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ABSTRACT: We investigate the structural influences on the
device performance, especially on open-circuit voltage (Vo) in
squaraine (SQ)/fullerene (Cg,) bilayer cells. Simply changing
the SQ thickness could lead to 40% variation in V¢ from 0.62
to 0.86 V. The ionization potential (IP) of SQ films and
recombination at the anode surface as well as donor/acceptor
(D/A) interface sensitively vary with film thicknesses, which
account for the shifts in V.. The anode recombination can be
effectively suppressed by preventing direct contact between Cq
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and the anode with a buffer layer, delivering an elevated V.. Through polarized infrared—multiple-angle incidence resolution
spectroscopy measurement, the molecular structure of SQ_films is found to gradually evolve from lying-down on indium—tin
oxide substrates with noncentrosymmetric orientation at low thicknesses to random structure at high thicknesses. The different
molecular orientation may yield different strengths of electronic coupling, which affects the charge-carrier recombination and
thus V. Moreover, the oriented SQ_films would spontaneously compose aligned dipole moments at the D/A interface because
of the strong dipolar effects in SQ molecules identified by density functional theory calculations, whereas no aligned interfacial
dipole moment exists in the random structure. The resulting interfacial dipole moments would form an electric field at the D/A
interface, leading to variations in the IP and thus impacting V. Our findings demonstrate that V¢ in organic photovoltaic cells
is critically associated with the molecular orientation that affects the charge-carrier recombination and interfacial dipole
alignment, which should be seriously taken into consideration for the design of organic molecules and optimization of the cell

efficiency.
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B INTRODUCTION

Organic photovoltaic (OPV) cells are some of the most
competitive candidates for solar-energy conversion applications
because of their potential for low-cost production and
advantages such as light weight, flexibility, and solution
processability.' > The power conversion efficiency (PCE) of
OPYV single-junction cells has been steadily improved because
of the development of new materials and device architectures,
reaching 8.9% in a small-molecule cell® and 9.2% in a polymer-
based cell.” Recently, tandem OPV cells have been reported to
reach a PCE of 11.3% and 11.5% based on small molecules®
and polymers,” respectively. In order to further boost PCE for
commercialization, tremendous efforts have been made to
improve solar cell characteristics, including the short-circuit
current (Jsc), fill factor (FF), and open-circuit voltage (Vo).
Structural control featuring regulation of the crystallinity,
molecular orientation, and morphology is one of the most
effective strategies to improving Jsc and FE.'>'! Our recent
studies demonstrated that tailoring the nanostructure of organic

-4 ACS Publications  © 2015 American Chemical Society

10814

films at the molecular level leads to lying-down molecular
geometry, phase-separated morphology in coevaporated blend
films, and increased charge-carrier lifetime, which have
substantially improved Jsc and FE."”>~"> Meanwhile, we found
that many devices more or less show unstable V¢ shifting with
the structural properties such as the film thickness, molecular
orientation, etc. However, a systematic discussion with respect
to the structure—V relationship remains scarce.

Achieving high Vi has long been recognized as a vital
challenge for molecular-based solar cells. Vo depends on the
interfacial energy level offset (AEp,) between the highest
occupied molecular orbital (HOMO) energy levels of donor
materials and the lowest unoccupied molecular orbital
(LUMO) energy levels of acceptor materials,"*™*® as well as
charge separation/recombination kinetics.'” Until now, ap-
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Figure 1. (a) Current density versus voltage (J—V) characteristics of OPV cells with structures of ITO/BP2T (0 or 8 nm)/SQ _(6—40 nm)/Cg, (40
nm)/BCP (3 nm)/Al (100 nm). (b) V¢ as a function of the SQ_thickness extracted from part a. B/SQ stands for BP2T/SQ.

proaches for the development of V5 can be briefly
summarized as (1) extending AEp, by lifting the LUMO of
the acceptor and/or by shifting down the HOMO of the donor
by molecular designzo_24 and (2) minimizing the charge-carrier
recombination by controlling the morphology,” introducing
buffer 1ayers,26 etc. Considerable studies have been focused on
the first approach by developing various donor materials with
low HOMO levels, such as 2,4-bis[4-(N,N-diisobutylamino)-
2,6-dihydroxyphenyl]squaraine (SQ),"” tetraphenyldibenzoper-
iflanthen,'® and poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-
(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole) ], and/or by de-
veloping acceptor materials with high LUMO levels, such as an
indene-Cy, bisadduct.*® For OPV cells with a certain donor/
acceptor (D/A) material system, V¢ is sometimes observed to
shift with the cell parameters, such as the blending ratio, film
thicknesses, and buffer layers,” > which largely affects the
ultimate cell efficiencies. For some organic molecules that have
been well-studied, such as zinc phthalocyanine, nearly change-
less Vo has been observed in the OPV cells with different film
thicknesses.*>™>* Comparatively, for many advanced organic
molecules having deep HOMO levels, the film thickness is seen
to have a remarkable impact on Vc.>**7*” This implies that
thickness control can be crucial for some unique molecules, and
investigation on the underlying mechanisms is of great
importance for high cell efficiencies.

Previous studies suggest that, despite the same organic
material, multiple electronic structures are found for films with
different thicknesses because of variations in the molecular
orientation.>® *° The structural order at the D/A interface of
planar heterojunctions can also be a crucial factor that affects
the electronic coupling and thus the recombination rate.*"**
On the other hand, Duhm et al. demonstrated that the
ionization potential (IP) of organic films depends strongly on
the orientation of the molecules because of variations in the
interfacial dipole moment.*® Tajima et al. reported that
introducing interfacial dipole moments at the D/A interface
allows the relative energy levels of the materials to be
tuned.'”** On the basis of the observations mentioned above,
Voc can be affected by structural properties such as the
electronic coupling of materials and interfacial dipole moments
induced by the molecular orientation. A thorough under-
standing of the correlation between the molecular orientation
and V¢ is highly required for maximization of the potential of
materials and for further improvement of the OPV cells.

In the present work, we investigate the influence of the
device structure on Vg in SQ/fullerene (Cg,) planar
heterojunction OPV cells by employing SQ layers with different
thicknesses. The OPV cells suffer from serious surface
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recombination between indium—tin oxide (ITO) anode and
Cg by virtue of the discontinuous SQ morphology at low
thicknesses, resulting in low Vyc. With the introduction of a
2,5-bis(4-biphenylyl)bithiophene (BP2T) layer on ITO, this
recombination-induced Vi loss could be substantially sup-
pressed. Variation in AEp, is found to be another important
reason for the changes in V¢ via analysis of the temperature
dependence of cell characteristics and photoemission spectra.
Polarized infrared—multiple-angle incidence resolution spec-
troscopy (FTIR—MAIRS) measurement reveals that the SQ
films are noncentrosymmetrically oriented on ITO substrates at
low thicknesses but gradually evolve into a random structure as
the film thickness increases. The molecular orientation may
affect the strength of the electronic coupling at the D/A
interface and thus the charge-carrier recombination, which is
also responsible for variations in V¢. Furthermore, on the basis
of density functional theory (DFT) calculations, the oriented
SQ films would spontaneously form a layer of aligned dipole
moments at the D/A interface, which affects the IP of the SQ
films and, in turn, influences V.

B EXPERIMENTAL SECTION

OPV Cell Fabrication. All photovoltaic cells were fabricated on
commercially available ITO-coated glass substrates that were pre-
treated in oxygen plasma for 30 min. Prior to use, BP2T (Aldrich) was
further purified three times by vacuum gradient sublimation, and SQ
(Aldrich) was purified twice by column chromatography on silica gel
with chloroform as the eluent and recrystallized from chloroform/
hexane. Cq, (Frontier Carbon, 99.9%) and bathocuproine (BCP;
Dojindo, 98%) were used as received. These materials were thermally
evaporated in a vacuum chamber (<2 X 1075 Pa) at room temperature
with the following rates: BP2T, 0.10 + 0.05 A/s; SQ, 0.10 + 0.05 A/s;
Cgp 0.10 + 0.05 A/s; BCP, 0.35 + 0.05 A/s; Al 1.5 + 0.5 A/s. All film
thicknesses and deposition rates were monitored using a quartz crystal
oscillator. Cells were fabricated with a simple p—n heterojunction
architecture ITO/buffer layer (BP2T: 0 or 8 nm)/donor (SQ: 6, 12,
20, 30, or 40 nm)/acceptor (Cg: 40 nm)/BCP (3 nm)/Al (100 nm).
More than eight separate cells were fabricated under each condition to
estimate the variability.

Characterizations and Theoretical Calculations. The current
density versus voltage (J—V) characteristics of the cells were measured
under dark conditions and simulated solar illumination (AM 1.5G)
using a digital source meter (Keithley 2400). The incident power was
calibrated using a standard calibrated silicon cell to match 1-sun
intensity (100 mW/cm?). For low-temperature measurement, the
OPV cells were characterized in a vacuum chamber (<5 X 107 Pa).
All of the cells were mounted into the vacuum chamber through a
glovebox without exposure to the ambient environment. The cell
temperature was varied in a range between 125 and 300 K using a
liquid-nitrogen cooling system and a cryostat. The IP levels of the SQ
and BP2T/SQ films were determined by photoelectron yield
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Table 1. Cell Performances of ITO/BP2T (0 or 8 nm)/SQ (6—40 nm)/Cg, (40 nm)/BCP (3 nm)/Al (100 nm) under 1 sun

Illumination together with the Saturation Current, Ideality Factor, and Calculated Slope Values

cell PCE [%] Jsc [mA/cm?] Voc [V]
SQ 6 nm 25+02 5.6 +02 0.62 + 0.01
SQ 12 nm 2.6 +02 59 + 02 0.71 + 0.01
$Q 20 nm 2.5 +02 57 +02 0.78 + 0.01
SQ 30 nm 20+ 0.1 45 + 0.1 0.86 + 0.01
SQ 40 nm 1.6 + 0.1 43 + 0.1 0.86 + 0.01
BP2T/SQ 6 nm 3.0+ 02 6.0 + 02 0.72 + 0.01
BP2T/SQ 12 nm 33+02 6.5+ 02 0.81 + 0.01
BP2T/SQ 20 nm 31 +02 6.0 + 0.1 0.83 + 0.01
BP2T/SQ 30 nm 2.1 +0.1 47 + 0.1 0.86 + 0.01
BP2T/SQ 40 nm 1.7 + 0.1 43 + 0.1 0.86 + 0.01

FF Jso[mA/cm?] n® calculated slope”
0.71 + 0.02 1.6 x 1073 1.87 -13 x 1073
0.61 + 0.02 9.4 x 107* 1.50 -1.1 x 1073
0.56 + 0.02 69 x 107* 127 —9.9 x 107*
0.53 + 0.02 32x107* 1.16 -9.5 x 107*
0.43 + 0.02 2.8 x 107* 1.15 -9.5 x 107*
0.70 + 0.02 89 x 107* 1.55 -12 x 1073
0.63 + 0.02 45 x 107 1.20 —9.9 x 107*
0.63 + 0.02 42 x 107 1.20 —-9.9 x 107*
0.53 + 0.02 31x107* 1.15 -9.5 x 107*
0.44 + 0.02 29 x 107* 1.15 -9.5x 107*

“n is calculated according to eq 1 using the AEy, values estimated from the IP. “The calculated slope values are obtained from —nkq™" In(Jsc/Jso)-
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Figure 2. AFM height images of (a) bare ITO, (b) ITO/SQ (6 nm), (c) ITO/SQ (12 nm), (d) ITO/SQ (40 nm), (e) ITO/BP2T, (f) ITO/BP2T/
SQ (6 nm), (g) ITO/BP2T/SQ (12 nm), and (h) ITO/BP2T/SQ (40 nm). The thickness of the BP2T layer is 8 nm. The rms roughness of parts

a—h are 2.3, 1.8, 1.7, 1.6, 1.9, 1.6, 1.7, and 1.7 nm, respectively.

spectroscopy (PYS; Bunkoukeiki BIP-KV200) in a vacuum chamber
(<5 x 107 Pa). Note that all of the films for IP measurement were
deposited on the ITO substrate and were subsequently transferred into
the vacuum chamber under a N, atmosphere. Grazing incidence wide-
angle X-ray scattering (GIWAXS) experiments were performed at
Spring-8 (beamline BL46XU; beam energy = 10.3 keV) in Hyogo,
Japan. For FTIR—MAIRS measurements, pure SQ_films with different
thicknesses were deposited on CaF, substrates. The FTIR-MAIRS
spectra were measured using a FTIR spectroscopy (FTIR-6000,
JASCO, Japan) equipped with a MAIRS automatic measurement unit
(AM-4000). Absorption spectra were collected using an ultraviolet—
visible—near-infrared (UV—vis—NIR) spectrophotometer (Shimadzu
UV-3600). For the above-mentioned material characterizations, all of
the SQ_samples were prepared using the same procedure as that used
for fabricating OPV cells. The molecular geometry optimizations and
vibrational frequency calculations were performed with the Gaussian
09 software package using a DFT approach. Becke’s three-parameter
hybrid functional with the LYP correlation functional (B3LYP) was
employed together with the 6-31G(d) basis set. The dipole moment of
the molecule was performed by Mulliken population analysis based on
DFT calculations. The electrostatic potential (ESP) of the molecule
was mapped on the van der Waals surface.

B RESULTS AND DISCUSSION

The J—V characteristics of BP2T (0 or 8 nm)/SQ/Cy, OPV
cells with different SQ thicknesses under 1 sun illumination are
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presented in Figure la and Table 1. For the OPV cells without
BP2T, Jsc slightly increases with the SQ_thickness at first and
then decreases drastically after it reaches the highest value of
59 + 02 mA/cm® at 12 nm. FF drops continuously with
increasing thickness. Comparatively, Vo is found to shift
dramatically with different thicknesses. The D/A interface
morphology may be one reason that affects the cell character-
istics. Figure 2 shows the atomic force microscopy (AFM)
images of SQ_films with different thicknesses. However, all of
the SQ films display similar morphology and root-mean-square
(rms) roughness, which is indicative of its negligible impact on
the cell characteristics. It is speculated that when the thickness
is less than 12 nm, most of photogenerated excitons are able to
diffuse to the D/A interface, where they can be efliciently
dissociated into free charges. Therefore, Jsc is seen to increase
along with the thickness below 12 nm. In contrast, at higher
thicknesses (over 12 nm) that exceed the exciton diffusion
length (Lp), the amount of dissociable excitons no longer
increases; instead, the bulk resistance would become larger,
resulting in decreased Jsc and FF. It is worth mentioning that
Ly of the SQ films has been reported to be around 5 nm,*
which is shorter than the L value (12 nm) observed in our
case. We assume that when a very thin SQ film is deposited on
the ITO substrate, a discontinuous film may be formed because
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Figure 3. J—V characteristics of an ITO/SQ_(12 nm)/C4 (40 nm)/BCP (3 nm)/Al (100 nm) structured cell in the dark (a) and in 1 sun
illumination (b) under various temperatures ranging from 125 to 300 K, (c) Vi as a function of the temperature extracted from the temperature-
dependent measurement of OPV cells with 6, 12, and 40 nm SQ films. All of the measured data points are fitted linearly (dashed line) to extrapolate
the interfacial energy offset AEp, (i.e., V) according to eq 1. The slope of the fitting lines for SQ 6, 12, and 40 nm are —9.1 X 107% —=7.7 X 1074,

and —5.5 X 107* respectively.

of the rough ITO surface (rms value, 2.3 nm; Figure 2a).
Therefore, a dispersed rather than a perfectly flat D/A interface
is more likely to be formed in the actual cell, which enables
efficient exciton dissociation despite a short L. On the other
hand, V¢ exhibits only 0.62 V for OPV cells with 6 nm SQ
films, while it gradually increases with the SQ thickness and
finally saturates to a certain value of 0.86 V (Figure 1b). The
discontinuous SQ films at low thicknesses would lead to direct
contact between Cg, and the ITO anode, forming a Schottky
junction,46 which can be one of the reasons for the low V¢
value. To reduce the uncertainty induced by such a Schottky
contact, an 8 nm layer of the wide-band-gap material BP2T is
inserted between the ITO and SQ_films, serving not only as a
contact-preventing layer but also as a hole-transporting and
electron-blocking layer because of its suitable energy alignment
with SQ_(Figure SI in the Supporting Information, SI). The
introduction of BP2T has substantially improved Jc and Vi at
low SQ thicknesses (below 20 nm); however, it has less effect
at high SQ thicknesses (30 and 40 nm) because ITO and Cg,
no longer have contact with each other. Additionally, because
BP2T films absorb photons from 300—500 nm (Figure S2 in
the SI), generating excitons, cascade-type devices can be
formed by introducing BP2T. Such a cascade structure may
drive efficient exciton transfer from the anode to the
dissociating SQ/Cg, interface,”> which is attributed to the
photocurrent. This can be another reason for the improved Jg¢
value of OPV cells with BP2T. Despite the improvement, V¢
of the OPV cells with the BP2T layer remains of thickness
similar to that of the OPV cells without BP2T (Figure 1b). It is
believed that the SQ films at low thicknesses still exhibit
discontinuous morphology on BP2T, which results in direct
contact between Cg, and BP2T. Because the charge-carrier
mobility in the BP2T film is higher than that in the SQ film,"
the Cq)/BP2T contact would serve as an additional shunt
pathway for charge-carrier transport, which can be responsible
for reduced Vi at low film thickness.*’

In actual cells, many factors may affect V¢, including the IP
of donor materials, electron affinity of acceptor materials,
various recombination processes, etc.* According to an
equivalent circuit model based on a diode and a current source
modeling the photocurrent,*~>* V. can be expressed as

AEp,  nkT . [ Jsc
- _ [ Sse
q q ko

(1)

where 7 is the ideality factor, k is the Boltzmann constant, T is
the temperature, q is the elementary charge, and Jgo is the

saturation current density. J5o represents the current density of
minority carriers, which is a summation of the hole current in
the acceptor and the electron current in the donor that are
thermally generated at the D/A interface or within the film
bulk. As shown in Table 1, Jso decreases with increasing SQ
thickness. The magnitude of Jso depends on a number of
material properties that determine the charge-carrier recombi-
nation kinetics,> being independent of AEp,. The decreased
Jso implies reduced recombination in the OPV cells, resulting
in the enhanced V. The introduction of BP2T decreases Jqq
at low thicknesses, while it hardly influences Jso at high
thicknesses. This result is in accordance with the previous
prediction of the suppressed surface recombination with BP2T
buffer layers.

The J—V characteristics of the OPV cells are measured for a
range of temperatures from 125 to 300 K under 1 sun
illumination. All of the measured OPV cells exhibit analogous
temperature dependence, as shown in Figure 3a,b and S3 in the
SL. Vo increases steadily with decreasing temperature, while
Jsc and FF change reversely. Similar phenomena have also been
observed for other material systems.’*”>® Reduced Ly*” and
declined charge-carrier mobility*® at low temperatures account
for the continuous decrease in Jgc. Additionally, the decreased
charge-carrier mobility also gives a high charge-carrier density
in the bulk films, which would increase the nongeminate
recombination rate,> resulting in a reduced charge extraction
efficiency. Therefore, decreases in the FF are observed at low
temperature. The continuous increase in Vi with decreasing
temperature is mainly driven by a corresponding reduction in
the dark current (Figure 3a).*® The temperature dependence of
Voc in the OPV cells with different SQ_thicknesses is further
plotted and fitted in Figure 3c. Vi is linearly dependent upon
the temperature with a negative slope, which is consistent with
eq 1. The slopes of the fitting lines for SQ 6, 12, and 40 nm are
—9.1 X 107% =7.7 X 107* and —5.5 X 107*, respectively, which
are close to the slope values calculated based on eq 1, as shown
in Table 1. Because the slope is equal to —nkq ™" In(Jsc/Js0), an
OPV cell having a higher recombination rate (i.e., larger n and
Jso) would exhibit a steeper increase of Vi with decreasing
temperature. Accordingly, the increased slope value with the
SQ thickness, in turn, reveals a reduced recombination rate in
the OPV cells. With the introduction of BP2T, the OPV cell
also shows an elevated slope value (lower recombination rate),
as shown in Figure S4 in the SI These results show coherent
conclusion with the aforementioned observation. On the other
hand, according to eq 1, by decreasing the temperature T, V¢
at T ~ 0 K (V) approaches AEp,/q. Thus, AEp, can be
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Figure 4. (a) Photoemission spectra of SQ and BP2T (8 nm)/SQ films with different SQ thicknesses. (b) Plotted IP values as a function of the SQ

thickness extracted from the photoemission spectra.

roughly estimated by extrapolating V|, from a linear fitting of
the temperature dependence of Vi, as shown in Figure 3c.
Previous studies®®® suggest that, for a certain D/A system, V;
should be the same or very close because of the same AEp,.
However, the estimated V;, value in our case increases with the
thickness, which is indicative of an increased AEp, at the SQ/
Cg, interface. Furthermore, increased Vj is also observed with
the incorporation of BP2T (Figure S$4 in the SI). It seems that,
besides charge-carrier recombination, variation in AEp, can be
another crucial reason for the thickness-dependent V.
Photoemission spectra of the SQ and BP2T/SQ films with
different SQ_thicknesses are measured by PYS, as shown in
Figure 4 and Table 2. Clearly, the IP values shift with different

Table 2. Summary of IP Data Measured for SQ and BP2T (8
nm)/SQ Films with Different SQ Thicknesses Together with
the Estimated AEp, Value from the IP and V, in the
Temperature-Dependent Measurement”

P estimated AEp, from estimated AEp, from
sample [eV] P [V] qVo [V]
SQ 6 nm 5.48 0.98 091
SQ 12 nm 5.52 1.02 0.94
SQ 20 nm 5.55 1.05 NA
SQ 30 nm 5.62 1.12 NA
SQ 40 nm 5.62 1.12 1.02
BP2T/SQ 6 nm  5.54 1.04 0.96
BP2T/SQ 5.58 1.08 1.01
12 nm
BP2T/SQ 5.60 1.10 NA
20 nm
BP2T/SQ 5.62 1.12 NA
30 nm
BP2T/SQ 5.62 1.12 1.03
40 nm

“The LUMO of Cg, used for the calculation is assumed to be a
constant value of 4.5 eV according to the reported literature."®

thicknesses (Figure 4b), showing behavior similar to the
variation trends in Vi, (Figure 1b). This confirms the previous
conclusion that variation in AEj, is responsible for the shifts in
Voc. When the thickness increases from 6 to 40 nm, V shifts
+0.11 V from 0.91 to 1.02 V (Figure 2c). According to eq 1 (V,
= AEp,/q), AEp, is estimated to shift +0.11 V. In contrast, as
the IP increases from 0.98 eV at 6 nm to 1.12 eV at 40 nm,
AEp, is estimated to shift +0.14 eV. Likewise, the estimated
AEp, values from V;, and IP are compared in Table 2. All of the
AEp, values calculated from the IP and from Vj, are very close,
which quantitatively verifies the observation (variations in
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AEp,) in the temperature-dependent measurement. In
addition, using AEp, estimated from the IP, the ideality factor
(n) can be calculated in terms of eq 1, as shown in Table 1. All
of the ideality factors show values between 1 and 2, indicating
that localized states in the interfacial band gap participate in the
recombination process.”” It has been well-defined that the
closer the ideality factor is to 2, the more dominant the
recombination will be in the OPV cells.”” The decreasing
ideality factor with increasing thickness implies a decreased
number of trap states, which proves the aforementioned
reduced recombination rate with increasing thickness or with
BP2T buffer layers. Furthermore, at 6 nm, V¢ is only 0.62 V
(Figure 1 and Table 1), which is 0.24 V smaller than the
saturation value (0.84 V) observed at 40 nm. This 0.24 V V¢
loss can be estimated to be 58% originating from variation in
AEp, because of the —0.14 eV shifted IP. The rest, a 42% V¢
loss, can therefore be originate from the recombination process.
Analogously, the recombination-induced V¢ loss is estimated
to be the highest at low thicknesses and gradually decreases
with increasing thickness. This result is in accordance with the
conclusion deduced from the slope of the fitting line of Vi
temperature dependence (Figure 3c).

For organic thin films, the kinetics of photoelectrons in
molecules can be influenced by their neighboring molecules.
Different molecular orientations would induce variations of the
electronic structure at the surface®"®* ie., surface dipole
moments, which would affect the amount of photoelectrons
spilled out of the bulk into vacuum, resulting in multiple IP
values.®*™ To examine the molecular order in our SQ films
with different thicknesses, GIWAXS measurements are
performed, as shown in Figure S5 in the SI. However, no
crystalline phase of the SQ films can be identified, indicating
that all of the films are amorphous. This result is in agreement
with previous observations that SQ films always display
amorphous structure when prepared without annealing or
substrate heating treatment.®’

FTIR—MAIRS measurement®®® is performed to character-
ize the molecular orientation in such amorphous films, as
schematically shown in Figure Sa. The measured FTIR—
MAIRS data are presented in Figure Sb—f. For the 6 nm SQ
film, the spectra are impervious to the angle of incidence 6 with
s-polarized light (Figure Sb). When detected with p-polarized
light (Figure Sc and 5f), the intensity of the band at 1240 cm™
gradually decreases with increasing 6, while the intensity of the
neighboring band at 1260 cm™" changes reversely. This change
indicates an oriented structure in the 6 nm SQ film. Note that
this oriented structure means a noncentrosymmetric stacking of
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Figure S. (a) Schematic 3D diagram of the FTIR—MAIRS measurement. FTIR—MAIRS spectra of SQ films: (b) 6 nm with 0° polarization (Ej,); (c)
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SQ molecules, although no long-range order (i.e., amorphous)
structure is identified in GIWAXS. The vibrational spectrum of
the SQ molecule is calculated by using the DFT method with
the B3LYP/6-31G(d) basis set, as shown in Figure S6 in the SL
The band at around 1240 cm™" is found to be attributed to a
pure in-plane C—C vibration mode, while the band at around
1260 cm™" corresponds to a mixture of in-plane and out-of-
plane C—N vibration modes (Figure 5f and movies S1—S4 in
the SI). The spectra in Figure Sf are also analyzed by Gaussian
fitting, as shown in Figure S7 in the SI. Apparently, with
increasing 6, ie., with increasing surface normal (sin 6)
detecting strength, a stronger out-of-plane vibration mode is
observed, which indicates that the out-of-plane C—N bond is
standing-up on the substrate; i.e,, the molecules are lying-down
on the substrates in the 6 nm SQ_film. In the 40 nm SQ_film
(Figure Se), the changes at around 1260 cm ™" disappear and all
of the spectra show a changeless band position with respect to
0, suggesting a random molecular structure. The SQ films
grown on the BP2T buffer layer also behave similarly, as shown
in Figure S8 in the SL In general, the orientation of the
molecules in mono- and multilayers with respect to the
substrate critically depends on the relative strength of the
molecule—substrate versus intermolecular interaction.'* SQ
molecules are supposed to have strong interaction with the
substrate, which may result in a lying-down molecular
orientation at 6 nm. However, as the film grows, molecule—
substrate interaction no longer exists, and instead intermo-
lecular interaction between molecules gradually dominates the
film growth. Owing to the nonplanar molecular structure, 7—7
interaction between SQ molecules should be very weak, and
therefore random structures are preferentially formed. As a
result, a random structure is observed at high thicknesses. Note
that the growth of SQ_films on ITO and CaF, substrates might
be different. Unfortunately, because of the strong peaks
originating from ITO and glass, it is very difficult to extract
accurate FTIR—MAIRS peak information on SQ_films grown
on ITO substrates. Obvious changes with different SQ
thicknesses have been observed in the IP (Figure 4) and
optical absorption (Figure 6, vide infra) measurements. Both of
them show consistent conclusion with the FTIR—MAIRS
results. Therefore, it is reasonable to believe that the SQ
molecules show similar growth patterns on ITO glass and on
CaF, substrates.

Besides FTIR—MAIRS measurement, the molecular orienta-
tion is also analyzed by studying the optical absorption
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Figure 6. Normalized optical absorption spectra of SQ_films on ITO
substrates with different SQ thicknesses. The red arrow points out the
ascending trend of the intensity of amorphous peak at around 630 nm,
indicating a climbing content of the amorphous phase (structural
disorder) in the SQ_films with increasing thickness.

properties. Figure 6 shows the normalized absorption spectra
of SQ films with different thicknesses. The absorption covers a
region from 500 to 750 nm. An absorption maximum at around
695 nm and a shoulder peak at around 630 nm can be
identified, which are assi_gned to ] aggregates and an amorphous
monomer, respectively.”””" Noticeably, the intensity of the
shoulder peak at around 630 nm increases with the thickness,
which indicates that the molecular structure changes from head-
to-tail (J-aggregate) order to a random structure. This result is
consistent with the FTIR—MAIRS observation. Moreover, it
has been demonstrated that increased structural disorder at the
D/A interface reduces the electronic coupling, bringing about
decreased recombination rate.*"** Accordingly, the random
molecular orientation of thick SQ films (larger interfacial
disorder compared with that of thin SQ_films) would alleviate
the recombination at the SQ/Cy, interface, which can also be
responsible for the up-shifted V. This result also substantiates
the previous conclusion obtained from the temperature-
dependent measurement that OPV cells with increasing film
thicknesses yield reduced recombination rate (Figure 3).

The dipole moment and ESP of an SQ molecule are
calculated using DFT calculations with the B3LYP/6-31G(d)
basis set, as shown in Figure 7. The calculated dipole moment is
shown as a blue arrow in Figure 7a. The magnitude of the
dipole moment is 2.1326 D, composited with a 1.5292 D vector
in the «x axis (long axis of the molecule), a 1.4825 D vector in
the y axis (short axis of the molecule), and a 0.1099 D vector in

DOI: 10.1021/acsami.5b01723
ACS Appl. Mater. Interfaces 2015, 7, 10814—10822


http://dx.doi.org/10.1021/acsami.5b01723

ACS Applied Materials & Interfaces

Research Article

(a)

(b)

|+0.G47

I-0.647

Figure 7. (a) Dipole moment (blue arrow) of a SQ dye and (b) ESP of a SQ dye mapped on the van der Waals surface, obtained with B3LYP/6-

31G(d).

the z axis (out-of-plane axis of the molecule). The direction of
the dipole moment points from the center of the squaraine ring
to nearly a half angle of the x- and y-axis directions. When SQ
films are oriented, the topmost-aligned dipolar molecules would
spontaneously form intrinsic dipole moments pointing away
from the core of the SQ molecule at the surface, which critically
affect the IP. ESP of the SQ molecule is mapped on the van der
Waals surface, as shown in Figure 7b. An extended region of the
lowest ESP (red color) above the oxygen atoms in the SQ ring
is observed, while an extended region of much higher ESP
(green color) is seen over the nitrogen-terminated ends. It
implies that less work is required to promote one electron out
of the HOMO to the vacuum region above the oxygen atoms
(along the y-axis direction) compared with that above the
nitrogen-terminated ends (along the x-axis direction). When
the SQ molecules are preferentially lying-down on the
substrates, a high density of oxygen atoms (i.e., surface dipole)
would be exposed to the vacuum, forming an electric field at
the film surface. The photoelectrons more easily spill out of the
bulk into the vacuum under such an electric field, resulting in
the low IP and V. With increasing thickness, the SQ
molecules in the films no longer retain the oriented structure,
leading to randomization of the aligned dipole moments and
disappearance of the electric fields at the D/A interface.
Consequently, up-shifted IP and V. are obtained. On the basis
of our findings, we believe that Vo in OPV cells greatly
depends on the molecular orientation at the D/A interface,
where the interfacial dipole moment plays an important role.
Voc can be tuned/optimized by governing the strength
(density) and direction of the interfacial dipole moment. It
can be briefly concluded that the origin of the thickness-
dependent Vo is caused by (1) recombination at the anode,
which impacts the energy loss, (2) recombination at the D/A
interface determined by interfacial disorder, which influences
the strength of electronic coupling, and (3) the shifted IP
induced by variations in the molecular orientation, which affects
the direction and strength of the interfacial dipole moment.
Introduction of the BP2T buffer layer is effective in enhancing
Voc because of the suppressed recombination at the anode
surface; however, it has less effect in altering the molecular
orientation of the SQ films. Although Vi has been successfully
raised to 0.86 V, the cell efficiency decreases because of the
reduction in Jgc and FF. Further improvement in V¢ without
sacrificing Jsc and FF can be realized by developing SQ_films
with standing-up molecular orientation (nitrogen-terminated
ends exposed to the vacuum).

B CONCLUSIONS

We have investigated the influence of the device structure on
Voc in SQ/Cq, bilayer cells. By simple adjustment of the SQ
thickness from 6 to 40 nm, V¢ shifts 40% from 0.62 to 0.86 V.
Discontinuous SQ_films at low thicknesses result in a Schottky

contact between ITO and Cg, which sparks low V¢ values.
When ITO substrates are covered with a thin layer of BP2T,
Voc has obviously been improved because of the reduced
surface recombination. Variation in the IP of SQ_films with
different thicknesses is found to be another crucial reason for
the shifts in V. In spite of the amorphous nature, the SQ
molecules are found to be lying-down on the substrates with
noncentrosymmetric orientation at low thicknesses while
gradually changing into a random structure as the film
thicknesses increase. The orientation-dependent electronic
coupling that influences recombination at the D/A interface
may also result in variations in Vc. DFT calculations suggest
that aligned dipole moments at the D/A interface would be
generated with an oriented structure at low thicknesses,
rendering an electric field pointing from donor to acceptor,
which leads to low IP and V. As the film thickness increases,
the SQ films evolve into a random structure, causing decreases
in the strength (density) and randomization in the direction of
the dipole moments, which accounts for the up-shifted IP and
Voc. Our findings suggest that optimization of the cell
performance for high Vo must involve not only tailoring the
energy levels of the organic molecules but also governing the
molecular orientation at the D/A interface to achieve reduced
electronic coupling and suitable interfacial dipole alignment.
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