7 Solar cell performance and external quantum
efficiency characterization

For evaluating the solar cell performance, the voltage
dependent current density (J-V) characteristics of fabricated
planar and patterned solar cells was acquired with a Keithley
2400 source measurement unit at a AM1.5G calibrated solar
simulator (ATLAS Material Testing), equipped with HMI
lamp (HMI 1200W/DXS, OSRAM GmbH) that provided an
irradiance of 100 mW/cm?. The external quantum efficiency
(EQE) of fabricated solar cells was obtained by a custom-
built EQE unit, where a Xe light source in combination with
a monochromator (LOT QuantumDesign, MSH 150) allows
to spectrally tune light in the range between 350 and 800 nm.
A set of optical lenses was used to ensure a minimal angu-
lar divergence of the light beams normally incident on the
device samples. A spectral broad-band polarizer was used to
acquire the EQE characteristics in dependence of the polari-
zation state of incident light. The EQE unit was addition-
ally equipped with a Lock-In Amplifier (Stanford Research
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Systems, SR830 DSP) and a light chopper, operated at a
frequency of 465 Hz, to enhance the measurement sensitiv-
ity and to limit the measurement noise. During the evalua-
tion of the device performance and the EQE characteristics,
fabricated solar cells were mounted in a measurement cell
filled with Ar-gas to avoid device degradation caused by the
presence of water and oxygen [45-47].

3 Results and discussion

For a thorough assessment regarding the impact of pat-
terning the solar cell back electrode interface on the device
performance, series of experiments were carried out with
three different sets of devices. Respective device sets were
prepared through an optimized protocol but differed by the
structure superimposed over the metallic back electrode: set
(A) featured a planar electrode, (B) was periodically pat-
terned with a period (A) of 300 nm while set C) featured a A
of 400 nm. Before conducting this study, great efforts were
invested in establishing standardized, reproducible and com-
parable fabrication processes for realizing the patterned and
reference cells before fabricating the devices shown here.
All results presented in the following originate from a final
series of device sets, while the characteristic of each device
set was obtained by averaging the results obtained from six
individual solar cells. Investigated device stacks are illus-
trated in Fig. 1a and consist of the layer sequence glass/ITO/
PEI/P3HT:PCBM/MoOy/Ag, with ITO/PEI and MoO,/Ag
forming the device cathode and anode, respectively (i.e.,
inverted solar cell device architecture). Examined devices
utilize the well-characterized P3HT:PCBM photoactive
blend with regioregular poly(3-hexylthiophene-2,5-diyl)
(P3HT) as the electron donor and [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM) as the electron acceptor material
(see Fig. 1b) [5, 48-52]. For P3BHT:PCBM solar cells, (ther-
mal) annealing the active layer is a mandatory fabrication
step to improve the nano-morphology of the active layer
and thereby to optimize the obtained device performance
[53, 54]. In our investigations, thermal annealing was also
used for imprinting the periodic 2D grating profile into the
active layer top surface through a PDMS mold as illustrated
by the process flow chart in Fig. 1c. Notably, the surface of
the PDMS molds used in this study only partially bears the
grating profile, while the remaining surface areas are flat.
Employing such stamp design ensures that the character-
istics of planar and patterned solar cells is attributed to the
surface geometry of the back electrode interface and not to
deviations in the preparation process (e.g., the effect of the
PDMS stamp during thermal annealing) [55].
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Fig. 1 a Layer sequence of the a)
investigated inverted bulk het-
erojunction solar cell devices.
b Molecular structure of the
P3HT polymer and the PCBM
fullerene-derivate composing
the photoactive blend. ¢ Sche-
matic illustration of the applied
device preparation routine

c)

Glass/ITO
[ PEI
[l P3HT:PCBM

1.) Spin Coating

A. The photoactive layer thickness-performance depend-
ence of planar and patterned solar cells

For both planar and patterned solar cells, the thickness
of the photoactive layer (Lp,;) was varied in the range
between 90 and 400 nm to examine the device performance
in dependence of Lp,;. For each of the three investigated
device sets (i.e., planar, patterned with a A of 300 nm and
400 nm, respectively), we obtained the JV characteristic
from six individual solar cells. The JV characteristics of
the individual devices were used to evaluate the solar cell
performance indicators (V, Jg- and FF) and the power
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from the six individual solar cells devices and for a Lp,;
0of 90+ 10 nm, 175+ 12 nm, 284+ 11 nm and 394 + 16 nm,
respectively. The averaged overall device performances and
performance indicators of each device set are summarized
in Table 1.
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390 nm led to a dramatic decrease of the PCE, independently
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respect to (i) the thickness of the active layer and (ii) the
geometric surface profile of the back electrode interface
(i.e., planar vs. A=300 nm, 400 nm patterned). Our find-
ings on the simulated absorption and the experimental
EQE characteristics are discussed in the following section,
while the experimental J,;,(V,;) characteristic of planar
and patterned solar cells are presented in section 0.

B. Simulated absorption spectra and experimental external
quantum characteristics

The optical characteristic of planar and patterned solar
cells was numerically modelled by a finite-difference time-
domain (FDTD) approach for a device layer sequence com-
prised of ITO/P3HT:PCBM/MoO,/Ag (see Fig. S2). The
device layer stack used in the simulations is very similar to

the layer sequence of fabricated solar cell devices (i.e., ITO/
PEI/P3HT:PCBM/MoOy/Ag), except from the PEI layer
which was omitted in our modelling approach. The absence
of the PEI layer is, however, not expected to significantly
affect the derived optical spectra as the PEI layer thickness
is rather small (< 3 nm) with respect to the thickness of the
remaining solar cell layers [62]. Moreover, to address the
polarization sensitivity of the surface profile used for pat-
terning the solar cell back electrode (i.e., a linear sinusoidal
grating profile) [63], optical simulations of planar and pat-
terned solar cells were performed for incident light in TM-
and TE-polarization, respectively. The optical characteris-
tics presented in the following were obtained by averaging
the simulation results from the respective (TM-,TE-) light
polarization states.

Fig.3 Simulated absorp- a) . . ; ; b) . ; ; :
tion characteristic obtained 100 e <R Lpa: —o— 90 nm]| 100 + Lpai —o— 90 nm]|
from a varied active layer X ——175nm{ ¥ 1 ——175 nm
thickness (Lp,;) of patterned x —o—280nm{ o g0 - —o—280 nm |
solar cells featuring a pattern o —0—=395nm| | —0—395 nm
periodicity (A) of (a) 300 nm ? | ? 60 |
and (b) 400 nm, respectively. N A
Relative absorption enhance- < < |
ments, defined as the ratio of 5 1 & 40 1
the absorption characteristics s I .
observed for planar (i.e., flat) _§ i _§ 20 - ]
and patterned solar cells and for < ] -~ < i J B i,
an applied pattern periodicity 0 A =300 nm e 0 A =400 nm R &
of (¢) 300 nm and (d) 400 nm. 400 500 600 700 800 900 400 500 600 700 800 900
Spatial distribution of the opti- Wavelength 2 [nm] Wavelength 2 [nm]
cal near-field enhancements,
particularly obtained for a Ly, c) ' ! ) ' 1 d) ] ' ' ' '
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Comparing the simulated absorption characteristic, par-
ticularly obtained for an active layer thickness of 90, 175,
280 and 395 nm of planar (see Fig. S3a) and A =300 nm,
400 nm patterned solar cells (see Fig. 3a, b, respectively)
shows that increasing Lp,; from a reference thickness of
90 nm significantly improves the light absorption at wave-
lengths < 640 nm. The absorption improvement when
increasing the thickness of the active layer is observed for
both planar and patterned solar cells, and seems to be rather
linked to the active layer thickness but not to the geometric
surface profile of the back electrode interface. Yet, we find
the absorption characteristic of patterned solar cells (Fig. 3a,
b) modified by the introduction of additional absorption
peaks at wavelengths > 625 nm compared to the light absorp-
tion characteristics of planar solar cells (Fig. S3a). Pattern-
ing the back electrode interface with a periodicity of 300 nm
induces a more than fivefold improvement of the absorption
at the center peak wavelength (A.p) as highlighted in Fig-
ure 3c. Applying a pattern periodicity of 400 nm results in a
more than 20-fold absorption improvement as suggested by
our simulation findings (see Fig. 3d). Interestingly, thicken-
ing the active layer has a different impact on the absorption
enhancements with respect to the applied pattern periodic-
ity. For A=300 nm patterned solar cells, increasing Lp,;
from our reference thickness of 90 nm induces a lowering
of the observed absorption enhancements (see Fig. 3¢). This
characteristic was, however, not observed at A =400 nm pat-
terned solar cells, where increasing Lp,; (i) induces a spec-
tral red-shift of A.p (not observed at A =300 nm solar cells)
and (ii) results in the introduction of additional absorption
speaks at wavelengths > 625 nm (see Fig. 3d).

Based on the spatial distribution of the simulated optical
near-field enhancements, defined as the ratio of the square
electric field amplitude inside the structure and of the inci-
dent plane wave (|E|*/ |EO |2), we can safely link the absorp-
tion improvements of patterned solar cells to the resonant
coupling of light to (i) propagating surface plasmon (PSP)
modes (A =300 nm, 400 nm) and (ii) dielectric waveguide
(WG) modes (A =400 nm only). Compared to the spatial
near-field intensity enhancement distribution of planar
solar cells (see Fig. S3), excitation of a PSP mode induces
a strong spatial confinement of the incident optical fields in
close vicinity to the corrugated active layer/back electrode
interface as depicted in Fig. 3e and f for an applied pattern
periodicity of 300 nm and 400 nm, respectively. The spectral
position, where the resonant coupling of normally incident
light to a PSP mode occurs can be predicted using the phase
matching relation Re{ k,, } = m2x/A, where A is the pat-
tern periodicity of the periodically corrugated dielectric/
metal interface, while m is the diffraction order [13]. Con-
sequently, increasing the pattern periodicity induces a spec-
tral red-shift of the PSP modes as manifested by the shift of
the absorption enhancements from a wavelength of 647 nm
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to wavelengths > 740 nm when applying a pattern periodic-
ity of 300 nm and 400 nm, respectively (see Fig. 3c, d).
Applying these periodicities, therefore, allows us to evaluate
the impact of coupling to PSP modes on the light absorp-
tion and, correspondingly, on the photocurrent generation,
where the P3HT:PCBM photoactive layer blend shows for a
strong (4 <650 nm) or a weak (4> 700 nm) absorption. The
wavelength dependent light absorption characteristic of the
photoactive layer could also explain the weaker absorption
enhancements of A =300 nm patterned solar cells (five-
fold) to that of A=400 nm patterned solar cells (20-fold).
The higher extinction coefficient of the PAHT:PCBM blend
at wavelengths <650 nm (see Fig. S2) induces a stronger
damping of the PSP mode that renders the excited surface
plasmon modes less effective at such wavelength ranges
[64].

Aside from the coupling to PSP modes, patterning the
active layer/back electrode interface with a periodicity of
400 nm additionally allows for the excitation of (multiple)
dielectric waveguide modes, according to our simulations.
With respect to the optical near-field enhancements simu-
lated for the excitation of PSP modes, WG modes show for
more delocalized near field enhancements, overlapping with
device layers adjacent to the photoactive layer and in particu-
lar with the high refractive index ITO electrode (see Fig. 3f).
Moreover, when increasing the active layer thickness, the
number of WG modes increases (see Fig. S4, particularly
obtained for a Lp,; of 280 nm), leading to a series of sharp
absorption peaks at wavelengths below the wavelength
associated with the resonant coupling to PSP modes. For
the sake of completeness, it is further noted that due to the
polarization sensitivity of the linear grating profile used for
patterning the back electrode interface, coupling to dielec-
tric WG modes is observed for both TM- and TE-polarized
light, whereas excitation of a PSP mode is observed for light
in TM-polarization only. To evaluate the overall absorption
enhancement when patterning the active layer/back elec-
trode interface, we integrated the absorption characteristics
obtained from patterned solar cells over the wavelength
range used in our investigations (i.e., A=350-900 nm) and
compared the results to the integrated absorption character-
istic of planar solar cells. Applying a pattern periodicity of
300 nm/400 nm results, with respect to the utilized active
layer thickness, in a relative overall absorption enhance-
ment by + 14.4%/+12.7% (Lp,; =90 nm), + 10.8%/+11.3%
(Lpaz =175 nm),+9.6%/+10.9% (Lp,;, =280 nm)
and+7.5%/49.3% (Lps; =390 nm). Yet, the absorption
enhancements when patterning the active layer/back elec-
trode interface do not necessarily translate in an equivalent
photocurrent improvement. As shown by our examination
of the spatial near-field intensity enhancements distribu-
tion, the intensities of the incident optical fields are not only
enhanced within the active layer region but also within the
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metal back electrode or the ITO front electrode when excit-
ing PSP- or WG-modes, respectively (see Figs. 3e, f and
S4). Enhancing the optical E-field intensities and thereby
the absorbed optical power in the respective electrode lay-
ers promotes, however, only the parasitic absorption char-
acteristic of the investigated solar cell layout but does not
contribute in a higher photocurrent generation of the device
[65-67].

To gain a better insight regarding the photocurrent gen-
eration in dependence of the wavelength of normally inci-
dent light, we additionally evaluated the external quantum
efficiency (EQE) characteristic of fabricated planar (see
Fig. S3b) and A =300, 400 nm patterned solar cells (see
Fig. 4a and b). In agreement with our previously presented
simulation results, we find the EQE characteristics of
both planar and patterned solar cells enhanced at spectral
ranges < 640 nm when increasing the active layer thickness
from a reference thickness of 90 nm [60, 68]. Compared to
the EQE of planar solar cells, patterning the solar cell back
electrode with a periodicity of 400 nm improved the EQE
characteristic at wavelength ranges > 640 nm (see Fig. 4d).
The EQE improvements of A =400 nm patterned solar cells
at these spectral ranges originate from the coupling of inci-
dent light to PSP- and WG-modes that improve the pho-
tocurrent generation through an increased light absorption
in the P3BHT:PCBM layer as proposed by our simulations.
In addition, increasing the photoactive layer thickness of

fabricated A =400 nm patterned solar cells also spectrally
red-shifts the PSP- and WG-mode-related EQE enhance-
ments, a characteristic we find in a good agreement with
our simulation outcomes. Yet, the surface plasmon- and
waveguide-induced EQE enhancements of fabricated
A =400 nm patterned solar cells are significantly lower
compared to the absorption enhancements observed at our
simulation approach. Lowering of the PSP- and WG-mode-
related EQE enhancements of A =400 nm patterned solar
cells may on one hand originate from an increased parasitic
absorption characteristic of fabricated solar cells when excit-
ing respective optical modes. On the other hand, the lowered
EQE enhancements might also indicate for a reduced cou-
pling efficiency of incident light to the respective PSP- and
WG-modes at the fabricated devices, probably caused by
an imperfect quality of the pattern imprint (see Fig. S1).
However, and most surprisingly, the EQE characteristics of
A =300 nm patterned solar cells is almost identical to the
EQE characteristics of planar solar cells and thus does not
evidence for an (optically) enhanced photocurrent genera-
tion due to the excitation of a PSP- mode as suggested by
our simulations. The absence of a PSP-mode-related EQE
enhancement at A =300 nm patterned solar cells might be
linked, again, to an imperfect imprint quality of the pattern
structure and/or to an even higher optical mode damping of
the P3BHT:PCBM blend in fabricated solar cells at spectral
ranges < 650 nm.

Fig.4 External quantum a) b)
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Since in our investigations, the EQE characteristic
was acquired for an externally applied bias of zero (i.e.,
short circuit conditions), integrating the obtained EQE
spectra over the wavelength range used in our investiga-
tions (4=375-800 nm), while assuming a light intensity
of unity, allows for a rough estimation of the short circuit
current density (Jgc gor) [68]. Comparing the Jgc pop of
A=400 nm patterned solar cells with the Jg¢ gop of planar
solar cells for a similar active layer thickness indicates a
quite meager relative photocurrent improvement of less
than 1% when patterning the back electrode. We can,
therefore, safely assume that the higher J. of patterned
solar cells, as listed in Table 1, does not originate from an
optically induced enhancement but is related to an alterna-
tive mechanism. Moreover, the spectral broadening of the
EQE characteristic when increasing the active layer thick-
ness of both planar and (A =300 nm, 400 nm) patterned
solar cells does not follow the characteristic of the Jg- with
respect to the active layer thickness (i.e., lowering of Jg-
when increasing Lp,;). The divergence of these two char-
acteristics is possibly linked to the different irradiance (®)
levels used at the derivation of the Jg- performance indi-
cator (® = 100 mW/cm?) and the EQE spectra (® < <100
mW/cm?). The higher photocurrents of patterned solar
cells are thus possibly linked to an irradiance dependent
mechanism, such as non-geminate charge recombination
mechanisms [69]. As non-geminate recombination detri-
mentally affects the photocarrier extraction efficiency at
low and intermediary bias ranges [70], we examine in the
following the experimental voltage dependent photocarrier
extraction characteristic of planar and patterned solar cells
at irradiance levels that were gradually varied in the range
between 1 and 100 mW/cm?.

C. Effective voltage dependent photocurrent characteristics

Evaluating the external quantum efficiency of fabricated
planar and A =300, 400 nm patterned solar cells unambigu-
ously demonstrated that the higher short circuit current den-
sities (Jg.) of patterned solar cells is not related to an opti-
cally enhanced photocurrent generation. We, therefore, turn
the focus of our discussions on the electrical characteristic
of fabricated solar cells by examining the effective voltage
dependent photocurrent characteristic (J ph(Veﬁr)) based on
the photocarrier extraction model that was initially devel-
oped by Goodman and Rose [70]. In this approach, the
experimental photocurrent is defined as J,,, = Jy — Jyank
with Jj;,,, and J,, as the electric current observed under
illumination and dark conditions, respectively. The effective
voltage driving the photocarriers for collection to the solar
cell electrode is given as V,; =V, = V,,, with V,, as the

ext ex
externally applied voltage and V,, as the bias level, where J,,
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is equal to zero. Plotting J,, vs. V,; on a double-logarithmic
scale allows to investigate the power law dependence of the
voltage dependent photocurrent (J,,, Vé‘ﬂ) by examining
the linear fitting coefficient (k) at different charge extraction
regimes. [70-72].

The J,,, (Veﬂ-) characteristics of planar and patterned solar
cells that was particularly obtained at an irradiance of 100
mW/cm? are presented in Fig. 5a—c. Independently of the
active layer thickness (Lp,;), a linear fitting coefficient close
to unity (k = 0.9) is observed for a Vo < 0.1V for both pla-
nar and patterned solar cells, indicating for an ohmic charge
extraction at such low Ve levels (i.e., Jon & Veﬁc). At higher
Veﬁ levels, however, the charge extraction regimes differ
significantly with respect to the active layer thickness. For
planar and patterned solar cells featuring a Lp,; <175 nm,
the photocurrent shows for a saturated characteristic at V,
> 0.2 V (k=0). Hence, the J ph( Veﬁ-) characteristics acquired
for fabricated solar cells with a Lp,; < 175 nm evidence for
a photocarrier extraction that is unaffected by a (non-gemi-
nate) recombination mechanism. In contrast, a power coef-
ficient of 0.4 is derived at intermediary V,; levels (i.e., 0.2
< Veﬁf <1V), while saturation of the photocurrent is shifted
toaV,;> 1V atsolar cells with a Lp,; >284 nm. The fitting
coefficient obtained at intermediary V- levels suggests for a
square-root dependence of J,, on Vg (i.e., J,;, & 1/V,4) and
thus for a photocarrier extraction impaired by non-geminate
recombination or by the introduction of space charges [70].
The occurrence of a square-root photocurrent regime fur-
ther explains the previously observed performance decay of
planar and patterned solar cells when using a Lp,; >284 nm
(see Table 1). Here, the performance decay when increasing
the active layer thickness was caused by a lowering of the fill
factor and short circuit current densities, since both perfor-
mance indicators are derived at V,; levels, where J,, (Veﬂf)
indicates for a square-root regime.

Assigning the square root photocurrent dependence to
a photocarrier extraction limited by non-geminate recom-
bination or space charges requires the acquisition of the
(V) characteristic at different irradiance levels (@) of
the incident light [70]. Accordingly, we obtained the volt-
age dependent photocurrent characteristic of our solar cells
for irradiance levels that were gradually varied through a
set of neutral density filters in the range between 1 and 100
mW/cm? (see Figs. S6 and S7). Independently of Lp,; , the
(V) characteristic obtained at ® <10 mW/cm® from
both planar and patterned solar cells switches between
an ohmic at low V,; and a saturated photocarrier extrac-
tion regime when reaching higher V,; levels. Applying an

® > 10 Mw/cm? does not modify the Jon ( Veﬁp) characteristic
of planar and patterned solar cells with a Lp,; <175 nm,
whereas a square-root photocurrent regime is observed at
intermediary V- levels for solar cells with a Lp,; >284 nm.
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Extracting the photocurrent yields at a V- level equivalent
to short circuit condition (i.e., Veﬁr ~ 0.5-0.7 V, depending
on ®) and plotting J,, vs. @ reveals a linear dependence of
Jopon @ for a Lpy, =90 nm (see Fig. 5d—f). In contrast, for
solar cells featuring a Lp,, >284 nm, the J,, obtained at
short circuit conditions scales non-linearly with ®, gradu-
ally approaching a three-quarter dependence of J,,, on @ for
irradiance levels > 10 mW/cm?. The occurrence of a square
root photocurrent regime together with the three-quarter
dependence of J,, on @ clearly evidences the introduction
of space charges at planar and patterned solar cells when
using a Lp,; >284 nm.

Figure 6 presents a comparison of the experimental
Jon (V) characteristic observed at a @ of 10, 50 and 100
mW/cm? for planar and patterned solar cells, bearing an
active layer thickness, where charge extraction was unaf-
fected through charge recombination (Lp,; =90 nm) and
for a space charge-induced recombination mechanism
(Lps, =284 nm). For both applied pattern periodicities
(i.e., A=300 nm, 400 nm), corrugating the active layer/
back electrode interface improves the extracted photocur-
rents yields at the ohmic and the space charge limited (SCL)
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Fig.6 J,,(V,5) characteristics of planar and A=300, 400 patterned
solar cells observed at different light intensity (®) levels and at an
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extraction regime when using a Lp,; >284 nm compared to
planar solar cells. In contrast, similar photocurrent yields
are extracted from planar and patterned devices, where the
extraction of light-induced charge carriers is not affected by
space charges. For P3BHT:PCBM solar cells in particular,
the occurrence of space charges was recently linked to an
imbalanced charge carrier mobility in P3HT and PCBM,
resulting in the accumulation of the slower photocarrier spe-
cies (i.e., holes) at the device’s anode [73]. The accumulat-
ing holes induce a split-up of the (presumed) homogene-
ously distributed charge collection fields into a space charge
region (SCR) containing the whole charge collection field
and into a quasi-neutral region devoid of any electric fields.
As a consequence, only photocarriers generated within the
SCR are extracted at the respective device electrodes, while
photocarriers generated in the quasi-neutral region are not
subject of an electric charge collection field and eventually
recombine. For solar cells exhibiting a SCL photocarrier
extraction, the magnitude of the extracted photocurrent
yields depend on the size of the space charge region; increas-
ing the size of the SCR results in an improved photocurrent
yield [70]. Accordingly, our findings suggest that the higher
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photocurrent yields of A=300 nm, 400 nm patterned solar
cells, particularly observed in the SCL extraction regime, is
linked to an increased size of the space charge region. The
increase of the space charge region size of the patterned
devices is possibly caused by the different surface profile of
the solar cell back electrode interface compared to planar
solar cells as illustrated in Fig. 6 c. Interestingly, the excita-
tion of a surface plasmon mode at the back electrode inter-
face, evidenced through an increased photocurrent genera-
tion at the EQE characteristic of A =400 nm patterned solar
cells (see Fig. 4b), did not result in a break-up of the space
charge regime in contrast to previous findings [38]. Overall,
presented results strongly suggest that patterning the back
electrode interface with a A =300 nm, 400 nm at inverted
P3HT:PCBM solar cells improves the extracted photocur-
rent yields by increasing the active layer regions covered by
the electric charge collection fields (i.e., the space charge
region) in the SCL extraction regime. The observed photo-
current improvements when patterning the solar cell back
electrode interface, however, could not be linked to an opti-
cally induced photocurrent enhancement or a spatial redis-
tribution of the photocurrent generation profile, caused by
the excitation of surface plasmon or dielectric waveguide
modes.

4 Conclusion

The impact of a planar (i.e., flat) and a periodically pat-
terned active layer/back electrode interface on the generation
and the extraction of light induced photocurrents has been
examined for inverted ITO/PEI/P3HT:PCBM/Mo0O,/Ag
solar cells, where the photoactive layer thickness (Lp,;) was
gradually varied in the range between 90 and 400 nm. Our
investigations focused on a pattern structure that consisted
of a (linear) 2D sinusoidal grating profile and two different
pattern periodicities (A =300 nm, 400 nm) were used for
patterning the solar cell back electrode interface. Numeri-
cally modelling the light absorption characteristic of planar
and patterned solar cells through a finite-difference time-
domain (FDTD) approach demonstrated for an increased
device absorption in presence of a patterned electrode
interface, compared to the light absorption characteristic of
planar solar cells. The higher light absorption of patterned
solar cells originates from the excitation of surface plas-
mons (A =300 nm, 400 nm) and dielectric waveguide modes
(A =400 nm only). Simulation results were further validated
by examining the experimental external quantum efficiency
(EQE) characteristic of fabricated planar and patterned solar
cells. The EQE characteristic of A =400 nm patterned solar
cells evidenced an enhanced photocurrent generation that
was caused by the resonant coupling of incident light to sur-
face plasmon and waveguide modes, whereas A =300 nm

patterned solar cells did not show for an improved photocur-
rent generation compared to planar devices. However, our
evaluation of the EQE spectra could not explain the higher
short circuit densities (J4) and, consequently, the higher
power conversion efficiencies (PCE) of A =300 nm, 400 nm
patterned devices with respect to the PCE and Jg of pla-
nar devices when using a Lp,; >284 nm. To examine the
different charge extraction regime of fabricated solar cells
we analyzed the voltage dependent experimental photocur-
rent characteristic J,,, (Ve_‘ ) at irradiance levels varied in the
range between 1 and 100 mW/cm®. Comparing the J,, (V)
characteristic of planar and patterned solar cells revealed
that patterned devices show for higher photocurrent yields
in the space charge limited (SCL) extraction regime, inde-
pendently of the applied pattern periodicity. Corrugating the
surface profile of the solar cell active layer/back electrode
interface apparently increases the size of the space charge
region, containing the entire charge collection fields in the
SCL regime, with respect to the space charge region size
of solar cells bearing a planar active layer/back electrode
interface. We believe that our presented findings do not only
improve the understanding how patterning the active layer/
electrode interface affects the photocarrier extraction at the
solar cell SCL extraction regime but may also pave the way
for evaluating the charge mobility of organic semiconductors
through the space charge limited current method in diode
configuration.
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