Organic Electronics 59 (2018) 288-292

journal homepage: www.elsevier.com/locate/orgel

Contents lists available at ScienceDirect

Organic Electronics

Organic
Electronics
—

Letter
Combinatorial optimization of evaporated bilayer small molecule organic R
solar cells through orthogonal thickness gradients it

Xabier Rodriguez-Martinez”, Antonio Sanchez-Diaz”, Guilin Liu™“"*, M.A. Nifo",

Juan Cabanillas-Gonzalez”, Mariano Campoy-Quiles

a,*

2 Institute of Materials Science of Barcelona (ICMAB-CSIC), UAB Campus, Bellaterra, 08193, Spain
® Instituto Madrilefio de Estudios Avanzados en Nanociencia (IMDEA-Nanociencia), Cantoblanco, Madrid, 28049, Spain

€ Schoolof Science, Jiangnan University, Wuxi, Jiangsu 214122, China

ARTICLE INFO ABSTRACT

Keywords:

Organic photovoltaics
Photocurrent mapping
Raman imaging
Combinatorial screening
Gradient

High throughput evaluation

We report on a combinatorial optimization procedure applied to heterojunction small molecule organic solar
cells made of evaporated copper phthalocyanine (CuPc) and 3,4,9,10-perylenetetracarboxylic bisbenzimidazole
(PTCBI). Our strategy consists of depositing both light harvesting compounds as orthogonally arranged wedge-
shaped layers to then determine the optimum thicknesses which yield the highest photoconversion efficiency.
The device performance is locally assessed by means of light-beam induced current images. A quantitative model
of co-locally measured Raman images allows determining the corresponding local thicknesses of the active

layers. The spatial correlation of both datasets (i.e. local photocurrent density and active layer film thicknesses)
enables the rapid optimization of the photovoltaic system studied employing a single functional device, reducing
in approximately 20 times the use of resources and time.

1. Introduction

Small molecule organic photovoltaics (OPV) are currently in-
vestigated as potential candidates for low-cost energy harvesting ap-
plications in large-area, flexible substrates. Copper phthalocyanine
(CuPc) and 3,4,9,10-perylenetetracarboxylic bisbenzimidazole (PTCBI)
constitute one of the most prominent p-type donor and n-type acceptor
pair in the field, initially leading to a power conversion efficiency (PCE)
of 0.95% [1]. This combination has since become a reference system for
evaporated OPV. Most device architectures found in the literature in-
cluding normal and inverted devices, consist of a multi-layered stack of
thermally evaporated films with an embedded bilayer heterojunction of
both small molecule semiconductors. Since these layers are evaporated
successively, their final thickness determines the PCE of the device
depending on the exciton diffusion length and extinction coefficient of
each material. Thus, the optimization of this type of bilayer devices
represents a paradigmatic example of multi-parametric problem, whose
solution has so far been handled by systematic tests involving the fab-
rication of tens of devices in which some of the parameters are varied
individually or simultaneously until finding the maximum device per-
formance [2-5]. Despite the aid of photophysical models to facilitate
optimization, the process remains experimentally tedious and time-
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consuming so as to optimize a single photovoltaic system, not even
mentioning its extrapolation to new materials that can potentially result
in higher PCE. In addition, new materials are usually synthesized in
small quantities constituting an extra bottleneck in the optimization
process which demands an efficient use of the available resources.

In this work we follow a combinatorial approach to solve such
problem with a single device and find the same optimum thicknesses as
those reported elsewhere while employing significantly less time and
resources. In order to achieve this, we prepare a bilayer donor-acceptor
OPV in which both donor and acceptor layers are evaporated as wedges
with thickness gradients varying continuously from 0 to 20nm and
arranging their thickness gradient axis orthogonally [6,7]. We then
quantify the thickness of each layer at each point by means of Raman
scattering directly in the functional device [8]. Finally, we measure the
photocurrent as a function of position with a home-made light beam
induced current (LBIC) setup, which enables the spatial correlation of
CuPc and PTCBI layer thicknesses with photocurrent (proportional to
the PCE) after proper matching of both datasets.

The use of wedge-shaped layers in the optimization of optoelec-
tronic devices has already been applied to lasers [9], OLEDs [10] and
solution processed photovoltaics [11]. These examples have demon-
strated that the use of gradients is a very promising tool for
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optimization and functionality. We extend the previous work beyond
the one-dimensional screening of the active layer thickness to two-di-
mensional fabrication coupled to imaging of the local geometry and
performance. The sweet spot in performance in bilayer structures is
mainly determined by the donor and acceptor film thicknesses which
corresponds to a trade-off between light absorption, exciton diffusion
and charge generation in the functional devices. The here presented
two-dimensional evaluation of evaporated bilayer small molecule or-
ganic solar cells constitutes an important advance in terms of evalua-
tion time and material requirements.

2. Results and discussion

The studied device architecture consists of a transparent glass sub-
strate with a 30 nm-thick, sputtered indium tin oxide (ITO) layer and a
20 nm layer of poly(3,4-ethylenedioxythiophene):polystyrene sulfonic
acid (PEDOT:PSS) spin-coated on top. In order to have a well-controlled
layer growth and high quality clean interfaces, organic layers were
evaporated in an ultra-high vacuum (UHV) system with a base pressure
of 3 x 10~ °mbar by organic molecular beam epitaxy (O-MBE). The
organic layers were evaporated from Knudssen cells, calibrating the
growth rate with a quartz microbalance. A combined motorized sample
holder-shutter system was used to grow a double wedge structure,
controlling the speed of the shutter and the growth rate in order to
produce a defined thickness gradient [7,12]. A 9-mm-long wedge of
CuPc was grown with a rate of 0.03 A/s and after a 90° rotation of the
sample a second wedge of PTCBI was grown with the same rate (or-
thogonally to the first wedge). A uniform, 5-nm-thick layer of bath-
ocuproine (BCP) was grown on top of the double wedge serving as hole
blocking layer [13]. Finally, the fabrication was completed by depos-
iting an 80-nm-thick silver cathode by means of an e-beam evaporator
using a rate of 0.05 A/s.

Recently, Raman spectroscopy has been demonstrated to be a va-
luable structural probe to complement photocurrent images in OPV
devices [14]. In this work, Raman measurements were performed in
ambient conditions using a WITec alpha300 RA + setup with a 488 nm
solid-state laser and a 633 nm He-Ne laser as excitation sources. The
diffraction gratings had a density of 1200 and 600 grooves/mm, re-
spectively. In all cases the objective employed had a 10 X magnification
and a 0.25 numerical aperture. The Raman images shown in this work
contain ca. 20,000 spectra, which were acquired in lateral steps of
50 um employing an integration time of 136 ms per spectrum. LBIC
images consisted of more than 6000 data points and were acquired in a
home-made setup using lateral steps of 100 um. The LBIC experiments
were performed non-modulated and with no bias. We have estimated
the beam size after focusing with a 20 X long working distance Mitu-
toyo objective to be ca. 20 um (FWHM). The typical monochromatic
power used was 44 uW for excitation with a 532 nm laser and 3,8 yW
for the 630 nm monochromated light from a xenon lamp. Even though
the 630 nm illumination was relatively low in our setup and thus nor-
malization by incident power would lead to large errors in current
density, we have still measured it as it corresponds to the maximum of
the EQE in flat devices.

To assess the quality of the thickness gradients and for calibration
purposes, single donor (acceptor) wedges were deposited on glass/ITO
substrates using the same UHV techniques. The results of variable angle
spectroscopic ellipsometry (VASE) and mechanical profilometry show a
thickness profile which varies linearly as the light spot is displaced
along the wedge (Fig. 1a). The inset in Fig. 1a confirms thicknesses
ranging from ca. 20-200 nm in a 9 mm scanned length. Values obtained
from single wedges were employed to extract the solid-state Raman
cross-sections required to perform the quantification of film thickness in
the functional device (Fig. 1c and d) [8]. The insets of Fig. 1c and d
shows the Raman spectra of CuPc and PTCBI upon 488 nm excitation.
For these materials, the most intense Raman bands do not overlap
significantly, which facilitates their identification and ulterior thickness
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quantification. The optical constants of CuPc and PTCBI extracted from
VASE are plotted in Fig. 1b and also used for the Raman cross section
analysis (see below).

The characterization of the layers thicknesses by Raman spectro-
scopy is performed according to a previously reported quantitative
model of the Raman intensity which was here adapted to the bilayer
device geometry [8]. The methodology exploits the transfer-matrix
formalism to describe the incoming and scattered electric fields in an
optical system formed by an arbitrary number of layers. This allows
modelling the scattered Raman intensity as a function of the Raman-
active layer thickness as well as the volumetric composition in the case
of multi-component blends. Here, we have reformulated the mathe-
matical approach of the methodology initially presented in Ref. [8] to
include two film thickness values, d; and d,, as free parameters for the
fit of the experimental Raman spectra instead of the single thickness
value, d, and a volumetric fraction, v, as occurs for an homogeneous
blend. The model takes into consideration the fact that the scattered
intensity of each Raman-active layer depends simultaneously on its own
thickness and on the thickness of the other Raman-active layer to
properly account for the filtering effect that each layer has on the in-
coming and scattered fields. Thus, the model function of the scattered
intensity (I) reads

I(dy, dy) = o1, (di, I + Oofy (di, o)Ly (@D)]

where 07 5 are the effective Raman cross-sections of materials 1 and 2 in
solid-state, f; 5 describe the Raman intensity vs. film thickness depen-
dence obtained by means of the transfer-matrix formalism for the layers
containing materials 1 and 2, and I are the reference Raman
spectra of materials 1 and 2 at the excitation wavelength and normal-
ized to the Raman band to which o, ; are referred. The n and k values of
each layer are used as input parameters in the modelling (Fig. 1b).
Further details on the mathematical formulation of the model and the
Raman cross-sections can be found in Ref. [8]. For the present case and
experimental conditions (488 nm excitation), the Raman cross-section
ratio between PTCBI and CuPc was found to be PTCBI/CuPc = 18 + 2
for their most intense vibrational bands at 1290 and 1528 cm ™}, re-
spectively. The moderate value of the ratio is beneficial for the Raman
characterization as it allows a good sensitivity during the fit [8].

We then used the model and calibrated cross sections to analyze the
Raman signal obtained through the glass substrate of a complete device.
The fits of the Raman spectra according to Eq. (1) are generally very
good, as shown in Fig. 2 for three representative examples. These fits
lead to film thickness maps in which both CuPc and PTCBI wedges can
be visualized and quantified as illustrated in Fig. 2. According to this
analysis, both wedges are not strictly orthogonal (Fig. 2a and b) but
lead to a rather homogeneous total thickness of 15-20 nm (Fig. 2¢). The
reason for the imperfect orthogonality of the wedges is the divergence
of the evaporation cone, which gives raise to thickness inhomogeneity
along the axis perpendicular to the gradient. This fact can be minimized
by collimating the evaporation cone (using deep crucibles with lower
aperture) and reducing the distances between the evaporation source
and the substrate but it is difficult to avoid completely in our current O-
MBE setup.

LBIC-based photocurrent images are illustrated in Fig. 3 at two
different excitation wavelengths, namely 532nm and 630nm. Ac-
cording to the absorption spectra of CuPc and PTCBI illustrated in
Fig. 1b, PTCBI is the major absorber of the bilayer at 532 nm excitation,
thus the variation of the photocurrent measured at such wavelength
would correspond to the increased absorption of light due to the larger
PTCBI thickness. This is confirmed by the general agreement between
Figs. 2b and 3b, showing both images a monotonically decreasing trend
in Raman intensity and 532nm photogenerated current density, re-
spectively, from left to right following the slope of the PTCBI wedge.
Note that as the electrode of the device is continuous, the low photo-
current blue spots that appear on the left hand side in Fig. 3b do not
correspond to dead pixels as such, but rather to large fluctuations in the
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35 T : : Fig. 1. (a) Single CuPc wedge layer absorbance
= as a function of position and (inset) thicknesses
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T 15 PTCBI (red) measured with VASE. (c) Intensity
of the 1528 cm ™! mode of CuPc as a function
1,0 of film thickness. The solid line stands for the
fit of the model introduced in Ref. [8]. The
0,5 inset shows the normalized Raman spectrum of
CuPc at 488 nm excitation. (d) Intensity of the
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Fig. 2. Thickness spatial maps corresponding to (a) CuPc thickness, (b) PTCBI thickness and (c) total active layer thickness as extracted from Raman spectroscopy
upon 488 nm excitation. (d), (e) and (f) show the experimental Raman spectra (circles) as well as the fits performed according to Eq. (1) (solid lines) at the sample

locations indicated in (c).
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Fig. 3. (a) Photograph of the device active area. The pink and the blue arrows show the PTCBI and the CuPc gradient directions, respectively. (b) LBIC image at
532 nm excitation wavelength. (c) LBIC image at 630 nm excitation wavelength. LBIC images were taken on the area marked with a dashed line in (a). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

photocurrent image shows a diagonal trend indicating the area where
the balance between exciton diffusion and light absorption is opti-
mized. Interestingly, the variation of CuPc thickness observed in Fig. 2a
follows the same trend observed on the LBIC map at 630 nm (Fig. 3c)
indicating that a small amount of CuPc is enough for good device
performance. Note that while the overall photocurrent of the device
cannot be extracted from a single wavelength measurement, the pho-
tocurrent contribution is expected to be the highest at 630 nm as is the
case for incident photon-to-current efficiency (IPCE) measurements on
flat bilayer devices.

The spatial correlation of the Raman-based thickness maps with the
photocurrent images measured in the LBIC setup enables the fast
combinatorial evaluation of the bilayer system. Nevertheless, since both
datasets are acquired in different setups the comparison requires the
proper matching of both maps by rotation and interpolation. First,
using defects in the sample and sample edges, the images are slightly
rotated to accommodate differences in positioning between setups.
Then the pixel correlation is performed by interpolation of the map
with the highest resolution. The regions showing the highest photo-
current generally correspond to those in which the light absorption, the
exciton diffusion and the charge collection are optimized to yield a high
IPCE in the system studied. In the here analyzed bilayer model system,
the correlation between the active layer thicknesses and the photo-
current measured at 532 and 630 nm (Fig. 4a and b) indicates that a
single photocurrent maximum occurs at ca. 10 nm of CuPc and ca. 5nm
of PTCBI. This thickness difference might be related to the lower ex-
tinction coefficient of PTCBI with respect to CuPc (Fig. 1b) or to dif-
ference in exciton diffusion lengths. The colored dispersion of photo-
current in Fig. 4a and b is in good agreement with previously reported
works performed on devices with a similar architecture [2,4,13]. We do
not observe oscillations in the photocurrent as a function of the active
layer thickness as reported elsewhere and ascribed to optical inter-
ference effects [3] since we are in the very thin film thickness regime.

Typical optimization approaches in which the thickness of each
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active layer is varied in discrete steps while keeping the other film
thicknesses constant require fabricating a minimum of 10-20 individual
samples to find the optimum solution to the multi-parametric problem
[3,4,15]. In order to better visualize the advantages of our gradient-
based combinatorial approach, we quantify the time saving (S) para-
meter according to the following expression:

S Naew (tap + tiv)

tab + Npistrpic 2
where Ny, is the number of discrete devices fabricated; tqp is the
average time required to fabricate each device which equals the time
required to fabricate a single double-wedged device; t;y is the time
required to measure the J-V curve in a single flat device; Ny is the
number of photocurrent data points extracted at the LBIC setup; and
tiprc is the measurement time required per LBIC data point. The opti-
mization of the fabrication recipe can reduce tz; up to ca. 3 h, whereas
tyy is typically not longer than 3 min per sample and t;p;c equals ca. 1's
per data point. When Ny, = Ny and using the above-cited values for
trap, tyv and tipic, Eq. (2) leads to S = Ny, thus for a typical optimi-
zation routine using discrete samples in which the number of fabricated
devices raises up to 20 units (Ngey = Ny = 20), the combinatorial ap-
proach is ca. 20 times faster than the discrete approximation and also
ca. 20 times more efficient in terms of use of resources and energy.
Keeping Ng., = 20 but increasing Np; up to 2000 results in S = 17
while having a hundred-fold increase in the number of data points
available to solve the multi-parametric problem with respect to a dis-
crete approach. Importantly, the savings in the amount of material re-
quired for the optimization is of the order of Ny,. Clearly, the combi-
natorial method presented here is significantly more efficient on the
fabrication and measuring time employed for multi-parametric opti-
mization problems.

PTCBI thickness (nm)

0 5
CuPc thickness (nm)

10 15 20

Fig. 4. (a) Incident photon-to-current conversion efficiency IPCE (%) at 532 nm excitation wavelength and (b) short circuit photocurrent at 630 nm excitation

wavelength.



X. Rodriguez-Martinez et al.

3. Conclusion

In summary, we have developed a combinatorial approach for the
optimization of the performance of small molecule organic solar cells
which implies a ca. 20-fold reduction in the consumption of resources
and time with respect to a discrete optimization routine. The optimi-
zation is performed using a single functional device showing ortho-
gonally oriented, wedged donor-acceptor layers to study the influence
of their thickness on the final photoconversion efficiency. The succes-
sive local characterization with LBIC and quantitative Raman spectro-
scopy enables the correlation of the IPCE with the thickness of the ac-
tive layers. In the case of CuPc and PTCBI heterojunction solar cells, the
optimum device performance results from a trade-off between exciton
diffusion and light absorption. For the device architecture studied in
this work we found that the photocurrent achieved its maximum for
CuPc and PTCBI layer thicknesses equal to ca. 10nm and 5nm, re-
spectively. The here presented combinatorial screening methodology
can be applied in any evaporated thin-film-based solar cell technology,
potentially including tandem geometry and other complex multi-
layered architectures such OLEDs.
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