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Understanding Improved Performance of
Vacuum-Deposited All Small-Molecule Organic

Solar Cells Upon Postprocessing Thermal Treatment
Suresh Madduri , Vaibhavi GKodange, Sai Santosh Kumar Raavi, and Shiv Govind Singh

Abstract—An all-inclusive investigation of the effect of postpro-
cessing thermal treatment on all vacuum-deposited small-molecule
organic solar cells (SM-OSC) is presented. Herein, DTDCTB is
chosen as the donor (D) molecule, and three fullerene-derivative
acceptor (A) molecules, namely, ICBA, C70, and C60, are chosen for
the study, and the devices were optimized for PV. As the first step,
OSC cells were fabricated and characterized for photophysical,
morphology, as well as various photovoltaic parameters, such as
VOC, JSC, FF, and η, and external quantum efficiency for dif-
ferent processing parameters, such as active layer concentration
ratios and annealing temperatures. The devices based on ICBA
were found to have outperformed the devices using C70 and C60.
OSC devices using ICBA as an acceptor are chosen for further
characterization to establish the role of thermal treatment on their
device performance. To this, 1-diode Shockley equation modeling
is employed, and a qualitative relationship between diode satura-
tion current and thermal annealing is obtained. Additionally, the
charge recombination dynamics of the binary bulk heterojunction
systems were investigated using the light intensity-dependent J–V
characteristics, and the role of annealing in the reduction of trap-
assistance recombination was established that corroborates well
with the obtained annealing-dependent morphology information
from AFM measurement.

Index Terms—Annealing, morphology, organic solar cells (OSC),
trap-assisted recombination.

I. INTRODUCTION

UNDOUBTEDLY, the class of organic solar cells (OSC)
with bulk heterojunction (BHJ) device structure has
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proven to be the most successful, owing to reduced exciton dif-
fusion bottleneck and allowing the efficient exciton dissociation
and charge transport leading to high power conversion efficien-
cies (PCE) [1], [2], [3], [4]. With the advent of nonfullerene
acceptors, the record PCE of OSC has reached >18% [5], [6],
[7], [8], [9]. To date, the most successful BHJ-OSC employ
high-performance semiconducting polymers as donor systems
and are typically solution processed [9], [10], [11]. Further-
more, the thermal postprocessing step has shown tremendous
improvement in the polymer-based BHJ-OSC in terms of aiding
favorable nanomorphology [12], [13]. In contrast, there is an in-
herent advantage with small-molecule donor molecules owing to
their well-defined molecular structures, superior batch-to-batch
reproducibility, and ease of thermal evaporation due to lower
molecular weight, which has resulted in new attention toward the
development of small-molecule organic solar cells (SM-OSC)
[14], [15], [16], [17], [18], [19], [20], [21]. Following the success
with polymer-based BHJ, most initial work on SM-OSC was
devoted to solution-processed devices [22], [23], [24], [25],
[26]. Remarkably, the low molecular weight of SMs can easily
facilitate the deposition of an active layer via coevaporation
of donor and acceptor molecules in a vacuum chamber [15],
[16], [27], [28]. Few earlier reports demonstrated that coevapo-
ration results in a homogenous blend, sometimes forbidding the
formation of a suitable phase [29]. Thermal annealing cannot
be expected to improve device performances as they tend to
nucleate and crystallize postevaporation quickly on the target
substrate instead of formation for efficient charge-percolation
pathways [30], [31]. Yet, recent reports have proven otherwise
with improved performances upon post-thermal treatment [15],
[28], [32].

Overall, the field of vacuum-deposited SM-OSC is over-
looked due to an unclear understanding of various mechanisms,
many times leading to inferior performances and more so when
fabricated using the thermal coevaporation method. Considering
the growing need for scale-integrated device fabrication proce-
dures, it is essential to address the issues abovementioned. In our
recent brief report [15], we presented the role of annealing on the
improved device performance via reduced trap-assisted recom-
bination for small-molecule donor/acceptor blend consisting of
DTDCTB as a donor [33], [34] and C70 as acceptor molecules.
Herein, we present a comprehensive comparative study of the
optimization and characterization of SM-OSC with DTDCTB
as the donor and various fullerene derivatives, C60, C70, and
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Fig. 1. Chemical structures of (a) DTDCTB, (b) ICBA, (c) C60, and (d) C70.
(e) Energy level diagram.

Fig. 2. (a) UV-Visible absorption spectra of neat DTDCTB, ICBA, C60, and
C70 thin films. (b) and (c) UV-Visible absorption spectra of binary blend films.

ICBA, as acceptor systems. At the outset, we establish the
optimal annealing temperature for two active layer thicknesses
and obtain the best-performing devices with an efficiency of ≈
3.2% for DTDCTB:ICBA at 90 °C specific to the device area
considered in the study. The focus of the study presented here is
primarily aimed at understanding the effect of thermal treatment
on morphology and various photovoltaic parameters, such as
external quantum efficiency (EQE), short-circuit current density
(JSC), and open-circuit voltage (VOC), and correlating with
the charge recombination process with additional information
obtained from photoluminescence (PL) spectroscopy. Notably,
the devices with ICBA performed better than C70 and C60,
unlike what is observed in the case of polymer-based devices,
where reduced PCE of OSC employing fullerene multiadducts
as acceptors were used [35]. Recently, Yue et al. [36] reported
vacuum-deposited OSCs utilizing a low-bandgap nonfullerene
acceptor (CBD) and DTDCTB as the donor, with an efficiency of
0.86% obtained with a planar architecture. Therefore, one can
surmise that the efforts toward developing vacuum-deposited

SM-OSCs are still nascent. The results presented in this report
are expected to lead to future innovations.

II. EXPERIMENTAL DETAILS

A. Device Fabrication

Patterned ITO-coated glass substrates used in this study were
procured from Ossilla, Ltd. High-purity DTDCTB (2-[[7-[5-
[Bis(4-methylphenyl) amino]-2-thienyl]-21,3-benzothiadiazol-
4-yl] methylene] propanedinitrile), ICBA (1′,1′′,4′,4′′-Tetrahy
dro-di [1], [4] methanonaphthaleno [12:2′,3′,56,60:2′′,3′′] [5],
[6] fullerene-C60), C70, and C60 are purchased from Sigma
Aldrich and used without further purification. DTDCTB is
an electron donor material and C60, C70, and ICBA ma-
terials are used as electron acceptor materials. MoO3 and
bathocuprione (BCP) materials are used as hole transport layer
(HTL) and electron transport layers, respectively. Conventional
architecture solar cells devices’ with structures ITO/MoO3

(20 nm)/DTDCTB:Acceptor/BCP(10 nm)/Ag(100 nm) were
fabricated using the vacuum-based thermal evaporation tech-
nique and sputtering techniques (integrated with the Jacomex
glove box with controlled conditions). All the thin films are
deposited with base pressure of 5 × 10−6 mbar. The active
layer codeposition was performed at a rate of 1–1.5 Å/s, whereas
metal and transport layers were performed at a rate of 0.5–1 Å/s.
The substrate was kept at room temperature. Thicknesses were
optimized by a profilometer, and the layer-by-layer thicknesses
were monitored using crystal thickness monitors during the
deposition. The active area of the devices was 0.045 cm2. Post-
thermal treatment at 70, 90, 120, and 140 °C was performed by
using hot plate inserted into the glovebox to maintain annealing
in the controlled conditions.

B. Characterization

The obtained blends on ITO substrates are characterized for
changes in absorption using FR-Basic UV/VIS absorption spec-
trometer, and the morphology changes before and after anneal-
ing are imaged using atomic force microscopy (AFM, Bruker).
The J − V characteristics of the fabricated devices are per-
formed using a class AAA solar simulator (ScienceTech, Inc.).
Intensity-dependent measurements are achieved by varying the
distance between the device and solar lamp and characterizing
the intensity with a standard Si solar cell. The PL spectroscopy
investigations are performed using the FLS1000 spectrometer
(Edinburg Instruments). Fig. 1 shows the donor and acceptors’
chemical structures and HOMO/LUMO energy levels.

III. RESULTS AND DISCUSSION

A. Photophysical Investigations

The wavelength absorption spectra of individual thin films
DTDCTB, ICBA, C60, C70, and BHJ thin films DTDCTB:ICBA,
DTDCTB:C60, and DTDCTB:C70 are shown in Fig. 2. The
absorption spectrum of DTDCTB film is dominant from 500
to 820 nm, extending from the visible to the near-IR spectral
region. The highest absorption peaks in the DTDCTB thin film
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Fig. 3. Steady-state NIR fluorescence spectra of DTDCTB, DTDCTB:ICBA,
DTDCTB:C70, and DTDCTB:C60 binary BHJ blends annealed at 90 °C, excited
at 600 nm.

TABLE I
PL QUENCHING EFFICIENCY VALUES OF BLENDS, PCE VALUES OF THE

BINARY BHJ SOLAR CELLS WITH 1:1.2 RATIOS, ANNEALED AT 90 °C, AND

EMISSION MAXIMA IN NIR WHEN EXCITED AT 600 NM

are observed at 330 nm, 417 nm, and 672 nm, respectively.
Similarly, the absorption spectrum of C60, C70, and ICBA thin
film is from 300 to 520 nm. Once these materials are codeposited,
the pan-chromatic absorption of the active layer leads to efficient
light harvesting. Fig. 2(b) and (c) shows that as the annealing
temperature increases (70 °C, 90 °C, 120 °C, and 140 °C), there
is a slight increment in absorption intensity at each annealing
temperature and found that the optimum annealing temperature
was at 90 °C. This increase may be due to the reduction in
Columbic force of attraction in the excitons and, hence, creating
free electron−hole (e− h) pairs in the device [25], [28].

PL emission of the blends DTDCTB:ICBA, DTDCTB:C60,
and DTDCTB:C70 was measured using the Edinburg FLS1000
PL spectrometer. Thin films of 70 nm were deposited by thermal
evaporation on glass substrates at 1:1.2 concentration ratio and
annealed at 90 °C, for which the best PCE for the corresponding
devices was obtained. The peaks and quenching were qualita-
tively studied. Quantitative calculations of quenching efficiency
from the fluorescence spectra for DTDCTB (donor) and the
blends with each acceptor to understand the effect of charge
transfer and in turn on the PCE of the corresponding OPV
devices.

Fig. 3 illustrates the NIR emission spectra of pure DTDCTB
thin film and blends of this DTDCBT with ICBA, C60, C70

excited at 600 nm, and the corresponding emission maxima, as
well as quenching efficiencies, are presented in Table I. The
peak around 900 nm corresponds to S1 to SO electronic transi-
tion [37]. DTDCTB:C70 are similar except for the quenching,

Fig. 4. AFM topography images (5 µm × 5 µm) of blend films DTDCTB:
ICBA (1:1.2) with different annealing temperatures.

including the small peak around 1050 nm. On the other hand,
the extent of quenching is higher for DTDCTB:ICBA blend with
respect to the donor, and the 1050 nm peak has disappeared in
the blend. This indicates charge transfer at the donor–acceptor
interface after exciton dissociation, where the final state involves
electron in the acceptor and hole in the donor. This reduces the
possibility of radiative deactivation that can occur via geminate
recombination, which can be one of the reasons for quenching in
the blend emission [20], [38]. The quenching efficiencies can be
roughly correlated with the PCE values of the corresponding
devices. Out of the three, DTDCTB:ICBA blend shows the
maximum quenching efficiency and, hence, expected to exhibit
the best device PCE.

The post-thermal treatment affects the quenching as the
nanomorphology of D/A interface varies, resulting in better
charge transfer efficiency that manifests as higher PL quenching.
Evidently from Fig. 3, a better quenching is observed for DTD-
CTB:ICBA blend that corroborates with better PCE compared
to devices employing C70 and C60 acceptors. However, it should
be noted that several other factors are also responsible for the PL
quenching, and hence, these are not directly correlated in this
work. Generally, the additional quenching mechanisms involved
are energy transfer (where the excess energy due to a relaxing
donor chromophore is nonradiatively transported to the acceptor
molecule), collisional quenching (where nonradiative transitions
are facilitated by collision of excited fluorophore with another
molecule such as O2), static quenching (when a ground state
complex is formed with another molecule), etc. [39]. Energy
transfer requires the spectral overlap of donor emission with
acceptor absorption, which is clearly not the case at 600 nm
excitation [see Figs. 2(a) and 3], and hence, this option can be
eliminated [37], [39].

B. Morphology Characterization

AFM topographical 3-D images of the DTDCTB:ICBA blend
films of 1:1.2 and 1:1.5 are depicted in Figs. 4 and 5, respectively.
The morphological studies of blend films clarify the influence
of thermal annealing. The thin films were prepared by thermal
evaporator (coevaporation) on glass substrates. The prepared
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Fig. 5. AFM topography images (5 µm × 5 µm) of blend films DTD-
CTB:ICBA (1:1.5) with different annealing temperatures.

thin films were annealed at various temperatures on a hot plate,
and we observed the DTDCTB:ICBA blend film’s top surface
by using AFM in the tapping mode. At the thermal annealing
temperatures at 70 and 90 °C, there is not much variation in
the film morphology, whereas at ≥120 °C, there are significant
changes in the surface morphology. Excess thermal annealing
(≥120 °C) increased the domain sizes, which is unfavorable
for efficient exciton dissociation charge extraction through in-
terpenetrating networks of the two phases [13], [25], [26], [28],
[40]. The morphology images of blends with C70 and C60 are
shown in Figs. S1 and S2 (see Supplementary Information). The
trend of RMS roughness from 70 °C annealing temperature to
90 °C annealing temperature is minimal (i.e., increase in RMS
roughness is 13% in the case of DTDCTB:ICBA 1:1.2 while 4%
RMS roughness increment in the case of 1:1.5). Similarly, the
same trend has been observed in the devices in Table II. However,
upon further increase in annealing temperature increases the
RMS roughness and, due to this, increases the domain sizes,
which is unfavorable for efficient exciton dissociation charge
extraction through interpenetrating networks of the two phases
[28]; eventually, it reduces the PCE of the fabricated solar cells.

C. J–V and EQE Investigations

Optimizing the annealing temperature and concentration
ratios had to be performed to see the effect of thermal annealing
temperature on the fabricated solar cell devices. The J − V
characteristics of the fabricated solar cell devices (ITO/MoO3/
DTDCTB:C60/BCP/Ag, ITO/MoO3/DTDCTB:C70/BCP/Ag,
and ITO/MoO3/DTDCTB: ICBA/BCP/Ag) with different
annealing temperatures under 1-sun illumination are presented
in Fig. 6, and the various photovoltaic parameters are
summarized in Table II.

Initially, an optimal thermal annealing temperature was found
by annealing the devices for 30 min at various annealing tem-
peratures (70 °C, 90 °C, 120 °C, and 140 °C, respectively)
and subsequently found the optimal annealing temperature, i.e.,
90 °C. As the annealing temperature increases, VOC, JSC, and
FF are also increased and reached to a maximum value at 90 °C.

TABLE II
VARIOUS PARAMETERS OF THE BINARY BHJ SOLAR CELLS WITH 1:1.2 AND

1:1.5 (D:A) RATIOS

At 90 °C, for DTDCTB:C60(1:1.2 ratio), we have achieved
VOC of 0.74 V, JSC of −8.91 mA/cm2, FF of 42.7%, and
PCE (η) of 2.8%. Similarly, for DTDCTB:C70 (1:1.2) ratio,
we have achieved VOC of 0.72 V, JSC of −11.2 mA/cm2, FF
of 40%, and η of 3.1%, respectively. And also, in the case
of DTDCTB:ICBA at 90 °C, annealing obtained η of 3.32%
with VOC of 0.73 V, JSC of −10.5 mA/cm2, and maximum FF
of 43.6%. This could be due to more ordered donor/acceptor
domains with efficient packing that might be formed, and hence,
it is beneficial for the charge transport in the devices. However,
further increase in annealing temperature (i.e., ≥120 °C) leads
to the degradation of the device performance due to unfavorable
coarsening of the acceptor and donor domains and formation of
larger donor/acceptor domain sizes leading to the recombination
of electron and hole pairs within the devices. The variation in
the series and shunt resistances of the unannealed and annealed
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Fig. 6. J–V curves of the binary BHJ solar cells fabricated in this study.

devices at 90 °C is tabulated in Table S1 (see Supplementary
Information).

The EQE spectra of the devices (1:1.5 and 1:1.2 ratios) with
various annealing temperatures were recorded and displayed in
Fig. 7. It shows the photoresponse over the broad spectrum from
300 to 850 nm. Notably, at optimum annealing temperature, the
devices gave higher EQE values over the whole spectral response
range, which is accounted for enhancement in photocurrents
with the increased annealing temperature and reached maximum
at 90 °C.

D. Effect of Thermal Annealing on VOC

Considering the devices with ICBA that exhibited better
performance, a detailed analysis of role of thermal annealing
is presented subsequently. In order to investigate the effect of
thermal annealing on VOC, the best performance J − V curves
of DTDCTB:ICBA devices at different annealing temperatures
have to be considered by using the 1-diode Shockley equation
[41], [42]. From this equation, we can clearly study the J − V
behavior of solar cell devices [26], [43], [44], [45]. The Shockley
equation for describing the current density (J) versus voltage
(V ) characteristics of the OSC is given by

J (V) = J0

{[
e

q(V −JRs)
ηKbT

]
− 1

}
+

V − JRs

Rsh
− Jph (V) . (1)

From (1),J(V) is the solar cell output current,J0 is the reverse
saturation current density, q is the electron charge, T is the
absolute temperature, η is the ideality factor, RS is the series
resistance of the solar cell device, RSh is the shunt resistance of
the device, and JPh is the voltage-dependent photocurrent den-
sity. At the open-circuit condition, J = 0, V = VOC. Assuming
RS is low and RSh is high, (1) can be simplified and further
solved for obtaining the equation for VOC

VOC =
ηkT

q
ln

(
Jph (VOC)

J0

)
. (2)

Fig. 7. EQE curves of DTDCTB:ICBA with 1:1.5 and 1:1.2 (D:A) devices.

In (2), JPh (VOC) is the photocurrent density at V = VOC and is
equivalent to the dark current density at VOC. At dark conditions,
JPh (V) = 0, and assuming RS is low and RSh is high, the
equation can be rewritten as

J (V ) = J0

{
exp

(
qV

ηkT

)
− 1

}
. (3)

J − V dark data of the best devices with different annealing
temperatures were considered and fitted in (3) by using origin
software and hence the extracted J0 and η are summarized in
Table III. By substituting J0, η, and JPh (VOC) into (1), we
calculated the open-circuit voltages at the respected annealing
temperatures. From Table III, we can notice that as the annealing
temperature increases, the values of J0, η, and calculated VOC

decreased. From (2), the calculated VOC values decrease with the
annealing temperatures and this is due to J0, which is inversely
proportional to VOC [from (2)]. The same trends were observed
with devices with ratios of D:A of 1:1.2 and 1:1.5 [46], [47],
[48].

Jph versus Veff: Fig. 8 depicts the photocurrent density (JPh)
versus effective voltage (Veff) for the devices (DTDCTB:ICBA,
1:1.2 and 1:1.5 ratios) at different annealing temperatures. These
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TABLE III
SUMMARY OF EXTRACTED PARAMETERS FROM J − V AND JPH − V CURVES

OF 1:1.2 AND 1:1.5 (DTDCTB:ICBA) BLENDS WITH VARIOUS ANNEALING

TEMPERATURES

Fig. 8. Photocurrent density and effective voltage curves for DTDCTB:ICBA
binary blend of two concentration ratios 1:1.2 and 1:1.5.

characteristics give more insight on exciton generation and dis-
sociation processes by determining the photocurrent saturation
densities (JPh) [49], [50], [51], [52].

The JPh is determined by JPh = JL − JD, where JL and JD
are current densities under light and in the dark conditions,

TABLE IV
SUMMARY OF EXTRACTED PARAMETERS (JPH, JSAT, GMAX) AND DISSOCIATION

PROBABILITIES P (E, T)

respectively, and Veff = V0 − VA, where VA is the applied bias
voltage and V0 is the voltage at which JPh is 0 (i.e., JL = JD).
JPh is linearly increased at lower values ofVeff and then saturated
at suffiently high values of Veff. In general, it is assumed that all
the generated photoexcitons are dissociated at the D/A interface
into free charge carriers at higher Veff. These free electrons
are contributed to the current under saturation region due to
sufficient electric field and obtained the maximum generation
rate (Gmax) by the equation, Jsat = qGmax L, where ‘q’ is the
electron charge, L is the active layer thickness, and Gmax is
the maximum generation rate. The obtained Gmaxvalues are
tabulated in Table IV.

Further, the exciton dissociation probability of the devices is
estimated. In any OSC, only a fraction of the photogenerated
excitons can be dissociated and others may recombine. There-
fore, JPh can be determined by JPh = qGmax P (E, T )L, where
P (E, T ) is the dissociation probability of the device which
is the function of electric field (E) and temperature (T ). The
quantity P (E, T ) can be determined from the ratio of JPh/Jsat.
The obtained P (E, T ) are tabulated in Table IV. In summary,
when the annealing temperature increased, JPh and Gmax are
also increased and reached to a maximum value and then it got
reduced, and the dissociation probabilities are maximum at the
optimum annealing temperature, i.e., at 90 °C. The dissociation
probabilities of 1:1.2 and 1:1.5 (D: A) devices are 86.29% and
86.57%, respectively.

E. Dependence of Light Intensity on Charge Recombination
Dynamics

The quantities and VOC at various light intensities offer the
deeper insight on recombinations present in the system [20],
[26], [51], [52]. In principle, JSC follows the power law de-
pendence with respect to the light intensity (Pin) in an OSC
device as JSC ∝ (Pin)

α. Fig. 9(a) displays JSC as a function
of light intensities in the double logarithmic scale. From the
obtained JSC data, we extracted the exponent (α) values and
they are 1.25, 1.15, 1.18, and 1.14, respectively, and it is close to
the ideal value (unity). The α values are close to 1 and have
minor variation, which is indicating that there are no weak
bimolecular recombinations and space charge effects in the
device. Fig. 9(b) shows the relationship between VOC and illu-
mination light intensities of BHJ solar cell device. The slope of
VOC versus log(Pin) determines the trap-assisted recombinations
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Fig. 9. (a) Dependence of Jsc on light intensity. (b) Dependence of VOC on
light intensities of DTDCTB:ICBA BHJ systems.

present in the BHJ OSC. In general, VOC = kT
q log(Pin), where

k is Boltzmann’s constant, T is the temperature, and ‘q’ is the
electron charge. The slope of kT

q implies that the bimolecular
recombination is a dominant mechanism within the device; if
the slope is greater than kT

q , then it indicates that a trap-assisted
or SRH recombination may be present in the device. From
Fig. 9, we extracted the slope values, i.e., 2.2(kTq ) and 0.94(kTq ),

5.94(kTq ) and 6.85(kTq ), respectively, and denote that there is
trap-assisted recombinations within the device at all annealing
temperatures except 90 °C. Similar measurements performed for
DTDCTB:C60 and DTDCTB:C70 BHJ systems are presented in
Fig. S3 (see Supplementary Information). Evidently, the devices
consisting of blend with ICBA outperforms those with the other
blends.

IV. CONCLUSION

In this article, a comprehensive analysis on the understanding
of post-thermal treatment on vacuum-deposited SM-OSC is pre-
sented. To this, we have fabricated thermally evaporated small-
molecule-based DTDCTB:ICBA, DTDCTB:C60, and DTD-
CTB:C70 binary BHJ solar cells and thoroughly investigated
the influence of thermal annealing at different temperatures on
these devices. From J − V curve analysis, as the annealing tem-
perature increases,VOC, JSC,FF, and η increased and reached at

maximum value at optimum annealing temperature at 90 °C and
then reduced all the device parameters drastically. Meanwhile,
morphological studies suggest that at higher annealing tempera-
tures (≥120 °C), the phase sizes (donor/acceptor domain sizes)
are increased and resulted in recombination within the device.
A qualitative relationship was established between the diode
saturation current and thermal annealing, which gives a clear
view of studying SM-OSC with the diode current equations
and extracted all the parameters related to them. JPh versus
Veff curves suggested the charge carrier generation rates and
dissociation probabilities information clearly. Light-dependent
studies strongly suggest that the devices are dominating with
trap-assisted recombination while bimolecular recombination
are reduced. Therefore, this investigation provides detailed in-
formation for annealing-dependent studies of thermally evapo-
rated BHJ OSC and will also be useful in device optimization
for higher performance small-molecule-based OPV cells.
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