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have especially attracted great attention 
as the demand for low-power electronic 
devices is increasing rapidly with the 
advent of the Internet of Things, radio-
frequency identification, Bluetooth low 
energy, etc. requiring ≈10 µW to ≈1 mW of 
electrical power to communicate between 
wireless electronic devices.[8]

Indoor OPVs utilize organic semi-
conductors as the photoactive mate-
rial in indoor energy harvesting devices. 
This allows for optical band gap control 
to ensure a good match with the visible 
emission spectra (300–800  nm) of indoor 
lighting, such as light emitting diodes 
(LEDs), fluorescent lamps, or halogen 
lamps.[7,9] Freunek et  al. reported theoret-
ical maximum PCE limits of photovoltaic 
devices under indoor lighting conditions 
as a function of optical band gap of pho-
toactive materials.[10] In case of white RGB 
LEDs, for example, theoretical maximum 
PCE limits of over 50% can be achieved 
when a photoactive material with an 
optical band gap of 1.90  eV is used. This 
emphasizes the importance of the spectral 

overlap to achieve high PCEs in indoor photovoltaics, exempli-
fying the applicability of OPVs to indoor applications. Additional 
to the optical band gap, the frontier molecular orbital energy 
levels of organic semiconductors can be controlled by adjusting 
molecular structure. Therefore, unlike inorganic photovoltaic 
devices, both a high short-circuit current density (JSC) and open-
circuit voltage (VOC) can be achieved. Although promising, there 
are some important considerations when using OPVs for indoor 
light applications. For example, unlike use under solar radiation 
(1 Sun), typical light intensities of indoor conditions (e.g., office, 
supermarket, etc.) are very low, ≈1000 lux. Due to the low light 
intensity, the photocurrent density of OPVs is also extremely low, 
typically around hundreds of µA cm−2. Therefore, minimizing 
leakage currents and reducing recombination losses are essen-
tial strategies to achieve highly efficient indoor OPVs.[5,6,11,12]

Most research related to indoor OPVs utilizes a bulk-het-
erojunction (BHJ) photoactive layer. BHJs have been widely 
used to overcome the limitations of organic semiconductors, 
namely a large exciton binding energy, and short exciton diffu-
sion lengths (LD).[13] Randomly intermixed donor and acceptor 
domains in BHJs facilitate exciton dissociation at the inter-
face between donor and acceptor, leading to high photocurrent 
generation. However, this nano-structured morphology can 
induce unwanted energy losses by trapped charge carriers 
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1. Introduction

With the recent fast development of non-fullerene acceptors 
(NFAs), power conversion efficiencies (PCEs) of organic photo-
voltaic (OPV) cells now exceed 18% under 1 Sun (AM1.5G) exci-
tation conditions.[1] With an increasing number of these high 
PCE reports, research interest is moving toward implementing 
OPVs in practical applications, which include transparent 
devices,[2] colorful semi-transparent devices,[3] and devices for 
indoor photovoltaics.[4–7] Indoor light harvesting applications 
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in isolated domains or non-ideal interfaces in which there is 
physical contact between the donor and electron transport layer 
(ETL) or the acceptor and hole transport layer (HTL). To over-
come this limitation and enhance device performance further, 
pseudo bilayer (p-i-n structure) strategies have been suggested 
recently. Sequential deposition method provides p-i-n structures 
with certain degree of interdiffusion of top layer into bottom 
layer, resulting in higher concentration gradient of acceptors 
near the cathode and donors near the anode. This strategy 
enhances device performance further compared to conven-
tional BHJ devices, with slightly mitigated trap-assisted recom-
bination losses.[14] A bilayer-heterojunction which has relatively 
clearer donor/acceptor interfaces than those of p-i-n structure 
is another potential candidate to overcome the morphological 
limitations of BHJs. Recently high PCEs (10–11%) have been 
reported using polymer/NFA bilayers, achieved by efficient 
long-range energy transfer and long LD >30 nm.[15,16] Lee et al. 
demonstrate a reduction of non-radiative VOC losses and sup-
pressed trap-assisted recombination in bilayer devices com-
pared with BHJs. These properties can partially compensate the 
loss of charge generation in thinner layers, resulting in similar 
or slightly better device performance than BHJ devices.[17] Based 
on this previous research, we consider trap sites can be intro-
duced inevitably by the intrinsic nature of BHJ structure.

Under 1 Sun intensity, the effect of trap-assisted recombina-
tion in BHJs is often very minor, and may not limit device perfor-
mance significantly. However, it might be a serious problem at 
indoor light conditions due to a much lower density of generated 
charge carriers. Indeed, recent report demonstrated suppression 
of trap states via a diluting strategy with insulating polystyrene 
enables to achieve efficient ultra-thick indoor OPV devices.[18] 

Therefore, it is important to identify the device parameters crit-
ical for indoor applications and furthermore to clarify whether 
the BHJ or the bilayer is more suitable as the photoactive layer 
structure under indoor light conditions. Although efficient 
bilayer OPV results have been reported recently, their applica-
tion to indoor light conditions have not been explored so far.

In this work, we report a detailed comparison of BHJ and 
bilayer OPVs under different measurement conditions of 1 Sun 
and indoor lighting (1000 lux, white LED) to investigate the dif-
ferences in device behavior as illustrated in Figure  1a. Under 
1 Sun, BHJ devices exhibit better OPV performance compared 
to bilayer devices. However, under indoor light conditions, this 
trend is reversed—with the maximum power output (Pmax) of 
bilayer devices being higher than that of BHJ OPVs. The con-
siderable Pmax drop of BHJ under indoor light is mainly due to 
a significant drop in VOC. Bilayer devices, on the other hand, 
exhibit a much smaller drop of VOC and a significant increase in 
FF, which leads to the higher Pmax under indoor light. Further-
more, light soaking (LS) with 1 Sun excitation prior to indoor 
light operation is not essential for bilayer devices, whereas BHJ 
devices require LS to obtain high efficiency. Bilayer devices have 
sufficiently high shunt resistance (Rsh) even without LS, origi-
nating from more ideal interfacial contacts formed in bilayers 
(i.e., pure donor layer next to HTL and pure acceptor layer 
next ETL), unlike in BHJs. Finally, we demonstrate high per-
formance bilayer devices under indoor light, which show sup-
pressed trap states and efficient charge extraction. This study 
highlights the importance of device architecture and morpho-
logical properties of OPVs for efficient indoor light harvesting 
and suggests the great potential of bilayer OPVs for indoor 
photovoltaic applications.

Figure 1. a) Illustration of BHJ and bilayer OPV devices with indoor white LED. b) Molecular structure of PM6 as a donor and IDIC as an acceptor.  
c) Normalized absorption spectra of PM6 (60 nm), IDIC (82 nm), BHJ (123 nm) and bilayer (D/A 60/82 nm) films.
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2. Results and Discussion

2.1. Device Configuration and Material Properties

BHJ and bilayer devices were fabricated in a conventional struc-
ture, with detailed fabrication procedures in the Supporting Infor-
mation. The devices were measured under 1 Sun using a solar 
simulator and under indoor light using a white LED, whose emis-
sion spectrum is shown in Figure S1, Supporting Information. 
Commercially available PM6[19] and IDIC[20] (Figure 1b, molecular 
structure) were selected as donor and acceptor for the photoac-
tive layer, respectively. These materials are chosen due to their 
long exciton diffusion lengths of 35.8  nm for PM6 and 35  nm 
for IDIC, and efficient long-range energy transfer from donor 
to acceptor suitable for bilayer devices.[16] Bilayer films were pre-
pared by depositing the NFA on top of the polymer layer using 
an orthogonal solvent (dichloromethane (DCM)) which selectively 
dissolves NFAs but not polymers. We first confirm the PM6/IDIC 
bilayer structure by directly probing the energy levels of the top 
and bottom layers using ambient photoemission spectroscopy 
(APS). APS is a useful tool to determine the energetics of organic 
semiconductors, particularly their highest occupied molecular 
orbital, by finding the onset of photoemission upon photoexcita-
tion.[21] PM6 (60 nm), IDIC (50 nm), BHJ (120 nm), and bilayer 
(PM6/IDIC 60/50  nm) films were prepared on ITO substrates 
and their photoemission spectra were compared as shown in 
Figure S2, Supporting Information. APS detects the photoemis-
sion signal near the surface of the organic semiconductor films. 
Thus, if the bilayer is well formed, the photoemission spectrum 
of the top IDIC layer should be similar or the same as a neat IDIC 
film. As expected, the photoemission spectrum of the bilayer 
sample is almost the same as neat IDIC film, whereas in the 
BHJ film there is a significant difference between neat and blend 
films, confirming the well-formed PM6/IDIC bilayer structure, as 
confirmed elsewhere by other characterization tools.[15,16]

Figure 1c presents UV–Vis absorption spectra of PM6, IDIC, 
BHJ, and bilayer films. BHJ films show a slightly red-shifted 
absorption of the IDIC absorption peak (730  nm) relative to 
the neat film (706 nm). This is due to IDIC aggregation upon 
thermal annealing of the BHJ film (Figure S3, Supporting 
Information). Also, slower evaporation of chlorobenzene (host 
solvent for BHJs) can accelerate IDIC aggregation further com-
pared to DCM (host solvent for IDIC in bilayers), which is con-
sistent with red-shifted absorption spectra of neat IDIC films 
(Figure S4, Supporting Information). The absorption spectrum 
of bilayer films is well matched with both neat PM6 and IDIC 
absorbance. More crystallized IDIC molecules in BHJs might 
be beneficial in terms of low-energy light absorption and elec-
tron transport properties, but it does not contribute to photo-
current generation especially in case of indoor light illumina-
tion, due to lack of spectral overlap with the white LED source 
which will be discussed in the next section.

2.2. Device Characterization under 1 Sun and Indoor Light

First, we investigate the optimum bilayer OPV devices under 
indoor light conditions. For this, donor and acceptor thicknesses 
were varied to give PM6/IDIC devices with thicknesses of 93/50, 

60/50, 60/72 and 60/103  nm. The devices were characterized 
under both 1 Sun and indoor light conditions (1000 and 500 lux) 
(Figure S5 and Table S1, Supporting Information). Unbalanced 
thickness conditions of 93/50 and 60/103  nm for PM6/IDIC 
bilayers showed poor device performance regardless of light 
intensity, indicating the importance of balanced charge trans-
port in obtaining good device performance not only for 1 Sun, 
but also indoor light conditions. In case of relatively balanced 
thicknesses, namely 60/50 and 60/72  nm PM6/IDIC devices, 
the slightly thicker IDIC devices (60/72 nm) showed better OPV 
performance under indoor light conditions, particularly due to 
an enhanced fill factor (FF). This could originate from the dif-
ferent morphological properties of the bilayer stacks. Surface 
morphologies measured by atomic force microscopy (AFM) of 
thin- and thick-IDIC bilayers (40 and 82  nm, respectively) are 
totally different (Figure S6, Supporting Information). The sur-
face morphology of the thin-IDIC top layer is strongly affected 
by surface roughness of the PM6 bottom layer. However, the 
thick-IDIC top layer shows more aggregated features, similar 
to neat IDIC, indicating that the top of the thicker layer is less 
affected by PM6 surface roughness. This aggregated IDIC can 
be beneficial for device performance since electron transport 
and extraction to the ETL can be much faster through the aggre-
gated IDIC layer. Absorption spectra are also consistent with 
AFM results. In thin-IDIC bilayers, absorbance at longer wave-
lengths was slightly blue-shifted and intensity lowered compared 
to neat IDIC films (Figure S7a, Supporting Information), which 
can be attributed to inhibited aggregation of IDIC due to the 
rough surface of the PM6 bottom layer. However, in the thick-
IDIC bilayer, the main absorption peaks at 637 and 701 nm were 
well matched with that of neat PM6 and neat IDIC, respectively, 
with increased intensity of absorbance at longer wavelengths as 
shown in Figure  1c. These data demonstrate the sensitivity of 
indoor light performance to the morphology of each donor and 
acceptor layer within the bilayer structure and the important 
role played by thickness in device optimization.

Next, based on optimized device structures, we investigate the 
impact of the photoactive layer structure (BHJ vs bilayer) and its 
morphological properties on indoor OPV performance. We com-
pared device performance of BHJ and bilayer under 1 Sun and 
1000 lux (white LED) illumination. BHJ devices were optimized 
by varying the photoactive layer thickness, the solvents used for 
deposition and the thermal annealing conditions (Table S2, Sup-
porting Information), and optimum BHJ devices were used for 
comparison with bilayers. Representative current density–voltage 
(J–V) curves of optimum devices are shown in Figure 2a,b and 
corresponding photovoltaic parameters are summarized in 
Table  1. Under 1 Sun, BHJ devices showed better OPV perfor-
mance with higher JSC and FF, but slightly lower VOC compared 
to bilayer devices. This result is expected since the extremely 
large interfacial areas between donor and acceptor can lead to 
efficient charge generation producing high photocurrent in BHJ 
devices. However, the lower VOC is possibly due to higher recom-
bination losses induced by the intermixed BHJ morphology, 
resulting in charge trapping in isolated domains or buried inter-
faces.[17,22] In contrast, under indoor light conditions the trend 
of device performances of BHJ and bilayer devices is reversed—
bilayer devices showed similar JSC, but much higher VOC and FF 
(Figure 2b). Consequently, bilayer devices showed a higher Pmax 
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of 62.6 µW cm−2 than that of BHJ devices (Pmax = 54.6 µW cm−2) 
under 1000 lux illumination (Figure  2c). Due to extremely low 
photocurrent generation under indoor light conditions, leakage 
currents can affect device performance significantly, which is less 
critical under 1 Sun illumination. To confirm whether the indoor-
light power density difference is originated from the leakage 
current difference, we measured dark J–V curves (Figure S8, 
Supporting Information). Both BHJ and bilayer devices showed 
similarly low leakage currents, indicating that this cannot 
account for the differences in device behavior.

2.3. Light-Intensity Dependent Photovoltaic Parameters and 
Shunt Resistance

Under indoor light, the main improved parameters in bilayer 
devices compared to the BHJ are VOC and FF. To understand 

these improvements in detail, we investigate light intensity 
dependence on VOC, FF, Rsh and plot them normalized to 
1  Sun, as shown in Figure  2d–f. Plots without normalization 
and corresponding J–V curves are shown in Figures S9 and 
S10, respectively, Supporting Information, and corresponding 
PV parameters are summarized in Table S3, Supporting Infor-
mation. The intensity-dependent measurement was conducted 
with a sequence of low (500 lux) to high (2500 lux) intensity of 
indoor light, followed by 1 Sun (90 000 lux) measurement.

From light-intensity dependence on VOC, information about 
trap-assisted recombination can be obtained. When bimo-
lecular recombination is the only loss mechanism in a given 
system, the slope of VOC versus the natural logarithm of light 
intensity is kT/q. If the slope is greater than kT/q, it indicates 
that trap-assisted recombination is competing with bimolecular 
recombination, showing stronger dependence of VOC on light 
intensity.[23] We calculated the slopes for both BHJ and bilayer 

Table 1. Summary of photovoltaic parameters of BHJ and bilayer OPV devices, measured under 1 Sun and 1000 lux (white LED). All parameters were 
averaged from 10 devices.

Light intensity Active layer JSC [mA cm−2] VOC [V] FF PCE [%] Best PCE [%]

1 Sun BHJ 16.3 ± 0.29 0.922 ± 0.00 0.635 ± 0.01 9.56 ± 0.20 9.98

Bilayer 12.9 ± 0.44 0.954 ± 0.00 0.606 ± 0.01 7.45 ± 0.21 7.84

Light intensity Active layer JSC [µA cm−2] VOC [V] FF Pmax
a) [µW cm−2] Best Pmax

a) [µW cm−2]

1000 lux BHJ 105 ± 2.36 0.777 ± 0.01 0.634 ± 0.01 51.7 ± 1.44 54.6

Bilayer 103 ± 2.33 0.835 ± 0.01 0.663 ± 0.02 57.2 ± 2.08 62.6

a)Due to difficulty of accurate PCE (Pmax/Pin) calculation for indoor light, Pmax was used to evaluate indoor device performance.

Figure 2. a,b) Representative J–V curves of optimum BHJ and bilayer OPV devices, measured under 1 Sun (solar simulator) and 1000 lux (white LED), 
respectively. c) Summary of maximum power output values averaged from 10 devices. Light intensity dependence on d) VOC, e) FF, and f) Rsh of the 
BHJ and bilayer devices with normalization at 1 Sun. Note that VOC and FF were averaged from 10 devices, and Rsh was averaged from 3 devices.
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devices, as shown in Figure  2d (these values were extracted 
from Figure S9a, Supporting Information). The slope of bilayer 
devices (1.073 kT/q) is relatively close to kT/q compared to that 
of BHJ devices (1.285 kT/q). This indicates bilayer devices have 
lower trap-assisted recombination losses, consistently with 
device data showing much less VOC reduction as well as higher 
FF under indoor light. In case of light intensity dependence 
on FF (Figure  2e), FF of bilayer devices are greatly enhanced 
with decreasing light intensity from 2500 to 500 lux of white 
LED. On the other hand, BHJ devices show similar or slightly 
higher FF under 500–1000 lux, but the values measured under 
1000 to 2500 lux intensities are much lower than the FF meas-
ured under 1 Sun. The lowered FF can be seen more clearly 
in the J–V curves measured at different light intensities of the 
white LED. S-shaped J–V curves are observed in BHJ devices, 
especially at high indoor light intensity (Figure S10a, Sup-
porting Information). Interestingly, bilayer devices do not show 
S-shaped J–V curves (Figure S10b, Supporting Information).

To understand the different trends of FF in both devices, 
shunt resistance (Rsh) is calculated from the J–V curves at dif-
ferent light intensities (Figure  2f). Rsh is known to be corre-
lated with current losses in devices, originating from different 
parameters such as the edge of the cell, pinholes in the film, 
traps, or impurities.[24,25] A high Rsh is required to ensure good 
extraction of photo-generated charge carriers from the photoac-
tive layer to the electrodes via a charge transport layer (i.e., HTL 
or ETL), especially for low-light or indoor light conditions.[6] 
Our devices show nearly identical dark J–V characteristics, 
so the different trends of Rsh originate from charge trapping 
rather than different physical characteristics such as edges, 
pinholes, or impurities. For BHJ devices, there is a greater 
decrease of Rsh as light intensity increases. For low intensity 
(500 to 1000 lux), Rsh of the BHJ is similar to the bilayer devices 
which can be attributed to less effect of trap-assisted or surface 
recombination losses under indoor light.[6,12,26] However, with 
increasing light intensity above 1000 lux, the Rsh values of BHJ 
devices decrease gradually leading to low FF, consistent with 
the S-shaped J–V curves. On the other hand, for bilayer devices, 
less dependence of Rsh on light intensity is observed and the 
Rsh values are high enough to minimize leakage currents, 
resulting in normal J-shaped J–V curves regardless of light 
intensity. Low Rsh of BHJ devices could be attributed to the sig-
nificant recombination losses of BHJs due to undesirable iso-
lated domain induced by nanostructured morphologies[27] and 
unfavorable interfacial contact between active layer and HTL or 
ETL.[24] These properties hinder the efficient charge transport 
and extraction in BHJ devices by lowering Rsh and FF. How-
ever, charge transport and extraction in bilayer devices are not 
significantly interrupted due to a more favorable morphology, 
that is, no isolated domains and desirable interfacial contact. 
High Rsh regardless of light intensity demonstrates the great 
applicability of bilayer OPVs to various indoor light intensity 
conditions.

The relationship between light intensity and JSC is as 
expected, with JSC showing a clear reduction at reduced light 
intensities due to lower charge generation. A slightly larger 
reduction of JSC in BHJ devices is due to mismatch of absorp-
tion which can be explained by external quantum efficiency 
(EQE) spectra as shown in Figure S11, Supporting Information. 

In accordance with the absorbance spectra, BHJ devices exhib-
ited higher EQE at a broader range of wavelengths, consistent 
with higher JSC under 1 Sun. However, additional absorption 
originating from more aggregated IDIC in the BHJ cannot con-
tribute to photocurrent generation under indoor light, due to 
lack of spectral overlap between the absorption and emission 
of the white LED. Whereas the narrower EQE of bilayer devices 
results in less wasted light absorption under LED illumination. 
Furthermore, it is known that JSC follows a power law relation-
ship with light intensity (I), namely JSC  = Iα, where α deter-
mines the contribution of bimolecular recombination. As α is 
close to unity the contribution of bimolecular recombination 
becomes weeker.[23,28] In Figure S9c, Supporting Information, 
the slopes of JSC versus I graph in log-log scale are almost iden-
tical in both BHJ and bilayer devices, indicating no significant 
differences in term of bimolecular recombination.

2.4. Light-Soaking Effect

In the previous section, S-shaped J–V curves of BHJ devices 
were observed more clearly than those of bilayer devices, as 
light intensity increased (Figure S10, Supporting Information). 
To find out the origin of the S-shape, we compare device per-
formance measured before and after LS at 1 Sun for 2 min with 
the S-shape observed at a light intensity of 2500 lux (Figure 3). 
Surprisingly, J–V curves of BHJ devices recover to a normal 
J-shape after LS, resulting in improved FF and Pmax. Bilayer 
devices also exhibit slightly enhanced FF and Pmax, but the 
effect is less dramatic. OPV devices with ZnO ETL are known 
to require LS to obtain optimal device performance. Recent 
reports demonstrate that sub-gap trap/defect states of ZnO 
can be responsible for this LS effect.[4] The LS effect induced 
by sub-gap trap states can be more noticeable under indoor 
light conditions. Reducing energetic barriers at the interface 
between the photoactive layer and ZnO is also found to elimi-
nate the S-shape and thus remove additional LS processes. In 
our devices as well, enhanced device performance of BHJs after 
LS could be attributed to the improved electronic properties 
of ZnO similar to previous reports,[4] since ZnO nanoparticles 
(NPs) were used as ETL in this work. In bilayer devices, on the 
other hand, LS is less effective due to better energetic matching 
at the interface between IDIC and ZnO NPs. Therefore, bilayer 
devices require no additional LS process.

We calculated series resistance (Rs) and Rsh from the J–V 
curves of Figure 3 before and after LS, as summarized in Table 2. 
Rs of both devices decreased after LS. This could be attributed 
to the reduced energetic barrier between active layer and ZnO 
NPs and improved electron transport ability of ZnO NPs by acti-
vating ZnO with 1 Sun LS.[4] For indoor OPVs, low leakage cur-
rent is the most important prerequisite to obtain high efficiency, 
namely Rsh is more important than Rs. Rsh of bilayer devices 
was maintained with values of 48.0 and 42.4 kΩ cm2, before and 
after LS, respectively. However, BHJ devices showed great dif-
ferences in Rsh going from 16.0 kΩ cm2 before to 45.1 kΩ cm2, 
after LS. Low Rsh is related to recombination losses induced by 
isolated domains[27] or undesirable interfacial contact,[24] as we 
discussed in previous section. By comparing the LS effect, we 
identify that interfacial contact between the photoactive layer 
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and ZnO charge transport layer is highly important to obtain 
high Rsh. Low Rsh before LS in BHJ devices can originate from 
unfavorable interfacial contact, as both donor and acceptor 
molecules are directly contacted to the ZnO NPs layer. This can 
be more noticeable in indoor light measurements, resulting in 
poor BHJ device performance without LS. On the other hand, 
only acceptor molecules are directly contacted to the ETL in 
bilayers, which is a more suitable structure in terms of elec-
tron transport and extraction. Hence, bilayer devices show good 
performance regardless of LS treatment, which is an important 
strength for indoor OPV applications.

2.5. Traps and Charge Extraction

To investigate the charge trapping effect in detail, surface pho-
tovoltage (SPV) was measured for BHJ and bilayer samples. 
SPV is a useful tool for characterizing charge accumulation and 
extraction properties by measuring changes in surface potential 
upon illumination, which can be induced by redistribution of 
photogenerated charge carriers within the active layer.[29–31] In 
this work, we use a quartz tungsten halogen lamp as excitation 
light source with an emission spectrum from 400 to 800  nm 
(Figure S12a, Supporting Information). The samples are pre-
pared with a similar structure to OPV devices but without the 
top contact, Glass/ITO/PEDOT:PSS/active layer/ZnO NPs. 
First, SPV transients of the BHJ and bilayer samples are com-
pared under 20  mW cm−2 illumination (Figure  4a). Positive 
SPV signal (Figure S12b, Supporting Information) indicates 
electron accumulation on the surface of the samples. The mag-
nitude of SPV of the BHJ sample (492 meV) is higher than that 

of the bilayer (361 meV), indicative of the higher photocurrent 
generation in BHJs due to relatively larger heterointerface area. 
Despite a higher SPV magnitude in BHJs, SPV response speed 
to illumination is different compared to bilayers. In normalized 
SPV transients, it is clear that there are much faster turn-on 
and -off responses in bilayer samples, indicating efficient and 
fast electron extraction from active layer to the ETL without 
charge trapping. Conversely, the BHJ sample shows much 
slower turn-on and -off responses, producing long-lived turn-
off signals. This indicates that the electron extraction process 
in BHJ devices is less efficient than in bilayers, possibly due 
to significant trapping of electrons at the non-ideal interfacial 
contacts (e.g., the polymer donor/ZnO) in BHJs.

Moreover, SPV transients were characterized under various 
light intensities (Figure  4b). Light intensities for SPV meas-
urements were adjusted as 20.0, 9.10, 4.55, and 0.91 mW cm−2, 
where estimated intensities in lux are 22 000, 10 000, 5000, and 
1000 lux, respectively. To compare the changes of SPV magni-
tudes upon different light intensities, the graphs are normalized 
to the highest light intensity condition. Upon light intensity 
reduction, SPV magnitudes decrease in both BHJ and bilayer 
samples, which is expected from a lower number of photo-
generated charge carriers. However, the reduction of SPV 
magnitudes of bilayer samples is much smaller than in BHJ, 
indicating more prominent recombination losses occurring in 
BHJs when the light intensity is decreased to 1000 lux, consist-
ently with the higher VOC and FF in bilayer devices discussed 
previously.[29,32] To further clarify the different trends of the SPV 
magnitude upon light intensity change, we plot normalized 
SPV magnitude versus logarithm of light intensity (Figure 4c). 
It is known that SPV magnitude is correlated with VOC of OPV 

Table 2. Summary of photovoltaic parameters of BHJ and bilayer OPV devices, measured under 2500 lux (LED), comparing LS effects.

Active Layer LS JSC [µA cm−2] VOC [V] FF Pmax [µW cm−2] Rsh [kΩ cm2] Rs [Ω cm2]

BHJ Before 248 ± 6.97 0.805 ± 0.00 0.589 ± 0.00 118 ± 3.09 16.0 8.74

After 250 ± 8.17 0.788 ± 0.00 0.649 ± 0.01 128 ± 5.08 45.1 4.14

Bilayer Before 239 ± 6.24 0.865 ± 0.00 0.600 ± 0.01 124 ± 5.05 48.0 12.5

After 240 ± 7.21 0.845 ± 0.00 0.650 ± 0.01 132 ± 5.81 42.4 8.24

Figure 3. LS effect. J–V curves of a) BHJ and b) bilayer devices measured under 2500 lux (white LED), comparing before (open symbol) and after (solid 
symbol) LS under 1 Sun.
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devices,[31] and both SPV and VOC show excellent agreement 
with linear dependences on logarithm of light intensity. SPV 
changes are consistent with the VOC changes upon light inten-
sity change, which implies that VOC losses of BHJ devices under 
indoor light can originate from significant trap concentration, 
leading to inefficient charge redistribution and extraction under 
illumination. On the contrary, the lower VOC loss of bilayer 
devices can result from suppressed traps by minimized isolated 
domains as well as optimized interfacial contacts.

Transient photocurrent (TPC) decays were characterized at 
short-circuit conditions to compare charge extraction ability 
between BHJ and bilayer devices, as shown in Figure 4d. Non-
normalized TPC data are shown in Figure S13, Supporting 
Information. Transport time (τt, defined by the time when 
the initial signal drops to 1/e) of bilayer devices (3.798 µs) is 
much faster than that of BHJ devices (9.574 µs). Less charge 
trapping of bilayer devices enables efficient charge extraction 
with reduced τt by a factor of 2.5 compared to the BHJ. Further-
more, hole and electron transport properties of BHJ and bilayer 
devices were evaluated by using space-charge limited current 
(SCLC) method, comparing them with neat PM6 and neat IDIC 
devices. Single carrier devices (hole- or electron-only) were fab-
ricated and characterized as shown in Figure S14, Supporting 
Information. For single-carrier neat PM6 and IDIC devices, 
J–V characteristics show typical trap-free SCLC region at high 
voltages following Ohmic region at low voltages. Single-carrier 
bilayer devices also show Ohmic behavior followed by SCLC 
region without trap-filling limited current region, although 

it is not perfect single carrier diodes. In contrast, distinctive 
trap-limited SCLC and trap-filling limited current characteris-
tics are observed in hole-only BHJ devices, indicative of signifi-
cant hole trapping in the BHJs. By taking trap-filling limited 
voltage (VTFL  = 0.56  V) with assuming dielectric constant (εr) 
of BHJ film is 3, trap density is calculated to be 4.7 × 1017 cm−3 
which is in a typical range (1016–1018 cm−3) value in NFA-based 
OPVs, although it is an order of magnitude higher than that of 
Y6-based BHJ devices (≈1016 cm−3).[33] Interestingly BHJ devices 
show slightly higher hole mobility than that of neat PM6 
devices possibly due to enhanced packing structure of PM6 
in BHJ films, as evident in the absorption spectra (Figure  1c) 
showing prominent 0–0 PM6 peak in BHJ films. Electron-only 
BHJ devices do not show trap-filling limited current region, 
unlike hole-only BHJ devices. Molecular packing structure of 
high-crystalline NFAs cannot be easily disturbed by polymer, 
as other polymer:NFA systems also showed similar result of 
maintained electron transport properties regardless of blending 
with polymer.[33] This results also verify that bilayer structure 
is more suitable to obtain suppressed trap-assisted recombina-
tion, compared to those of BHJs.

2.6. Schematic Illustration of BHJ and Bilayer OPVs under 
Different Light Sources

Based on all the findings discussed herein, we propose a sche-
matic illustration of the possible situation of BHJs and bilayers 

(a) (b)

(c) (d)   

Figure 4. a) Normalized SPV measurements of BHJ and bilayer samples with structure of Glass/ITO/PEDOT:PSS/Active layer/ZnO NPs. b) Light 
intensity dependent normalized SPV measurements of BHJ and bilayer samples, and c) summary of SPV magnitude for each intensity. d) Photocurrent 
transients of the optimum BHJ and bilayer devices. Transport time (τt) is defined by the time when the initial signal drops to 1/e.
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during device operation under 1 Sun and indoor light (Figure 5). 
Structural properties of intermixed donor and acceptor mole-
cules in BHJs are advantageous in terms of photocurrent gen-
eration, but undesirable traps induced by isolated domains 
and non-ideal interfacial contacts lead to inevitable recombi-
nation losses. For BHJ devices under high light, these traps 
rarely affect device performance. However, these recombina-
tion losses are not negligible under indoor light, consequently 
VOC and FF are limited in BHJ devices. On the other hand, 
bilayers which simply consist of donor and acceptor layers are 
the optimum structure for charge transport and extraction with 
reduced intermixed donor/acceptor interfaces. Less domain 
boundaries can reduce traps and trap-assisted recombination, 
leading to much less VOC loss under indoor light. In addition, 
the interfacial contact between photoactive layer and charge 
transport layers should be considered as an important factor to 
optimize Rsh. Thanks to the ideal contacts in bilayer devices as 
highlighted in Figure 5, charge carriers are effectively extracted 
to ETL and HTL by minimized recombination losses at the 
interface. As a result, high Rsh values are maintained under 
various intensity of indoor light and even without LS. This indi-
cates that the bilayer strategy is an effective way to maintain 
high Rsh, which is an essential condition for indoor OPVs, and 
that bilayer OPV devices could be less sensitive to electronic 
properties of charge transport layers due to a more favorable 
energetic barrier alignment compared to those of BHJs.

3. Conclusion

In conclusion, we have successfully demonstrated the suit-
ability of bilayer OPVs for efficient indoor light harvesting by 

identifying the key device parameters such as low recombina-
tion loss and high Rsh for indoor PV, which are satisfied by 
bilayer structures. Under 1 Sun, BHJ devices show better per-
formance with higher JSC and FF, compared to bilayer devices. 
However, under low indoor light intensities, the performance 
trends are reversed with bilayer devices exhibiting higher VOC 
and FF, resulting in a higher Pmax compared to BHJ devices. 
The light intensity dependence measurements show less 
dependence for the VOC of bilayer devices than in BHJ devices, 
demonstrating strongly suppressed trap-assisted recombination 
in the bilayer. FF difference between bilayer and BHJ devices 
becomes more prominent at higher indoor light intensities and 
this is correlated well with the bilayer preserving a high Rsh in 
low light conditions, which is a crucial factor for indoor OPV 
performance. Additionally, high Rsh of bilayer devices enables 
excellent performances without the need for LS, whereas this 
was essential for BHJ devices. We attribute this to favorable 
interfacial contacts of bilayer devices having purer IDIC 
domains near the ETL and a smaller energetic barrier with 
deactivated ZnO. Finally, the reduced number of trap states 
in the bilayers is verified by SPV dynamics and TPC measure-
ments showing faster and more efficient charge redistribution 
and extraction upon light illumination compared to those of 
BHJs. Our study demonstrates that inherent morphological 
defects induced by isolated donor and/or acceptor domains 
and non-ideal interfacial contacts in BHJ devices can inhibit 
device performance at indoor light conditions, and elimination 
of these morphological defects can be successfully attained by 
using a bilayer-structured active layer. This work suggests the 
great potential of bilayer OPV devices for indoor energy har-
vesting systems by demonstrating the importance of device 
architecture and interfacial structures of photoactive layers.

Figure 5. Schematic of transport and recombination of photogenerated charge carriers for BHJ and bilayer devices under a) 1 Sun and b) LED indoor 
light illumination. Exciton generation process is omitted. Dark blue and light blue color indicate donor and acceptor layers, respectively. Undesirable 
contacts between active layer and charge transport layers are indicated with red highlight in BHJ case.
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4. Experimental Section
General: PM6 and IDIC were purchased from Solarmer Materials. ZnO 

NPs were synthesized by following a reported literature.[34] Absorbance 
data were obtained using a Shimadzu UV-2550 UV–vis spectrophotometer. 
SPV and APS were measured by an APS04 Air Photoemission system (KP 
Technology) using a 2  mm gold tip in ambient conditions. AFM height 
images were obtained using a Park NX-10 AFM microscope in noncontact 
mode. The photocurrent transients were obtained with a DAQ card 
connected to a Tektronix TDS3032B Oscilloscope.

Device Fabrication Procedures and Characterization: OPV devices were 
prepared with a conventional structure of glass/indium tin oxide (ITO)/
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)/
active layer/ZnO NPs/Ag. Pre-patterned ITO on glass substrates were 
cleaned by ultra-sonication with deionized water, acetone, and 2-propanol. 
Then the substrates were dried in an oven at 80 °C overnight. PEDOT:PSS 
(Clevios, AI 4083) layers were spin coated on ITO substrates, and baked 
on a hot plate at 140 °C for 10 min in air. After baking, substrates were 
brought into a N2 filled glove box. For BHJ devices, PM6:IDIC (1:1 w/w) 
blend solutions were prepared in chlorobenzene (CB) (26 mg mL−1, total 
concentration) with 1 vol% of 1,8-octanedithiol (ODT). The solutions 
were stirred at 100 °C overnight prior to spin casting. After spin-coating 
the BHJ layer on top of the PEDOT:PSS substrates, the active layers were 
thermal-annealed at 100 °C for 5 min.

For bilayer devices, PM6 solutions were prepared in CB (10 mg mL−1) 
with 1 vol% of ODT, and the solutions were stirred at 100 °C overnight. 
IDIC solutions were prepared in dichloromethane (9  mg mL−1), and 
the solutions stirred at room temperature for 2 h before spin casting. 
PM6 layers were coated on top of the PEDOT:PSS coated substrates 
first, then the PM6-coated substrates were thermal-annealed at 100  °C 
for 5 min. Then IDIC layers were coated subsequently. By controlling 
concentrations and spin rates of solutions of PM6 and IDIC, thickness 
of PM6/IDIC bilayers were adjusted with 93 ± 2/50 ± 4, 60 ± 2/50 ± 4,  
60 ± 2/72 ± 5, and 60 ± 2/103 ± 5 nm.

After  spin-coating active layers, ZnO NPs (dispersed in methanol) 
were spin-coated. Then, the substrates were brought into a high vacuum 
chamber (≈10−6  Torr), and Ag (100  nm) was deposited by thermal 
evaporation. Device area was 4.5 mm2. Measurements were conducted 
outside the glovebox, and the devices were stored in a nitrogen filled 
chamber. Solar simulator was used for 1 Sun measurement whose 
intensity was calibrated at 100  mW cm−2 with a standard silicon 
photodiode. LED light was used for indoor measurement whose 
intensity was calibrated with digital Luxmeter. J–V characteristics were 
measured with a Keithley 2400 source measurement unit. EQE was 
measured using an EQE system of a tungsten halogen lamp coupled 
with a grating spectrometer (CS260-RG-4-MT-D).

For single-carrier devices for SCLC measurements, hole-only devices 
were fabricated with a structure of ITO/PEDOT:PSS/Active Layer/MoOx/
Ag. Electron-only devices were fabricated with a structure of ITO/ZnO/
Active Layer/ZnO NPs/Ag. Thicknesses of neat PM6, neat IDIC, BHJ, and 
bilayer (PM6/IDIC) films for SCLC devices are 90, 90, 210, and 60/90 nm, 
respectively. Mobility is calculated using Mott–Gurney relationship and 

Nt is calculated using following equation: 
ε ε= 2 0N
ed

Vt
r

TFL, where ε0 is 

vacuum permittivity, εr is dielectric constant, e is elementary charge, d is 
film thickness and VTFL is trap-filling limited voltage.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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