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ABSTRACT: In order to further improve the performance of organic photovoltaic cells g@/ P NOI0)
- : Excited donor /w

(OPVs), it is essential to better understand the factors that limit the open-circuit voltage =y

(Voc)- Previous work has sought to correlate the value of V¢ in donor—acceptor (D—A)
OPVs to the interface energy level offset (Ep,). In this work, measurements of
electroluminescence are used to extract the charge transfer (CT) state energy for multiple
small molecule D—A pairings. The CT state as measured from electroluminescence is found
to show better correlation to the maximum V¢ than E,. The difference between Ep, and
the CT state energy is attributed to the Coulombic binding energy of the CT state. This
correlation is demonstrated explicitly by inserting an insulating spacer layer between the
donor and acceptor materials, reducing the binding energy of the CT state and increasing
the measured V. These results demonstrate a direct correlation between maximum Vi

and CT state energy.
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B INTRODUCTION

Organic photovoltaic cells (OPVs) frequently adopt an electron
donor—acceptor (D—A) heterojunction architecture to facili-
tate efficient exciton dissociation.”” While driving exciton
dissociation by charge transfer, the required energy offset at the
D—A interface leads to an inherent energy loss during
photoconversion. As a consequence, devices that adopt the
D—A heterojunction architecture typically operate with lower
open-circuit voltage (Vo) than devices that instead rely on
bulk exciton ionization, as is the case in Schottky OPVs.>”” In
order to realize increased power conversion efficiency (7p) in
OPVs, both the short-circuit current density (Jsc) and Vo
must be optimized. Much previous work has focused on and
succeeded in maximizing the device external quantum efficiency
(npqe) and Jsc." ™' As such, the most significant bottleneck to
further increases in efficiency is the small value of Vi relative
to the absorbed photon energy. It is thus critical to better
understand the theoretical maximum achievable Vi for a
particular D—A junction and develop techniques to drive the
observed V¢ closer to this ideal value. Previous research has
demonstrated that the maximum achievable Vo in a D—A
heterojunction OPV can be determined at low temperature and
is related to the difference between the highest occupied
(HOMO) and lowest unoccupied molecular orbital (LUMO)
energy levels of the donor and acceptor materials, respectively,
termed the interface energy level offset (Ep, A).7"° While these
quantities are related, the observed maximum Vi is smaller
than Ep,, and an exact correlation requires the inclusion of an
empirical energy offset term.'” One possible source for this
additional energy loss is the need to overcome the binding
energy of the charge transfer (CT) state that forms after exciton
dissociation."® The Coulombic attraction between the
oppositely charged carriers serves as a barrier for further
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charge separation and reduces the CT state energy (Ecr)
relative to Ep,. Recently, it has been demonstrated that in
polymer—fullerene based OPVs a direct correlation can be
made between E.r, as determined by fitting the sub-bandgap
feature in #pqp spectra using Marcus theory, and the
extrapolated Vo at 0 K, termed V""" ~*° Here, we examine
small molecule OPVs as model systems to establish a
relationship between CT state emission energy as measured
from electroluminescence and the extracted maximum
achievable Vi (or Vi) for multiple D—A pairings. The CT
state electroluminescence energy is chosen over the fitted Ecp
from #gqp for two reasons. First, the thermalization of the CT
state is a rapid process such that V¢ is likely impacted by the
relaxed CT state.”’ The emission spectrum is likely a more
direct characterization of the filled density of relaxed CT states.
Second, the broad CT state absorption feature will partially
overlap with fullerene absorption features for D—A pairings
with a large Ep,. This makes it difficult to separate the
measurement of Ecp from photocurrent generated by the
fullerene in #7gqp spectra. In addition to correlating Ecr and V,
we also demonstrate that the Ec for a given D—A pairing can
be tuned using dielectric spacer layers for increased V.

B EXPERIMENTAL SECTION

Organic photovoltaic cells were fabricated on prepatterned indium—
tin—oxide (ITO)-coated glass substrates having a sheet resistance of
~8—12 Q/[]. Substrates were cleaned in tergitol solution and in
organic solvents and treated in UV—ozone ambient for 10 min prior to
thin film deposition. All layers were deposited by high vacuum thermal
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evaporation at a base pressure of <8 X 1077 Torr. For all devices, a 10
nm-thick interlayer of MoO, was deposited at 0.05 nm/s on the ITO
anode.’ In donor—acceptor bulk heterojunction (BHJ) devices, mixed
organic active layers were prepared via codeposition at a total rate of
0.2 nm/s at room temperature. All OPVs were capped with a 10 nm-
thick exciton blocking layer of bathocuproine (BCP).”* Device active
areas are defined by the overlap between a 100 nm-thick Al cathode
layer and a prepatterned ITO anode, giving a device active area of 9
mm? For this study, boron subphthalocyanine chloride (SubPc ~
95%), chloroaluminum phthalocyanine (CIAIPc ~ 95%), and 1,4-
bis(triphenylsilyl)benzene (UGH2~95%) were obtained from Lumtec
Inc. Cgy (~99%) was obtained from MER Corporation, and 2-[7-(4-
N,N-ditolylaminophenylen-1-yl)-2,1,3-benzothiadiazol-4-ylJmethylene
malononitrile (DTDCPB ~ 97%) and 2-[7-(4-N,N-diphenylamino-
phenylen-1-y1)-2,1,3-benzothiadiazol-4-yl methylene malononitrile
(DPDCPB ~ 97%) were synthesized by Si§ma—Aldrich Corp. using
methods described in previous literatures.”>*" Pentacene (~99%) was
purchased from Sigma-Aldrich Corp.,, and copper phthalocyanine
(CuPc ~ 95%) was purchased from Acros Organics, while BCP
(~98%) and MoO; (~99.5%) were obtained from Alfa Aesar. All
materials were used as received without further purification. All device
parameters were measured under AM1.5G simulated solar illumination
(100 mW/cm?) using an Oriel Xe solar simulator. All variable
temperature experiments were carried out in a Janis cryogenic probe
station with liquid nitrogen cooling. Device temperature was
monitored using a Si thermometer. Current density—voltage character-
istics were measured using a Keithley 2400 source meter. Electro-
luminescence spectra were measured using an Ocean Optics USB4000
fiber-coupled spectrometer and a Photon Technology International
QuantaMaster 4 Fluorometer.

B RESULTS AND DISCUSSION

Figure 1 shows the energy landscape that excitons experience at
the D—A interface prior to dissociation into separated charge
carriers. The first step is charge transfer, during which the
electron (hole) is transferred to the acceptor (donor),
sacrificing part of the original exciton energy. The partially
separated exciton now forms an intermediate state, namely, the
CT state. The CT state experiences rapid thermalization,
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Figure 1. (a) Conversion of an exciton into separated charge carriers
at an electron donor—acceptor (D—A) interface. (b) Energy landscape
for the process depicted in (a). Electrons (holes) will transfer to the
acceptor (donor) and form a CT state. The CT state is Coulombically
bound after rapid thermalization, frustrating further separation. Ideally,
the exciton energy (Epyon) is larger than the D—A interface energy
level offset (Ep,). The CT state energy (Ecr) is the smallest among
those involved in photogeneration and is equal to the maximum
achievable V¢ multiplied by elemental charge.

E, exciton
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leading to an additional loss of energy. The relaxed CT state is
Coulombically bound, frustrating further separation.25 Within
the entire photoconversion process, the CT state is the lowest
energy state and thus should determine the theoretical
maximum achievable V of the OPV.

Experimentally, the theoretical maximum achievable Vi is
typically estimated from the temperature dependence of Vi,
which can be described by rearranzging the Shockley equation
under open-circuit conditions as'”*°

b
]Ph (VOC) (1)

eVoc ® Eg¢ — nkgT In

where Eg is the effective energy gap and also the limit for
maximum Vg, n is the ideality factor, kg is the Boltzmann
constant, e is the elementary charge, ], is a temperature
independent prefactor, and ]ph(VOC) is the photocurrent under
open-circuit conditions. The energy E ¢ is directly related to the
lowest-energy intermediate state in the exciton dissociation
process. In the case of a D—A heterojunction, E.4 equals the
CT state energy.”” In reality, the Vi is also limited by the
quasi-Fermi level offset at finite illumination intensity, and the
observed Vi will often deviate from the dependence of eq 1
and plateau at low temperature.'****” Thus, the extrapolated
Voc at 0 K, ie, V,, is often chosen to aggroximate the
theoretical maximum achievable V¢ and Eq."> 628

The temperature dependence of V was measured for BHJ
OPVs having the structure ITO/MoO, 10 nm/mixed active
layer 60 nm/BCP 10 nm/Al 100 nm, using a variety of different
donor materials including SubPc, DPDCPB, DTDCPB, CIAIPc,
and CuPc. All devices are fabricated with an acceptor material
of Cg. The inclusion of an interlayer of MoO,, ensures that the
Voc is not limited by the energy levels of the electrodes.”******
A uniformly mixed active layer with a D:A volume ratio of 1:1 is
chosen to maximize the D—A interface area and minimize the
impact of exciton bulk-ionization as described in previous
literature.”*” All devices exhibit a monotonic decrease in Vo
with increasing temperature, as shown in Figure 2a. The
temperature dependence of Vo for the D—A pairing of
pentacene-Cg is replotted from ref 13."* The value of V, for
each D—A pairing is obtained by linearly extrapolating the
temperature dependence of Vyc to 0 K based on data in the
temperature range of 210—300 K for the D—A pairing of
DPDCPB-Cg, and 190—300 K for all other D—A pairings. The
error bars are taken as the sum of the 95% confidence interval
and the experimentally measured standard deviation of V.
Literature values of the energy levels for materials used in this
study are listed in Table 1 for the calculation of Ep,. The
literature values for the various HOMO energy levels are
determined via photoelectron emission spectroscopy, and the
literature values for the various LUMO energy levels are
determined via soft X-ray spectroscopy, inverse photoelectron
emission spectroscopy, or cyclic voltammetry.z“"n’32

A comparison between V; and Ep, for each D—A pairing is
shown in Figure 2b, and a linear relationship is found between
the two parameters. However, similar to previous studies, the
observed linear relationship does not pass through the origin
(the intercept is ~0.38 eV)."**° This lack of agreement
highlights the fact that Ep, does not simply equal Ecp, due
chiefly to the binding energy of the CT state. In order to better
correlate the theoretical maximum achievable Vo and D—A
interface energetics, a direct measurement of Ecr is necessary.
Here, we use CT state electroluminescence spectroscopy to
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Figure 2. (a) Temperature dependence of V¢ for BHJs (D:A ratio =
1:1) based on different donor materials and Cg. The temperature
dependence of Vi for the D—A pairing of pentacene-Cy is replotted
from ref 13. The linear extrapolations of V¢ to 0 K are based on data
in the temperature range of 210—-300 K for the D—A pairing of
DPDCPB-Cg, and 190—300 K for all other D—A pairings. (b) The
correlation between the linearly extrapolated Vo at 0 K (V;) and Ep,.
The solid line is fit to the data with a slope of unity, and the dashed
line represents perfect positive correlation. The vertical error bars are
taken as the sum of the 95% confidence interval and the
experimentally measured standard deviation of V.

Table 1. Energy Levels of Materials Studied

material HOMO (eV) LUMO (eV) Epa’ (eV) ref
SubPc 5.6 32 19 31
DPDCPB S.5 34 1.8 24
DTDCPB S4 34 1.7 24
ClAIPc 5.3 3.4 1.6 31
pentacene 52 3 15 32
CuPc 5.0 33 13 31, 42
Ceo 62 37 - 2

“SubPc, boron subphthalocyanine chloride; DPDCPB, 2-[7-(4-N,N-
diphenylaminophenylen-1-yl)-2,1,3-benzothiadiazol-4-yl Jmethylene
malononitrile; DTDCPB, 2-[7-(4-N,N-ditolylaminophenylen-1-yl)-
2,1,3-benzothiadiazol-4-yl]methylene malononitrile; CIAIPc, chloroa-
luminum phthalocyanine; CuPc, copper phthalocyanine. bEnergy level
offset between the HOMO level of donor material and the LUMO
level of Cy,.

determine Ecp.*>™>® Under electrical excitation, CT states are

formed across the D—A interface and may recombine
radiatively. In most cases, for current injection levels (~80
mA/cm?) slightly higher than Jo, only CT state electro-
luminescence is observed, avoiding direct exciton decay on
either the donor or the acceptor material. The observed CT
state electroluminescence spectra are broad and located in the
near-infrared region of the spectrum with a typical full-width at
half-maximum (fwhm) of 0.2—0.3 eV, as shown in Figure 3a.
Electroluminescence spectra are fit using a single Gaussian
function, with the peak position taken as the value of Ecp and
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Figure 3. (a) Electroluminescence (EL) spectra for BHJs based on six
different donor materials paired with an acceptor layer of Cg
measured under a current density of ~80 mA/cm?. Each spectrum
is fit with a single Gaussian function, with the peak energy taken as the
charge-transfer state energy (Ecr). (b) The correlation between the
linearly extracted maximum achievable Vi, (ie. Vy), and Ecr. The
solid line is fit to the data with a slope of unity, and the dashed line
represents perfect positive correlation. The horizontal error bars are
determined from the full-width at half-maximum of the CT state
emission feature.

the fwhm taken as the error bar. A comparison between the
extrapolated V; and Ecp for each D—A pairing is plotted in
Figure 3b. The solid line is a linear fit to the data with a slope of
unity while the dashed line represents perfect positive
correlation. A clear linear relationship is preserved. More
importantly, the linear relationship between Ec-r and V; has
almost zero intercept (~0.05 eV), confirming that a stronger
correlation can be made between Ep and V,, over Ep, and V,,
Further theoretical analysis on accurately extracting Ecy from
the CT state electroluminescence may help eliminate the small
intercept observed in our fitting results.

In comparing the measured values for Ep, and Ecr, a fairly
constant offset of ~0.33 eV is observed. In previous work, this
energy shift has been ascribed to the binding energy of the CT
state.”” As a result, the Voc can be improved if the binding
energy of the CT state is reduced. Previously, Campbell et al.
have demonstrated that the exciton dissociation and CT
recombination rates in a tetracene-Cgq, planar heterojunction
(PHJ) could be tuned by inserting a wide-energy-gap spacer
layer between the donor and acceptor.*® Both the Jc and 7; are
enhanced with the incorporation of a 1 nm-thick spacer layer.
Liu et al. have carried out a theoretical analysis for this device
architecture to model the dependence of Vi on the spacer
layer thickness. The model calculates V5 from the CT state
density at the D—A interface and predicts that the Vi will
follow the trend of Jy..>’

Here, we instead focus on how the presence of a spacer layer
impacts the initial size of the CT state and, hence, V5c. A thin
spacer layer of UGH2 is inserted at the D—A interface in PH]J
OPVs. UGH2 is a wide energy gap host material used in the
construction of blue organic light-emitting devices and is
characterized by a deep HOMO level (7.2 eV) and a shallow
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LUMO level (2.8 eV).* Insertion of the UGH2 layer permits
spatial separation between holes residing in the HOMO level of
the donor material and electrons residing in the LUMO level of
the acceptor material.

Planar devices based on donor layers of CuPc and CIAIPc
were constructed with a spacer layer of UGH2 included at the
D—A interface in order to vary the initial separation of the CT
state. Here, the spacer layer is found to have a deleterious effect
on the Jgc for both devices as shown in Figure 4a. The
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Figure 4. (a) Measured values of Jc for planar heterojunction OPVs
(ITO/CuPc 20 nm or CIAIPc 15 nm/UGH2 x nm/Cg, 40 nm/BCP
10 nm/Al 100 nm) as a function of UGH2 spacer layer thickness. (b)
Temperature dependence of Js for the CuPc-Cy, device of (a) as a
function of UGH2 spacer layer thickness.

incorporation of a spacer layer is also found to impact the
temperature dependence of Jgc. Previous literatures have
observed a decrease in Jic with decreasing temperature.®"?
Interestingly, the temperature dependence of Jsc changes as the
thickness of the spacer layer increases, as depicted in Figure 4b.
The Jsc shows a plateau when cooling from 250 to 190 K in
devices containing a spacer layer of UGH2 for the D—A pairing
of CuPc-Cg,. The plateau in Jgc may reflect a counterbalance
between increasing exciton lifetime and decreasing CT state
dissociation yield at low temperature.”**

The Vi is found to increase monotonically as the thickness
of the UGH2 layer increases (Figure Sa). This is in contrast to
the dependence of V¢ on the spacer layer thickness predicted
by Liu et al,*” which is calculated based on CT state density
obtained from a numerical device model and will thus follow
the trend of Jsc. Our experimental result indicates that the
spacer layer impacts not only the CT state density but also the
CT state energy. As a result, even with a 3 nm-thick spacer
layer, no reduction in V¢ is observed.

The CT state energy is ultimately the electric potential
difference between the HOMO level of the donor material and
the LUMO level of the acceptor material (Ep,) less the CT
state binding energy. In the simplest incarnation, the CT state
binding energy is the Coulombic attraction between oppositely
charged carriers. This permits the relationship between Ecr and
the spacer layer thickness to be written using a simple
Coulombic attraction as

2

_ %o _ e
Ecr = Epy — Ey T Eqpacer d E, = 4ree a
a —_— 0%active0
O e e )

where E, and g, are the binding energy and initial separation of
the CT state in the absence of a spacer layer, d is the thickness
of the spacer layer, &, is the permittivity of vacuum, €, is the
relative permittivity of the active material, and &g, is the

1.0

@ =8k (@

306 068
> 0.6 ./k-'l"" M O
04 n n n n n n n 04
o 1 2 3 0.6 08 1.0
Spacer Thickness ("M)  &,,68¢/(€ e80T Espacerd)

1.1 e e B B s w1
10 K9 CuPc-C,,
= 0nm
09 B e 1nm
S o8l 4 2nm
o L v 3nm
o
> 07 |-
0.6 -
0.5 -
o4l v v v

o

50 100 150 200 250 300
Temperature (K)

Figure S. (a) Measured values of V¢ for planar heterojunction OPVs
(ITO/CuPc 20 nm or CIAIPc 15 nm/UGH2 x nm/Cg, 40 nm/BCP
10 nm/Al 100 nm) as a function of UGH2 spacer layer thickness. (b)
Modeling the increase of Ecr with the incorporation of a spacer layer
by fitting the spacer thickness dependence of V. (c) Temperature
dependence of V¢ for the D—A pairing of CuPc-Cyy with the device
architecture in (a) as a function of UGH2 spacer layer thickness. The
linear extrapolations of Vo to 0 K are based on data in the
temperature range of 150—300 K.

relative permittivity of the spacer layer. Previously in Figure 3b,
we have established the correlation between Ecp and the
theoretical maximum achievable Vi c. Therefore, by replacing
E ¢ with the expression of Ecr, eq 1 can be rewritten as

J a
Vo = Epy — nkT In “’/ - E, -
]ph( OC) ap + Ed (3)

Equation 3 permits a direct correlation to be made between
Voc and the spacer layer thickness (d), allowing the parameter
ay to be extracted by linearly fitting the data in Figure Sb. In
order to reduce the number of fitting parameters, values of
Egpacer A0 €, are estimated using the near-infrared refractive
indices of UGH2 (¢ = 2.5) and the active material mixture
(D:A mixing ratio = 1:1). The CT state binding energy, Ey, is
written as a function of 4y and &, using eq 2, meaning the
slope of the linear fit in Figure 5b is now only a function of a,.
For the D—A pairing of CuPc-Cgy, a fit value of ay = (2.6 + 0.3)
nm is obtained with €, = 3.8, corresponding to Ey, = (0.15 +
0.02) eV. For the D—A pairing of CIAIPc-Cy a fit value of gy =
(1.7 £ 0.7) nm is obtained with &, = 5.4, corresponding to
E, = (0.16 + 0.07) eV. Error bars are determined form the 95%
confidence interval of the fit. The extracted values of a, suggest
that in the absence of a spacer layer, the CT state is tightly
bound, likely spanning two molecules.

Aside from a reduction in Vi, a reduction in the forward-
bias dark current with increasing spacer layer thickness is also
observed. In examining eq 1, this could imply a secondary cause
for the variation of V¢ with spacer layer thickness beyond Ecp
(Egin eq 1), as changes in the dark current (and hence J; in eq
1) also impact Vc.*' The relative dominance of one term over
the other can be probed directly by examining the temperature
dependence of V. If Ecr is responsible for the change in Vi
with spacer layer thickness, different values of V¢ should be
obtained at low temperature for each thickness. If the variation
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instead comes from changes in J,, values of V¢ for all spacer
layer devices should converge at low temperature. Figure Sc
shows the temperature dependence of Vo measured from 82
K to room temperature for CuPc-Cg, PHJ OPVs, with a linear
fit to the data over the range of 150—300 K to extrapolate the
value of Vo at 0 K. The 95% confidence intervals for the
extracted values of V, are [0.94, 0.99] and [1.00, 1.03] for
OPVs with no spacer layer and with a 3 nm-thick spacer layer,
respectively. Thus, we conclude that the values of V¢ for
devices constructed using various spacer layer thicknesses do
not converge to the same value at low temperature, supporting
a model where Ey is increased with the insertion of a spacer
layer, leading to the observed dependence of Vc on spacer
layer.

B CONCLUSIONS

We have demonstrated a direct correlation between the charge-
transfer state energy (Ecr) as extracted from electrolumines-
cence and the theoretical maximum achievable Vyc in OPVs.
This is in contrast to much previous work where only a partial
correlation is made between Ep, and V. The discrepancy
between E.r and Ep, is attributed to the binding energy of the
CT state formed at the electron donor—acceptor interface.
Here, the CT state binding energy is successfully modeled as a
Coulombic electron—hole attraction. A wide energy gap spacer
layer is used to effectively tune the size of the CT state and also
the resulting V.
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