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We have investigated the influence of the active layer thickness on the balance of the internal
mechanisms affecting the efficiency of copper phthalocyanine - fullerene (C60) based vacuum
deposited bulk heterojunction organic photocell. We fabricated a range of devices for which we
varied the thickness of the active layer from 40 to 120 nm and assessed their performance using
optical and electrical characterization techniques. As reported previously for phthalocyanine:C60,
the performance of the device is highly dependent on the active layer thickness and of all the
thicknesses we tried, the 40 nm thin active layer device showed the best solar cell characteristic
parameters. Using the transfer matrix based optical model, which includes interference effects, we
calculated the optical power absorbed in the active layers for the entire absorption band, and we
found that this cannot explain the trend with thickness. Measurement of the cell quantum efficiency
as a function of light intensity showed that the relative weight of the device internal processes
changes when going from 40 nm to 120 nm thick active layer. Electrical modeling of the device,
which takes different internal processes into account, allowed to quantify the changes in the
processes affecting the generation - recombination balance. Sub gap external quantum efficiency
and morphological analysis of the surface of the films agree with the model’s result. We found that
as the thickness grows the density of charge transfer states and of dark carriers goes up and the
uniformity in the vertical direction is reduced. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4964747]

I. INTRODUCTION

The field of organic photovoltaics (OPV) is an active
area of research due to ease of processability, low cost, and
potential for flexibility. These characteristics make OPVs a
good alternative to traditional silicon based inorganic solar
cells. Since the early works on single donor-acceptor heterojunction1 and bulk heterojuction2,3 solar cells, the power
conversion efficiency (PCE) of OPVs has been steadily
improved through the use of new materials and innovative
photovoltaic cell structures. Extensive research has been
done on conjugated polymer based planar and bulk heterojunction solar cells3–6 to push the PCE to higher values necessary for practical use. Solution processed small molecule
based solar cells7,8 have also been actively studied and efficiency as high as 9% (Ref. 9) has been achieved. Some of
the best results10,11 in small molecule solar cells have been
obtained through codeposition of donor-acceptor, which
forms the photoactive layer. Codeposition of donor-acceptor
forms an interpenetrating network of donor-acceptor in the
photoactive layer that leads to exciton dissociation and
charge generation throughout the active layer.
Small molecule solar cells based on phthalocyanine-C60
donor-acceptor couple have been the leading material of
choice for device study due to the stability in film formation
and reasonable efficiency of the devices. Optimization of the
photoactive layer composition,12 adoption of novel device
a)
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structures,13 and the use of exciton-blocking layer14 have
resulted in increase in efficiency of CuPc-C60 based solar
cells. The limited maximum performance achieved has led to
a shift to other materials, but the underlying limits remained
elusive. Relevant information can be found in papers on
ZnPc:C60 reporting on the mixed layer morphology affecting the cells’ efficiency.15–18 While the effect of the substrate
temperature and film thickness on the polycrystallinity of the
phthalocyanine can explain the increase in efficiency up to
about 50 nm mixed layer thickness, it is not obvious why the
efficiency drops for thicker films.
In this work, we present a detailed study of the effect of
the active layer thickness on the short circuit current and
power conversion efficiency of CuPc-C60 based bulk heterojunction solar cells. The materials used in this study are
described in Figure 1. We first fabricated solar cells in different architectures with varying composition of donor-acceptor
in the active layer and studied their effect on device performance. We found that bulk heterojunction devices with
CuPc-C60 composition (70:30 by volume) have the highest
short circuit current and efficiency. The effect of the exciton
blocking layer, low work function metal cathode, and active
layer thickness on the device performance were studied, and
the best device structure was chosen. For this structure, we
studied the effect of film thickness on device performance.
We investigate device properties over a wide range of light
intensity as well as bias conditions and compare them. We
use theoretical tools in the form of optical and electrical
device models and compare the calculated result to the

120, 155501-1

Published by AIP Publishing.

Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 79.180.251.182 On: Tue, 18 Oct 2016
15:19:19

155501-2

Shekhar et al.

J. Appl. Phys. 120, 155501 (2016)

FIG. 1. (a) Chemical structure of
organic molecules used in this study.
(b) Cyclic voltammogram of sublimed
films of C60 and CuPc. (c) Energy levels of all the materials used in this
work. The inset to (b) shows the structure of the C60 LUMO edge that may
lead to 3 different values (3.6, 3.8,
4.4 eV vs vacuum).

experimental data to decipher the mechanisms that impact
the device performance dependence of film thickness.

was deposited at a rate of 0.02 nm s1 with an Ag cap 70 nm
in thickness.

II. EXPERIMENTAL DETAILS

B. Measurement methods

A. Device fabrication

Current-voltage characteristics were measured with a
Keithley 2400 source meter. Power conversion efficiencies
(PCE) were calculated under AM1.5G solar illumination
(Oriel Sol 3A Class AAA) at 100 mW cm2 (1 sun) with
Keithley 2400 source. All I–V measurements were performed outside the glove box with the measured samples
kept under vacuum inside a holder. Spectrally resolved external quantum efficiency (EQE) was performed in the following way. Light from a tungsten halogen lamp (Oriel, 250 W
QTH) was dispersed through a monochromator (Oriel,
CS130). The light intensity was monitored using reference
silicon and germanium photodetectors. Light from the monochromator (1.5 lW cm2 at 600 nm) was chopped at 20 Hz,
and the signal was read using a lock-in amplifier (EG&G
7265). Power dependent quantum efficiency was measured
using a white light emitting diode metrics, whose intensity
was controlled by the bias current. Appropriate optical density (OD) filters were used to extend the intensity range ( 5
order) from ultra-low to more than one sun light intensity.
Care was taken to ensure that the light spot falls within the
pixel to avoid any potential edge effects. Measurement was
done on several samples to ensure that the result is reproducible. Light intensity was monitored with a silicon photodetector, and the signal was read using a Keithley 2400 source
meter. Films grown on glass substrate were characterized for
their absorbance using a UV-Vis-NIR spectrophotometer
(Cary 5000, Agilent) in air. Atomic force microscope (AFM)
images were obtained using MFP-3D Infinity AFM operated
in the tapping mode, and a high resolution scanning electron
microscope (Zeiss Ultra plus HR-SEM) was used to analyze
the surface of the organic films. The ellipsometry measurements of various films present in the device were conducted
by variable angle spectroscopic ellipsometry (VASE
Ellipsometer J.A. Woollam Co.) model. Films of 50 nm
thickness were deposited on a glass substrate and were characterized using the VASE ellipsometer at different angles
(60, 65, and 70) from 300 to 1000 nm. The fitting of the

Commercially available indium-tin-oxide (ITO) coated
glass (PsiOTec Ltd.) was used as the substrate in all devices.
The substrates were pre-cleaned in an ultrasonic bath of
acetone, methanol, and 2-propanol for 10 min each in order
to remove any contaminants. They were then dried in a flow
of nitrogen and further dried in an oven at 100  C for 60 min.
Organic materials used in the active layer of the device
were copper phthalocyanine (CuPc, ACROS Organics,
purity 95%) used as the donor material and fullerene (C60,
SES Research, purity 99.95%) used as the acceptor material.
A wide-energy-gap material 2, 9-dimethyl-4, 7-diphenyl1,10-phenanthroline (Bathocuproine, or BCP, Sigma
Aldrich, purity 99.99%) was used as buffer material between
the cathode and the active layer. CuPc, C60, and BCP were
thermally evaporated in a commercial vacuum deposition
system (VINCI Technologies) at a base pressure of 6  107
mbar. CuPc was deposited at a rate of 0.02 nm s1, and C60
was deposited at 0.01 nm s1. Mixed layers in the devices
were grown by codeposition from two independent organic
sources. In this letter, the composition of the CuPc:C60 is
quoted as the percentage by volume of CuPc and C60 in the
mixture. The film thickness and deposition rates were monitored in situ using a series of quartz-crystal microbalances
(QCM) dedicated to each organic source. All the above
materials were used as-received. All devices were fabricated
on ITO coated glass substrate covered with a thin layer
(55 nm) of PEDOT:PSS (poly(3,4-ethylenedioxythiophene):polystyrene sulfonic acid, Clevios PVP. Al 4083).
PEDOT:PSS was spin coated and then dried in ambient at
110  C for 10 min prior to transfer to nitrogen glovebox and
additionally dried in a vacuum oven at 100  C for 60 min.
All organic layers and cathodes were thermally evaporated
through a shadow mask giving a total active area of
18.4 mm2. A thin layer of BCP (2 nm) was deposited prior to
the deposition of the cathode materials. Mg cathode (20 nm)
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FIG. 2. Schematics of investigated PV devices (a) discrete heterojunction
(bi-layer) device, (b) mix layer (bulk heterojunction) device with thin continuous layers near electrodes, (c) device similar as (b) with an additional
layer of BCP between cathode and active layer, and (d) mix layer device
with an ultrathin BCP layer with Mg as cathode.

measured data was done by using the appropriate oscillators
(a superposition of the Gaussian and Lorentz oscillators).
Cyclic voltammetry (CV) was carried out using a potentiogalvanostat Autolab12 instrument, Eco Chemie B.V. The
samples for CV measurements were prepared as evaporated
films on ITO substrates as a working electrode. They were
examined in a cell containing 0.1 M tetrabutylammonium
hexafluorophosphate (Bu4NPF6) in the anhydrous acetonitrile (CH3CN) as a supporting electrolyte. A platinum wire
was used as the counter electrode, and Ag/AgNO3 (0.01 M in
CH3CN) as the reference one, respectively. The scan speed
was equal to 0.1 V/s. All measurements were made in Glove
box in an inert atmosphere of N2. The measurements were
calibrated using ferrocene (Fc) as the standard,19 and the levels were determined according to the onset potentials.
III. DEVICE STRUCTURES

The molecular structure of the materials used in this
study is shown in Figure 1(a), and the energy level diagram
of the respective materials is shown in Figure 1(c). Figure
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1(b) shows the cyclic voltammogram of the active layer
materials (CuPc and C60) where the difference in oxidation
and reduction waves between the two materials are evident.
The inset to Figure 1(b) shows the difficulty, or flexibility, in
determining the effective band edge of C60 which, in part,
could explain the spread of values found in the literature.
Most efficient organic solar cells utilize both donor and
acceptor materials in the photoactive stack inside the device.
Based on this, we fabricated small molecule, copper phthalocyanine (donor), and fullerene (acceptor) based solar cells in
various architectures and investigated them. Figure 2 shows
the stacks of the investigated devices. Figure 2(a) shows the
schematic structure of a planar heterojunction device in a
stack ITO (230 nm)/PEDOT (55 nm)/CuPc (50 nm)/C60
(50 nm)/Al (100 nm). Devices shown in Figures 2(b)–2(d)
are based on the codeposition technique where the codeposited photoactive layers (CuPc:C60) are sandwiched between
thin layers of pure donor and acceptor materials. This structure is adopted to avoid any direct contact between the donor
and cathode and between the acceptor and anode. Of several
compositions tried, we found 70:30 (CuPc:C60) as the optimal value in the codeposited film. Figure 2(c) shows the
schematic of a device with a thin BCP layer sandwiched
between the active layer and the cathode. Device stack
shown in Figure 2(d) has an ultrathin (2 nm) layer of BCP,
and the Al cathode is replaced with Mg covered by Ag.
IV. RESULTS AND DISCUSSION

Before studying the effect of changing the active (mixed)
layer thickness, we examined and compared modifications of
the layers surrounding it (see Figure 2). Figure 3 shows the
J-V curves of all the device stacks investigated. Table I contains important solar cell characteristic parameters of the
codeposited devices. The bulk heterojunction (BHJ) devices
(Figure 2(b)) exhibit better short-circuit current compared to
the bi-layer devices (Figure 2(a)). This improvement in performance can be attributed to the internal structure of the photoactive film. Codeposition of the donor and acceptor
materials forms a network of donor-acceptor interfaces which
provides multiple exciton dissociation sites. The addition of a
thin layer of BCP between the active layer and the aluminum
cathode (Figure 2(c)) resulted in even higher short-circuit current. As shown in the energy level diagram (Figure 1), BCP

FIG. 3. Current density-voltage characteristics of investigated devices measured under (a) dark and (b) under one
sun light intensity. Devices’ structures
are shown in Figure 2.
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TABLE I. Devices, described in Figure 2, characterized as solar cell.

TABLE II. Device structure A4 with various BHJ Layer Thicknesses.

Device type

JSC (mA cm2)

VOC (V)

PCE (%)

FF

BHJ layer thickness JSC (mA cm2) VOC (V) PCE (%) FF RS (X cm2)

Device A2
Device A3
Device A4

3.1
4.0
6.5

0.48
0.51
0.52

0.39
0.52
1.28

26
26
38

40 nm
60 nm
90 nm
120 nm

with its large bandgap of Eg ¼ 3.5 eV (hence transparent in
the visible region) together with a deep lying HOMO level is
expected to block excitons14 and holes from migrating
towards the cathode. Previous reports20 have suggested that
BCP also serves as an electron transport buffer layer due to
defects induced by the evaporated metal. Of all the devices,
A4 (Figure 2(d)) has the best solar cell characteristic parameters. With Mg as cathode, the optimum thickness of BCP layer
was found to be approximately 2 nm.

7.74
6.53
4.72
4.94

0.52
0.52
0.50
0.49

1.80
1.28
0.80
0.63

45
38
34
26

17.1
26.1
40.3
48.2

decrease in thicker devices, where Pin is the incident solar
light intensity. Of all the thicknesses, we found that the
device with the 40 nm thick active layer has the best solar
cell characteristic values. One may infer the relative quality
directly from the short circuit current; however, from the
device physics point of view, the use of V ¼ 0 to extract reference current is arbitrary and indeed the J-V curves cross
each other indicating a complex interplay of internal parameters. To understand this, we introduce modeling as well as
additional experimental data.

A. Role of active layer thickness

After optimizing the solar cell structure for the above
material system, we studied the effect of photoactive layer
thickness on the short circuit current and efficiency of the
device. Normally, bulk heterojunction small molecule solar
cells are made with an active layer thickness of several 10 s
of nm. The fact that at thicker films the device performance
degrades is known.15 However, a detailed study of the mechanisms that affect the reduction in device performance is
rare. Here, we investigate the role of the active layer’s thickness on the device’s performance using experimental techniques supported by optical and electrical models. Figure 4(b)
shows the J-V curves of device type A4 (Figure 2(d)) for various photoactive layer (CuPc:C60 70:30) thicknesses.
Results from all the devices characterized as solar cell under
AM1.5 solar illumination (100 mW/cm2) are summarized in
Table II. We see that short-circuit current density (Jsc)
decreases as we increase the thickness of the mix layer in the
device. The open circuit voltage (Voc) remains almost constant with little drop in thicker devices. The fill factor (FF)
decreases as a function of active layer thickness. The above
leads to the power conversion efficiency (PCE)
PCE ¼

Jsc :Voc :FF
;
Pin

(1)

B. Optical modeling

This section starts with a brief introduction of the optical
model we used to calculate light absorption in the device,
followed by a comparison between the calculated model’s
result and the experimental one.
In a photocell only the light absorbed in the photoactive
part can contribute to the photocurrent. In thin film devices,
such as organic photodiodes or solar cells, where the thickness of each layer is small compared to the incident wavelength of light, optical interference effects arise due to
multiple reflections between the various layers. This interference pattern becomes especially important when the layered
structure has highly reflective interface, for example, in the
case of metal electrodes. One consequence of this effect is
the change in optical electric field intensity profile inside the
device.20,21
To be able to model the electric field distribution and
consequentially the light absorption, we used ellipsometry to
extract the complex refractive index parameters of the materials used (see Figure 5). The model is based on transfer
matrix formalism,20–23 which takes into account the interference effects in the calculation. The model calculates the optical electric field inside the device once the input parameters,
complex refractive index (Figure 5), and thicknesses of all

FIG. 4. I-V characteristics for devices
for various photoactive layer (mixlayer) thicknesses measured in dark
and under one sun. Device structure:
Glass/ITO 230 nm/PEDOT 55 nm/CuPc
12 nm/CuPc:C60 (70:30 x nm)/C60
12 nm/BCP 2 nm/Mg 20 nm/Ag 70 nm.
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FIG. 5. Complex refractive index spectra of materials used in the optical
modeling of the device (a) refractive
index (n) spectrum and (b) extinction
coefficient spectrum (k) of materials
were measured by variable angle spectroscopic ellipsometer.

layers (Figure 6(a)) are given. Once optical electric field
distribution is known (Figure 6(b)), the power dissipated as a
function of depth is calculated using Poynting formula
1
Qj ð xÞ ¼ ce0 aj nj jEj ðxÞj2 ;
2

(2)

where Qj ðxÞ is the energy dissipated per second in layer j at
distance x from the front surface; c, speed of light; e0 , permittivity of free space; aj , the absorption coefficient of layer
j; nj , refractive index of layer j; and Ej ðxÞ, the resultant optical electric field in layer j at position x. The distribution of
the absorbed power is shown in Figure 6(c) where in the
BHJ layer it also depicts the distribution of the exciton
generation rate.
With the aid of calculations such as shown in Figure
6(c), we calculated the spectral dependence of the absorbed
power in the BHJ layer. In Figure 7, we compare the measured EQE response of the different devices (Figure 7(a)) to
the calculated spectrally resolved absorption power (Figure
7(b)). For the optical model, alone, to reproduce the measured EQE response, the generation-recombination and
transport have to be ideal. In other words, the conversion
from exciton to free charges (charge generation) and the subsequent charge extraction should be ideal and independent of
the position within the layer. Comparing the optical model
and the measured EQE for the 40 nm thick active layer, we

find reasonable agreement in the absolute maximum values
(40%). However, as the BHJ layer thickness increases,
there is an opposite trend between the simulations and the
measured EQE. Also, the simulated spectral shapes are not
so similar to the measured ones. This discrepancy suggests
that the processes not present in the optical model (generation, recombination, charge extraction) are playing an important role. The differing spectral shapes further suggest that
the charge generation efficiency and/or the charge recombination are dependent on the position within the layer. To
understand why this, at least in part, could explain the differences in spectral shapes we replot in Figure 7(c) the power
absorbed in the 120 nm BHJ device along with the power
absorbed along the layer in 15 nm thick fractions of it (there
are 8 such fractions:1–15 nm, 16–30 nm,…,106–120 nm).
The replotted total spectral response was calculated assuming it is a sum of power absorbed in each fraction giving
each an equal weight. However, if transport and recombination are playing a role, then the weight of each section may
not be equal, thus affecting the resulting spectral shape of
the device response.
C. Intensity dependent quantum efficiency
measurement

In Subsection IV B, we discussed external quantum efficiency of the devices and showed how its value is changing

FIG. 6. Optical model for the solar
cell and square of the optical electric
field and power absorbed in various
layers. (a) Schematic of the cell structure used in the optical model: glass/
ITO (230 nm)/ PEDOT (55 nm)/CuPc
(12 nm)/CuPc:C60 (40, 60, 90, 120 nm)/
C60 (12 nm)/BCP (2 nm)/Mg (20 nm)/
Ag (70 nm). (b) and (c) Integrated distribution profile of square of optical
electric field and optical power
absorbed inside the device for light of
wavelength 530–800 nm.
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FIG. 7. (a) EQE spectra of device structure of figure 2(d) for various mix layer thicknesses measured at zero bias, (b) calculated incident optical power
absorbed in the mix layer in the device, and (c) the full device (right axis) and a 15 nm piecewise spectral response of 120 nm device (shown are the 1st, 3rd,
5th, and 7th sections).

when the thickness of the active layer is varied. As noted,
these could be due to charge generation and/or recombination that change with the device’s thickness. To characterize
these potential trends, we used the method recently developed by Tzabari et al.24–26 In short, the device’s quantum
efficiency is measured over a wide light intensity range,
varying from 102 to 103 mW cm2, under short-circuit as
well as under different bias conditions. This unique measurement technique allows to separate different loss mechanisms
and thus produces a physical picture of the trends in the loss
mechanisms as the light intensity is tuned from ultralow to
high intensity.24–26 To help ensure that the data are not
affected by extrinsic factors, such as heating, we performed
sweeps from low to high and back and found no meaningful
hysteresis effects.
Figure 8 shows the quantum efficiency (electron out/
photon in) of cells of various thicknesses measured under a
wide range of light intensity at zero bias using a white light
LED source. The difference in shape and absolute values is a

first indication of the internal mechanisms having different
weight between the devices.26,27 Figure 9 shows the bias
dependent quantum efficiency of the 40 nm, 60 nm, and
120 nm thick BHJ layer devices (for each device, the QE is
normalized to the low intensity value of its zero bias
response). The symbols are the measured data points, and
the lines are best fits to the model described in Section
IV C 1. Examining the experimental data, we observe that for
light intensity below 1 mW cm2 all the cells have their
quantum efficiency constant, plateau region on the quantum
efficiency curve of Figure 8 or Figure 9. At this low light
intensity regime, all the loss mechanisms that involve interaction between the excited species are inactive due to the
low population density. This efficiency, at ultralow light
intensity, is the cell’s free-charge generation efficiency
accounting for charge carriers that escaped geminate recombination as well as other excitation-power independent
losses. Such power-independent losses could be the recombination involving the intensity-independent dark-carriers. The
latter are either injected via diffusion from the contacts or
are due to thermally excited carriers.
Moving to higher light intensity range (>1 mW cm2),
losses start to kick in due to increased free and (CuPc:C60)
interface trapped charge density. This is seen as a drop in
quantum efficiency as one moves towards the high light intensity regime. We note that this drop is relatively small for the
40 nm device and is more pronounced for the 60 and 120 nm
devices. The measured drop in quantum efficiency at 1 sun
intensity (100 mW cm2) in 40 nm device is found to be 10%
of the free charge generation efficiency compared to 34% drop
in the 120 nm device. Considering the bias dependence shown
in Figures 9(a)–9(c), we note that although the response at
zero bias is lower for 120 nm device, it is more sensitive to
bias. At 0.4 V, the non-normalized low power efficiency of
the 120 nm device is 44% which is almost at the same level as
that of the 40 nm device (49%), at the same bias.
1. Electronic model

FIG. 8. Measured quantum efficiency at short circuit as a function of light
intensity for devices of different active layer thickness. 40 nm (circles),
60 nm (squares), 120 nm (diamonds).

To extract the interplay between the internal processes
affecting the data in Figures 8 and 9, one has to analyze it
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FIG. 9. Power dependent quantum efficiency measured with white light LED of the device structure of Figure 2(d) where the active layer thickness is varied
between 40 (a), 60 (b), and 120 nm (c). Each curve was measured for a range of bias voltages (0.2, 0, 0.2, 0.4 V). Curves are normalized to the zero bias
low power value. Solid lines are best fit by our model.

with the aid of a suitable model. This model, taken from Ref.
27, is based on rate equations that accommodate a range of
processes that take place inside a solar cell. The lumped

G
Exciton generation

¼ Kct ðnct  nct–ex Þ  nex þ
Exciton evolution into CT–exciton

Kcd  nct–ex
CT–exciton dissociation

þ

Kdark inj
Contacts injection

model consists of three steady state equations that take care
of each of the following species—excitons, polarons, and
charge transfer (CT)-excitons:

Kgs  nex
Exciton decay to the GS in the bulk

lVp
¼
þ
d2
Drift out

þ

Kep  nex  p ;
Exciton polaron annihilation

Cn ðnct  nct–ex Þ p2 –n2i


DEt
2p þ 2ni cosh
KT

(3)


;

(4)

Kct–p  nct–ex  p
CT–exciton polaronannihilation

:

CT–exciton creationin a SRH type process

Kct ðnct  nct–ex Þ  nex þ
Exciton evolution into CT–exciton


Cn ðnct –nct–ex Þ p2 –n2i


DEt
2p þ 2ni cosh
KT

¼

Kcd  nct–ex
CT–exciton dissociation

þ

nct–ex
s
CT–exciton relaxation

þ

CT–exciton creation in a SRH type process

(5)

In Equations (3)–(5), G is the exciton generation rate
½cm3 s1 , Kct is the rate constant for exciton evolution into
charge transfer (CT) exciton state ½cm3 s1 , nct is the CT
density ½cm3 , nex is the exciton density ½cm3 , p is the
dark carrier density for Vapp ¼ 0 (short circuit condition)
½cm3 , p is the polaron density ½cm3 , V is the internal cell
voltage ½V ¼ VOC  Vapp , Kctp is the rate constant for occupied CT polaron annihilation ½cm3 s1 , Kdark inj is the con 
t
tact injection rate ½cm3 s1 , and 2ni cosh DE
KT is the density
of free charges for which the Fermi level coincides with the
trap level.
As explained in detail in the published work,26,27 the
broad and detailed data enabled us to fit the model to the
measurement in a step by step manner, thus addressing each
physical process individually. The inner parameter extraction

requires not only the normalized QE data shown in Figure 9
but also the data shown in Figures 8 and 10. Specifically,
Figure 8 shows the absolute QE curves at short circuit conditions. The low intensity limit allows us to deduce the absolute generation efficiency and the relative change of it
between the devices. Figure 10 shows an extended view of
the wavelength dependent EQE of the various devices normalized for the intensity at the visible part of the spectrum.
The extended range to the near-infrared (NIR) allows us to
quantify the relative strength (or density) of the CT states
that have absorption around 1000 nm.28,29
Shown in Figure 9 are the model fits (solid lines) to the
experimental data (symbols). The good fit of the model to
the experimental data allows for the model results to be used
to explain the power dependent quantum efficiency curves of
various active layer thicknesses. The parameters extracted
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FIG. 10. External quantum efficiency (EQE), extending to the sub gap
range, for devices of different active layer thickness.

and structure, we characterized samples from different
batches, and all showed similar morphological trends as a
function of film thickness. AFM height and phase images
reveal that the 40 nm thick film is more intermixed, while the
120 nm thick one shows larger grain formation, potentially
indicating larger phase separation between CuPc and C60. A
somewhat similar trend was reported for films thinner than
50 nm.16
To complete the morphological study, we present in
Figure 12(a) the absorbance spectrum of the two films also
used for Figure 11. For reference, we plot in Figure 12(b) the
absorbance of the CuPc and CuPc:C60 films used to extract
the refractive indices presented in Figure 5. The change in
the relative peak heights (at 620 nm and 700 nm) in both
subfigures supports the notion that in the 120 nm film the
CuPc forms larger domains, relative to the 40 nm one, and
there is probably also a slight change in the crystalline
phase.16,34,35
V. DISCUSSION

are collected in Table III, and the following conclusions can
be made: (1) the transfer rate from exciton to CT-exciton is
not limiting the cells’ performance and is much faster than
the radiative rate. (2) The CT-exciton binding energy
reduces as the film is made thicker. (3) The density of (dark)
free charge carriers increases with the film thickness. The
presence of these carriers implies that there must also be
charges within the CT trap states that contribute to a background, light-intensity independent, recombination loss that
reduces the extracted charge efficiency. We return to these
extracted parameters in Section V.
D. Inspection of the morphology of the photoactive
layer

In organic solar cells, the surface morphology of the
active layer may reveal some information regarding the performance of the devices.15,30–33 The morphological or compositional persistence may be of order 10 or few 10 s of nm,
and hence, the AFM images are indicative of the top part of
the layer only. However, comparing top surface of films
grown to different thicknesses may reveal structural evolution.16 To ensure morphological compatibility with the devices, films were grown on top of ITO:PEDOT:CuPc. We used
tapping mode AFM for the analysis of the surface morphology of the active layers. Figure 11 shows the AFM scans of
120 nm (Figures 11(a) and 11(b)) and 40 nm (Figures 11(c)
and 11(d)) thick films. Figures 11(a) and 11(c) are height
images and Figures 11(b) and 11(d) are phase images. To
ensure that the data are representative of the films’ growth
TABLE III. Parameters extracted by fitting the model to Figure 9.
NCT (cm3)a
40 nm
60 nm
120 nm
a

18

0:4  10
1:2  1018
13  1018

EB (eV)
0.30
0.26
0.20

KCT-p (s1)
9

5  10
5  109
5  109

The relative density was determined using Figure 10.

Pdark,SC (cm3)
14

15  10
19  1014
60  1014

As a baseline to this study, we have shown that the performance of small molecule organic solar cell based on codeposited CuPc and C60 active layer is improved by padding
with thin CuPc and C60 layers, on both sides, as well as by
incorporating an ultrathin layer of BCP in conjugation with
magnesium as cathode. After establishing this layer
sequence, we moved to study the effect of the mixed (active)
layer thickness.
As was previously reported, we found that for mixed
layer thickness of above 50 nm the device performance
deteriorates. In our set, the device with 40 nm thick mixed
layer had clearly better performance compared to those with
90 nm and 120 nm thick mixed layer. Using optical modeling,
we found that the differences could not be due to interference
effects since in these devices the 120 nm device clearly
absorbs more light than the 40 nm one. Comparing the spectral shapes between simulated and measured EQE, we found
a first hint towards thickness dependent electronic properties
affecting the generation/recombination balance. To address
this issue, we combined our unique measurement technique,
of measuring quantum efficiency of the devices from ultralow
light intensity to more than one sun intensity, with sub gap
EQE and dedicated electrical rate-equation model.
The results of this analysis indicated that as the thickness
is changed, the densities of both the CT states and of the darkcarrier are changing. Regarding the CT states, the analysis
shows that for thicker films the CT exciton is less bound and
that there are more CT states. The morphological (AFM) analysis indicated that the grain size increases with thickness. The
first puzzle is why would the CT exciton binding energy
reduce as the grains grow? In Refs. 36 and 37, they reported a
C60
reduction of the HOMO-LUMO gap DHL ¼ ECuPc
HOMO  ELUMO
in going from a bi-layer structure ðDBilayer
Þ to a bulkHL
Blend
heterojunction ðDHL Þ, which may suggest that larger grains
could exhibit higher CT state energy (lower binding). Another
approach is directly related to enhanced delocalization in
larger crystals, which would enhance the size of the exciton
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FIG. 11. AFM morphology scan of the
CuPc:C60 (70:30) bulk heterojunction
samples. (a) and (c) AFM height
images of the 120 and 40 nm thin
mixed active layer film; (b) and (d)
Phase images of the 120 nm and 40 nm
thick mixed active layer. To ensure
morphological compatibility with the
devices, films were grown on top of
ITO:PEDOT:CuPc.

FIG. 12. (a) Normalized absorbance of
40 nm and 120 nm CucPc:C60 mixed
layers. To ensure morphological compatibility with the devices, films were
grown on top of ITO:PEDOT:CuPc.
(b) Absorbance of the films grown on
glass substrate was used to extract the
refractive indices in Figure 5.

and thus reduce the exciton binding energy.38,39 The more
intense signature of the CT states (Figure 10) is more difficult
to link with larger grain size as the interface area between the
CuPc and C60 reduces as the grain size increases. We attributed the change in relative peak heights in the absorption
spectrum to changes in the layer’s crystallinity with film
thickness.30 However, co-evaporated films include both a and
b phase18 even at temperatures below that of the full transition34,35 to b phase. We postulate that as the film grows there
are changes in the CuPc unit cell that would lead to differing
coupling strength with the C60 crystallites.40
Regarding the dark-carrier density, it was found that as
the CT density increases with layer thickness so does the
dark charge density. In previous publication,27 we attributed
the dark carriers mainly to residual doping or injection
through diffusion from the contacts. However, within the
current set of devices, the materials are unchanged, and the
only difference we found was in the CT state density, which

we attributed to the change in morphology. The relatively
low density of dark carriers deduced (1015 cm3) is linked
in the model27 to CT states that are occupied in the dark.
This could be due to partial charge transfer in the ground
state following the mechanism discussed in the context of
integer charge transfer.41 Testing this hypothesis in a fully
rigorous manner is beyond the scope of the current paper.
Overall, our study shows that although morphological control is key issue it is not only the donor:acceptor interface
area that is changing but also the interactions across this
interface. Namely, the polycrystalline nature adds another
dimension to the optimization procedure.
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