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1. Introduction

Over the past two decades, tremendous 
efforts have been dedicated to organic 
photovoltaics (OPVs) which have led to 
the breaking barrier of 20% power conver-
sion efficiencies (PCEs) for single-junction 
devices.[1–7] Recently, the non-fullerene low 
bandgap acceptor materials (NFA) receive 
considerable attention regarding their 
thermal stability,[8,9] broad absorption spec-
trum which lead to efficient solar photons 
harvesting and thus high output current 
density,[10] diminishing the nonradiative 
energy losses, providing high voltages,[11,12] 
and easy tunable energy level.[5,13,14] From 
the device point of view, enhancing both 
photocurrent and photovoltage of NF-OPVs 
are the most straightforward strategy to 
improve the photovoltaic performance.[1] In 
addition, it is well known that the molecular 
orientation between the donor and acceptor 
materials plays a vital role in the charge 
transfer kinetics.[15] Hence, the anisotropic 
structure of NFA (such as Y6 and Y7)  
secures an efficient π–π interaction that 

matches the coupling with the donors which tuned the phase 
separation.[16] As a result, the NF-OPVs demonstrate an efficient 
capability by separating excitons with negligible driving ener-
gies, obtaining high PCEs with respect to the energy levels of the 
used donor materials.[17,18] Thus, these remarkable advantages, 
avoiding the trade-off behavior between the voltage loss and 
charge generation,[19] provide barrierless free charge generation, 
suppressed charge carrier recombination, and enhanced charge 
mobilities of the resulting devices.[5,19,20]

Furthermore, the device structure as well as the bulk mor-
phology and thickness play a crucial role that critically influ-
ences the performance of the NF-OPVs.[19,21,22] These factors  
mainly control the exciton binding energy and diffusion 
length[23] to avoid the undesirable static disorder that exhibits 
intrinsic sources of traps in the devices and in turn affecting 
the overall performance.[24,25] Upon these contexts, several 
optimization strategies were performed to control the phase 
morphology and thicknesses of the photoactive layer of the 
NF-OPVs.[23,26–29] Furthermore, thermal treatment is one of 
the effective avenues conducted to tune the bulk and interface 

Finding an effective approach to suppress trap formation is a potential route 
for enhancing the performance of nonfullerene organic photovoltaic (NF-OPVs) 
devices. Here, an extraordinary short-circuit current density (JSC) value of 
32.65 mA cm-2 is achieved, higher than the state-of-the art NF-OPVs reported, 
reaching a high power conversion efficiency (PCE) of 17.92%. This remarkable 
enhancement is exhibited through the fine-tuning of PEDOT:PSS/PM6:Y7 films 
and interface morphologies via applying the prethermal treatment approach 
(Pre-TT) to the devices, which exhibit JSC and PCE enhancement of 21% and 
8%, respectively, compared to the pristine devices. Accordingly, the depend-
ence of the JSC upon the Pre-TT approach through a range of morphological, 
optical, electrical, and advanced transient measurements is investigated. The 
Pre-TT-based films are found to possess optimal smooth blend morphology 
with better dispersity owing to reduced domain size. Moreover, the meas-
urements show that the optimized treated devices present higher exciton 
dissociation probabilities and generation rate of the free charge carriers, 
showing an ideal balanced electron/hole mobility that reveals the JSC and PCE 
enhancement. Hence, Pre-TT approach provides a facile passivation strategy 
that reduces the trap state density of the blend film, improves interface charge 
transfer, allows balanced electron/hole mobility, and thus promotes device 
performance.
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morphologies to perform an efficient charge separation at the 
donor/acceptor interface[30,31] as well as to modify the interfaces 
between the active blend and the interfacial layers to enhance 
the charge carrier collection and transportation.[13,32–35] For 
instance, the morphology defects described by Wu et  al. were 
the main obstacles that hinder the hole transfer from Y6 to 
PM6, limiting the exciton decay and consequently declining 
the overall cell performance.[36] These observations reflect the 
improvement ability of the NF-OPVs through fine tuning of the 
active blend and interfacial morphologies.

Accordingly, in the present work, we report pioneer remark-
able enhancement in the generated current density (JSC) of  
32.62 mA cm-2 with a maximum PCE of 17.92% for the optimized 
single junction NF-OPVs by introducing pre-thermal treatment 
approach (Pre-TT). The proposed device architecture is ITO/
PEDOT:PSS/PM6:Y7/PDINO/Ag as shown in Figure 1, the fab-
ricated NF-OPVs based on the active layer blend of PM6 as a 
polymer donor and the chlorinated Y7 as an acceptor. The inter-
facial layers are the PEDOT:PSS as a hole transporting layer and 
PDINO as an electron transporting layer. We presented an inter-
esting dependence of the blend and interface morphologies along 
with the JSC and in turn the overall device photovoltaic perfor-
mance upon the applied Pre-TT to the PEDOT:PSS/PM6:Y7 layers.

The Pre-TT approach procedure was described in detail in 
the Experimental section in the Supporting Information and 
simplified in Figure S1 (Supporting Information). Moreover, 
it is important to mention that, first, we conducted an optimi-
zation process to the devices through varying the thicknesses 
of the PEDOT:PSS, PM6:Y7, and PDINO layers (see details in 
the Figure S2 and Table S1, Supporting Information). Upon the 
mentioned optimization process in the SI, we depicted that the 
better performance was recorded for D8 through the proper 
optimization of the PM6:Y7 absorber active layer thickness 
along with the cathode interfacial layer thickness of PDINO. 
Then, to investigate the reason behind the enhanced JSC, we 
focused on conducting a comparative insights on the morpho-
logical, optical, optoelectronic, electrical properties and related 
charge recombination dynamics between the pristine (non-
treated-W/O Pre-TT) and the Pre-TT treated (Pre-TT) based 

devices of D1 (nonoptimized) and D8 (champion optimized)  
based devices. We examined the devices via current density 
voltage (J–V) under different illumination intensities, at 0.1, 
1, 10, 16, 25, 50, 80, and 100 mW cm-2, external quantum effi-
ciency (EQE), mobility measurements, charge extraction (CE), 
and transient photovoltage/photocurrent (TPV/TPC) tech-
niques. Furthermore, impedance spectroscopy (IS) measure-
ments were performed through capacitance–voltage (CV) and 
capacitance-frequency (Cƒ) to understand the device behavior 
dependency on the Pre-TT approach.

Moreover, to confirm the high performance presented by our 
devices, we remeasured some devices such as D2 and D3 in the 
ICIQ facilities which exhibited quite similar performance as 
listed in Table S1 (Supporting Information), labeled as D2-ICIQ 
and D3-ICIQ.

2. Results and Discussions

2.1. Device Performance

The molecular structure of the PM6 polymer donor and Y7 
non-fullerene acceptor with their corresponding energy band 
cascade of the conventional device structure are demonstrated 
in Figure  1. To evaluate the photovoltaic performance of the 
nonoptimized D1 and optimized D8 based devices, current 
density–voltage (J–V) characteristics under AM 1.5G illumi-
nation conditions were performed as shown in Figure 2a, the 
detailed statistic performance parameters were listed in Table 1  
and the photovoltaic PCE % statistics diagrams in Figure S3 
(Supporting Information). The nonoptimized pristine NF-
OPVs of Device 1 (D1-W/O Pre-TT) exhibited a maximum PCE 
of 13.94%, with a VOC of 0.83  V, short circuit current density 
(JSC) of 26.06 mA cm−2, fill factor (FF) of 0.65, series and shunt 
resistances (RS and RSh) of 0.98, and 473 Ω cm2, respectively. 
For the nonoptimized Per-TT based devices (D1-Pre-TT), the 
JSC and PCE were remarkably enhanced to 31.56 mA cm−2 and 
15.04%, respectively, while the FF, RSh and VOC were slightly 
diminished to 0.60, 315 Ω cm2, and 0.81 V, respectively as listed 

Figure 1.  The schematic diagram of the fabricated conventional NF-OPVs structure with the energy band cascade and PM6:Y7 chemical structures. The 
energy positions of the band edges for the semiconductors and the metals work functions were taken from refs. [4,37,38].
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in Table 1. Furthermore, the pristine-based devices of D8-W/O 
Pre-TT showed PCE of 16.07% with VOC of 0.85  V, JSC of 
26.98 mA cm−2, FF of 0.70, RS, and RSh of 1.45 and 724 Ω cm2, 
respectively consistent with the reported results.[5,19,21] Interest-
ingly, the Pre-TT D8 devices (D8-Pre-TT) obtained extraordinary 
increase in the JSC of 32.65 mA cm−2 and in turn the PCE were 
highly improved to 17.92% (see Table 1). However, the VOC was 
the same (0.85  V), but the FF and RS were slightly decreased 
to 1.13 Ω cm2 and 0.66, respectively, as well as the RSh to  
372 Ω cm2. Thus, The Pre-TT devices of both D1 and D8 dem-
onstrate slight decrease in their FF values and inconspicuous in 
their VOC values as presented in Figure S4a (Supporting Infor-
mation). This trivial change in the FF might correlate with the 
decline in the shunt resistances (RSh) of the Pre-TT, as displayed 
in Table  1. However, both Pre-TT device types (D1-nonopti-
mized and D8-optimized) exhibited a remarkable enhancement 
in their PCEs upon the great improvement in their JSC values as 
presented in Figure S4b (Supporting Information). Hence, it is 
worth to mention that the strategies to optimize one parameter 
might oppositely affect another one, making it challenging to 
optimize the entire parameters at the same time. Therefore, 
even we got higher JSC and PCE, that sacrifices with bit dimin-
ishing the FF as previously reported in Cui et al.[4] and Yuan[19] 
works. Overall, an outstanding JSC value of 32.65  mA cm−2  

is recorded for the D8 Pre-TT optimized based devices, 
which represent the top result for the nonfullerene OPVs 
devices as it is higher than the recently reported results in the 
literature[5,39–41]using the same active blend.

For further investigation of the Pre-TT NF-OPVs, we per-
formed the J–V characteristic for the pristine and the treated 
devices in dark condition as shown in Figure 2b. On one hand, 
the highest leakage current was obtained from the thicker 
absorber active layer in Device 1 (D1-150  nm) showing a high 
shunt, possibly recognized as “induced shunts” that is respon-
sible for diminishing the charge carrier at the interface.[42] 
This attitude might explain the lowest FF along with the PCE 
for these devices (D1), in contrast to the optimized D8 devices 
(100 nm), listed in Table 1. On the other hand, we found that the 
Pre-TT devices (of both D1 and D8) present almost one order of 
magnitude lower leakage current under the reverse bias con-
ditions as compared to the pristine ones, indicating a higher 
shunt resistance.[43] Such behavior reveals the enhancement in 
the JSC [43,44] of the Pre-TT devices than the pristine cells. Fur-
thermore, to gain more insights we fitted the experimental 
data of the J–V at dark conditions through operating 2 diodes 
equivalent circuit model to calculate the series resistance (RS) 
and shunt resistance (RSh) as demonstrated in Figure S5 (Sup-
porting Information). Where the symbols in Figure 2b referred 

Figure 2.  J–V characteristic curves of the pristine and the Pre-TT NF-OPVs of D1 and D8 a) under Illumination (AM 1.5 G), b) at dark condition (symbols 
for experimental data and the lines for the fitting).

Table 1.  Main performance parameters of the pristine and the Pre-TT fabricated D1 and D8 NF-OPVs (All the devices were measured under standard 
conditions (100 mW cm-2 simulator irradiation at AM 1.5G) and the average parameters were calculated from minimum of nine fabricated devices for 
each configuration).

Device VOC (V) JSC [mA cm-2] FF PCE [%] RS [Ω cm2] RSh [Ω cm2]

D1-W/O Pre-TT 0.83
0.82 ± 0.01

26.06
27.25 ± 2.12

0.65
0.62 ± 0.02

13.94
13.53 ± 0.60

0.98
1.26 ± 0.62

473
397 ± 76

D1- Pre-TT 0.81
0.80 ± 0.01

31.56
29.69 ± 1.87

0.60
0.61 ± 0.02

15.04
14.20 ± 0.84

0.94
0.81 ± 0.13

315
305 ± 10

D8-W/O Pre-TT 0.85
0.84 ± 0.01

26.98
27.15 ± 1.82

0.70
0.69 ± 0.02

16.07
15.82 ± 0.61

1.45
1.18 ± 0.27

424
625 ± 99

D8- Pre-TT 0.85
0.84 ± 0.01

32.65
31.44 ± 1.36

0.66
0.65 ± 0.06

17.92
17.61 ± 0.31

1.13
0.80 ± 0.52

372
374 ± 29
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to the experimental data and the lines to the fitting values that 
are listed in Table S2 (Supporting Information). The fitting 
data showed an exponential region (0.65 < V (V) < 0.85) with 
higher ideality factor (n1) values of 2.01 and 1.27 for the pristine 
devices of D1 W/O Pre-TT and D8 W/O Pre-TT, respectively, in 
comparison to the n1 of 1.35 and 1.15 for the D1 Pre-TT and 
D8 Pre-T, respectively. Moreover, the fitted values in Table S2 
(Supporting Information) depicted a noticeable increase in the 
Rsh values for the Pre-TT D1 (3.2 × 103 Ω cm2) and D8 devices 
(1.1 × 104 Ω cm2) in comparison to those for the pristine cells 
(RSh of D1 W/O Pre-TT = 2.9 × 103 Ω cm2 and RSh of D8 W/O 
Pre-TT = 3.9 × 103 Ω cm2). These obtained results explain the 
diminishing of the leakage current behavior observed for the 
Pre-TT devices,[42] especially for the optimized D8 Pre-TT that 
possessed the champion performance. This variation in leakage 
current in the fabricated devices is common in OPVs due to 
many reasons and is directly related to the thickness, quality 
and morphology of the films.[45,46]

Figure 3a displays the external quantum efficiency (EQE) 
response with AM 1.5G reference spectrum of the pristine and 
Pre-TT devices. It can be noticed that the entire devices have a 
similar wavelength range of a broad photoresponses from 300 

to 900  nm, indicating the contribution of both donor and NF 
acceptor to the overall generated photocurrent. We can see that 
the EQE intensity at short wavelengths range of 300–450 nm 
is lower due to the limited absorption of the polymer donor in 
this region.[4,11] However, the EQE spectra from 450 to 800 nm 
exhibited stronger photoresponses with a maximum plateau 
achieving around 80% for the pristine devices (D1-W/O Pre-TT 
and D8-W/O Pre-TT), around 90% for D1-Pre-TT and > 95% 
for D8-Pre-TT. In addition, we calculated the integrated JSC 
from the EQE spectra (listed in Table S3, Supporting Informa-
tion) which are consistent with the values obtained from the 
J–V listed in Table 1. Interestingly, the observed EQE response 
provides good proof for the extraordinary high current gener-
ated from the devices fabricated with Pre-TT approach. It is 
worth noting that in the absorption range of 450–850 nm, the 
pristine-based devices showed different EQE spectral shape 
response than Pre-TT based ones. However, it is well known 
that optical interference and parasitic absorbance in nonactive  
layers provide a pronounced effect on the shape of the measured 
EQE as a passive optical effect. But, the BHJ layer thickness  
(and therefore the resulting film roughness) has a first-order 
effect on the spectral dependence of the EQE.[47] Hence, we 

Figure 3.  a) EQE spectra (left axis) and the integrated short circuit current (right axis) of the NF-OPVs pristine and Pre-TT of D1 and D8 devices,  
b) UV–vis absorption spectra of the ITO/PEDOT:PSS/PM6:Y7 structure based on D1 and D8 with an inset photo of the fabricated devices. c) EQE versus 
photon energy of the pristine and PreTT NF-OPVs devices, and d) PL spectra of the pristine and the Pre-TT pure blend films over the PEDOT:PSS.
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suggested that it might be attributed to the higher roughness 
observed for the pristine-based films as will be explained in the 
Section 2.5. Thus, in our case different microstructures reveal a 
more pronounced influence on the EQE spectral shape which 
is provided upon thickness variation and Pre-TT factors. There-
fore, it is a foremost to obtain the internal quantum efficiency 
response (we will return to this measurement in the following 
parts) since it neglects the multilayer optical phenomena and 
the parasitic absorptions in nonactive layers such as ITO, 
PEDOT:PSS, as ascribed by Armin et al.[48]

For further investigation related to the phenomena beyond 
the improvement of the generated current density for the 
Pre-TT devices, we measured the UV–vis absorption spectra of 
the ITO/PEDOT:PSS/PM6:Y7 structure for the pristine and the 
Pre-TT based films as shown in Figure  3b. We can explicitly 
see the enhancement in the light absorption of the D1 and D8 
Pre-TT based films without any bathochromic shift. Further-
more, the inset images in Figure 3b show the real photo of the 
pristine and Pre-TT devices. The color of the active blend turns 
to darker upon the Pre-TT step in both D1 and D8 devices, 
showing the potential to improve the photon harvesting of 
the host blend in the Pre-TT based devices (D1-Pre-TT and 
D8-Pre-TT) which in turn enhances the generated JSC as con-
firmed by the previously discussed J–V curves. This behavior 
was previously reported by Tang,[49] ascribing that the improved 
absorption was attributed to the refining of the active layer mor-
phology upon the Pre-TT (will be discussed in details in the 
Section 2.5.).

In addition, it is worth to mention that the VOC values of the 
corresponding pristine and Pre-TT devices (listed in Table 1) did 
not show a remarkable change that greatly matches the consist-
ency of the PM6:Y7 peak position in Figure 3b. Accordingly, the 
enhancement in the EQE spectra due to the Pre-TT approach 
might be attributed to the modulation of the absorption energy 
in the active blend.[11] This behavior perfectly matches with Liu 
et al. research work.[11]

Furthermore, to evaluate the charge generation, extrac-
tion, and collection processes of the devices within the photo-
active layer, taking into account the recombination losses 
that might take place in the based devices. We calculated the 
internal quantum efficiency-IQE, following the correlation as 
described by Forrest[50] and Armin et  al.[48] that expressed as 
ηIQE = ηEQE/ηA, where ηIQE is the fractional internal quantum 
efficiency presented by the ratio of the number of the collected 
charges to the photons absorbed by the junction and ηA reveals 
the absorbed incident light amount by the photoactive layer. 
Hence, the IQE represents the photovoltaics response normal-
ized by the number of photons actually absorbed by the photo-
active layer and thus provides information about the behavior 
of the charge generation (exciton dissociation, charge transfer) 
and collection processes.[50] Figure S6 (Supporting Informa-
tion) displays the IQE of the pristine and Pre-TT based devices. 
The overall IQE intensities of the Pre-TT based devices are 
higher than the corresponding pristine ones. However, the con-
tributed efficiency was varied from both donor and acceptor 
regions. Where, high IQE values in the range of 400 to 550 nm 
were 99.68%, 92.12%, 90.06%, and 88.86% for the D8-Pre-TT, 
D8-W/O Pre-TT, D1-Pre-TT, and D1- W/O Pe-TT, respectively, 
and 52.42%, 35.52%, 42.82%, and 25.03%, respectively, in the 

range of 650 to 800 nm. The IQE >900 nm has been omitted 
regarding the absorption falling edge at these wavelengths. 
Accordingly, it can be exhibited that the pristine-based devices 
possessed lower IQE intensities than the Pre-TT ones, revealing 
the less efficient exciton dissociation and free charge extraction. 
In contrast to the Pre-TT-based device, specifying D8-Pre-TT 
optimized devices, suggesting that a significantly larger portion 
of the absorbed photons are converted to free charge carriers 
which are then collected by the corresponding electrodes which 
greatly matches with their superior EQE response (Figure  3a) 
and their JSC values (Table  1). This might be facilitated by the 
fine-tuning of the Pre-TT based blend morphology (in the  
Section 2.5.), revealing that excitons generated can therefore 
reach the D/A interface and efficiently dissociate, resulting in 
high IQE values.

Interestingly, Figure 3c showed the logarithmic scale of the 
EQE versus the photon energy to confirm the effect of the 
Pre-TT step on the optical properties of the active blend film 
using the Urbach rule as follows:[11,51]

0
/g Uα α( ) = ( )−

E e
E E E

	 (1)

where, α (E) is the optical absorption coefficient, α0 is the 
optical absorption coefficient at the band edge, E is the photon 
energy and EU is the Urbach energy. The photocurrent spec-
trum response of the entire devices is up to 1.4 eV that relates to 
the same photoactive blend of PM6:Y7.[11] Therefore, the higher 
photocurrent response of the devices is more likely correlated 
to the excitation of the active blend, and the lower photocurrent 
response than 1.4 eV is more attributed to the charge transfer 
states.[52,53] Accordingly, the Urbach energy of the devices was 
defined with the absorption tail (known as Urbach tail) below 
1.4  eV as described in Equation  (1). Hence, the EU value rep-
resents the density of state distribution that explains the ener-
getic disorder in the molecular orbitals,[51] which is considered 
as a valuable parameter revealing the influence of all possible 
defects.[54] Upon this context, the smaller EU value corresponds 
the abrupt band edge.[11] The extracted EU values of the devices 
are quite a similarity (around 25 meV) which is comparable 
to the thermal energy kBT (25.8 meV) at room temperature.[51] 
However, they follow the same trend of devices performance (as 
listed in the inset of Figure  3c), where lower EU values were 
exhibited for the Pre-TT devices that possessed better perfor-
mance than the pristine ones. This obtained behavior from 
the Pre-TT samples might be due to diminishing the energetic 
disorder in the active blend as revealed by the morphological 
characteristics discussed in the following sections and in turn 
improving its optical properties.[11] Furthermore, these observa-
tions were verified by the optimized D8-Pre-TT devices which 
present the lowest EU value, indicating the lowest energetic 
disorder that originates the superior device performance via 
declining the density of state distributions that in turn retard 
decreasing the recombination (Table 1).[55,56]

Moreover, to examine the exciton dissociation behavior and 
the charge transfer processes, we performed photolumines-
cence (PL) measurements of the pristine and the Pre-TT pure 
blend films over the PEDOT:PSS layer (Figure  3d). To get 
a fair comparison, we used the same films measured for the 
absorption spectra and by using the same excitation wavelength 

Adv. Energy Mater. 2023, 13, 2203241
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(635 nm). The observed results indicate that the PL spectra of 
pristine films present higher intensity than the Pre-TT ones, 
where the PL response is quenched by 13% and 35% for D1 
Pre-TT and D8 Pre-TT, respectively. This remarkable PL 
quench of the Pre-TT films, especially for the optimized D8 
Pre-TT film, implies an efficient charge transfer at the inter-
faces of the PEDOT:PSS/PM6:Y7, resulting in higher generated 
current.[57,58] The PL results follow the same trend of the JSC 
values of the corresponding based devices obtained (Table 1) as 
well as their EQE response in Figure  3a. Same response was 
further noticed for the PEDOT:PSS/PM6 films performed as 
a reference of D1 and D8 pristine and Pre-TT films as shown 
in Figure S7a,b (Supporting Information), respectively. Inter-
estingly, same behavior was reported by F. Jin et  al. upon the 
thermal annealing effect.[32]

2.2. Carrer Dynamics

In order to better understand the improvement of the treated 
devices upon the effect of the Pre-TT approach, we further 
measured the carriers dynamics of the devices via the advanced 
photoinduced spectroscopic techniques through charge extrac-
tion (CE), transient photovoltage (TPV) and transient photo-
current (TPC), evaluating the variation of charge transport, 
accumulation, and recombination that take place in the devices 
(see Figure S8, Supporting Information for more informa-
tion).[59,60] Figure 4a presents the photogenerated charge den-
sity of the pristine and Pre-TT devices under different light bias 
from 1 Sun to dark, providing different VOC values. The sym-
bols indicate the geometrical and the chemical capacitance or 
in other words, the charges accumulated at the interfaces and 
in the bulk, respectively. Consequently, to disclose a clear inter-
pretation of the obtained data, we subtracted the geometrical 
capacitance obtaining the solid lines at the bottom of Figure 4a, 
revealing the charges presented at the bulk.[61] We noticed that 
the Pre-TT devices (D1-Pre-TT and D8 Pre-TT) exhibited higher 
number of charges (solid lines) compared to the pristine ones, 
describing the higher JSC values obtained by J–V characteris-
tics (Figure  2a) of the Pre-TT devices (Table  1). Furthermore, 
all devices present a similar slope at 0.4–0.6 V range, indicating 
insignificant differences in the energy level position of the pris-
tine devices and their corresponding Pre-TT cells,[62,63] clari-
fying the consistency of their VOC values. Moreover, Figure S9 
(Supporting Information) shows the charge carrier lifetimes 
scale with voltage, extracted from the TPV decays. The recom-
bination was faster for the pristine devices, confirming their 
lower JSC as well as PCE. However, for a proper comparison, 
Figure  4b displays carrier recombination lifetime (tau) versus 
charge density to evaluate the carrier recombination depend-
ence on the charges of the corresponding devices. We observed 
that, for the same number of charges, the recombination is 
slightly faster for the pristine devices. Hence, it is worth noting 
that the Pre-TT NF-OPVs demonstrated more charge genera-
tion which neither lead to recombination behavior nor affecting 
Voc, exhibiting better performance than their pristine coun-
terparts. This behavior might be attributed to the presence of 
defect states[60,63,64] in the pristine devices that are efficiently 
reduced by the Pre-TT approach. These results agree well with 

the PL characteristics (Figure  3d) and consequently better JSC 
along with the overall enhanced performance of the Pre-TT 
devices.

Furthermore, we noticed that the CE and TPV characteris-
tics did not demonstrate a significant difference regarding the 
recombination behavior within our devices. Therefore, we fur-
ther investigated the nature of the recombination occurred for 
the fabricated pristine and the Pre-TT devices through studying 
the dependence of JSC and VOC on the incident light intensity 
(Plight)[65] under AM 1.5 G illumination condition as shown in 
Figure 5, gaining more insights to understand the improve-
ment of the JSC for the Pre-TT devices.

Figure  5a displays the JSC power law dependence on the 
light intensity (Plight) that following the proportional relation  
of JSC α light

1PS  in principle, where S1 is the exponential factor 
that represents the bimolecular recombination in devices along 
with the ability of extracting the free carries through the corre-
sponding electrodes.[5,65,66] Basically, under short circuit condi-
tion, the S1 value is unity when there is negligible bimolecular 

Figure 4.  a) Charge measured at different light biases for the pristine and 
Pre-TT devices. The symbols correspond to both geometrical capacitance 
and chemical capacitance. The solid lines at the bottom represent only 
the exponential part: y = BeCx (chemical capacitance) after subtraction of 
the geometrical capacitance, b) charge measured by CE versus the carrier 
lifetime obtained via TPV for the pristine and Pre-TT devices.
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recombination appears in the donor/acceptor blend films and 
less than 1 in case of the presence of the bimolecular recom-
bination.[67,68] The fitted values of S1 were 0.799, 0.800, 0.825 
and 0.865 for D1-W/O Pre-TT, D1-Pre-TT, D8-W/O Pre-TT, and 
D8-Pre-TT, respectively. As a sequence, the obtained results 
showed a linear behavior which indicate a presence of bimolec-
ular recombination for the entire devices,[69,66] as a significant 
loss mechanism in the OPVs.[70]

We noticed that both Pre-TT devices possessed S1 values 
closer to 1 in comparison to the corresponding pristine devices. 

Interestingly, the closest S1 value to 1 was obtained for the opti-
mized D8 Pre-TT which might reflect the less contribution 
of non-geminate charge recombination.[68,71] This behavior is 
highly matched with the lower leakage current (Figure 2b) and 
the highest JSC regarding the D8-Pre-TT devices in the J–V 
characteristics (Table 1).

Moreover, it is well known that the ∆VOC dependence of the 
∆ln (Plight) has been effectively used to identify the presence of 
the trap-assisted SRH recombination.[45,70] Hence, Figure  5b 
illustrates the logarithmic dependence of the VOC on the Plight 
of the fabricated devices, representing the diode Equation (2) of

OC 2
B

light id
B

SCα α( ) ( )











V S
k T

q
Ln P n

k T

q
Ln J

	
(2)

where nid is the ideality factor of the diode (nid = S2/S1), kB is 
the Boltzmann constant, T is the temperature, and q is the 
elementary charge. The nid value specifies that the bimolec-
ular recombination is the exclusive form of recombination in 
the OPV devices when it close to 1,[67] while higher nid value 
than 1 designates the presence of the trap assisted recombina-
tion mechanisms SRH.,[72,68] The values of S2 were extracted by 
fitting Equation  (2), obtaining values of 1.627, 1.139, 1.174, and 
1.024 that leads to nid values of 2.089, 1.418, 1.401, and 1.184 for 
the based devices of D1-W/O Pre-TT, D1-Pre-TT, D8-W/O Pre-
TT, and D8-Pre-TT, respectively. First, it can be noticed that the 
nid values for D1 are higher than those for D8 which might be 
related to the nonoptimized PM6:Y7 thickness in the D1-based 
devices, explaining the recombination observed in these 
devices. Second, the Pre-TT based devices showed nid values 
close to 1 in comparison to both pristine nontreated devices. 
These observed results suggest that the Pre-TT approach sup-
presses the trap-assisted recombination mechanisms, which 
may reflect the efficient charge transport and extraction of the 
devices.[72,68] It is worth to mention that this behavior might 
explain the previously observed lower EU values for the Pre-TT 
devices along with confirming the higher JSC values, EQE, and 
PL responses in comparison to the pristine devices.

Moreover, it was interesting to detect that at low light inten-
sities (<10  mW cm-2), the pristine devices behaved differently 
than the pre-TT ones as shown in Figure  5b. Where the pris-
tine D1-W/O Pre-TT and D8-W/O Pre-TT devices exhibited 
higher S2 values of 3.28 and 3.16, respectively, and in turn a 
nid values of 4.21 and 3.98, respectively. It is well known that 
at low voltage and low light intensities (<10  mW cm-2), the 
region is governed by RSh, exhibiting shunt behavior that 
can be clearly identified as a rapid voltage drop.[73,74] Then 
after 10  mW cm-2 the diode is entering its real diffusion cur-
rent dominated regime, where ideality factor can be deter-
mined as ascribed by Tvingstedt and Deibel.[74] Accordingly, 
the high nid values and the different linear behavior at low 
Plight of the pristine-based devices might be attributed to the 
pronounced shunt recombination loss mechanisms, pre-
venting a sufficient carrier density to be maintained.[74] and 
being dominated by trap-assisted recombination mecha-
nism SRH.[70] In contrast to the Pre-TT devices (D1 and D8)  
that have no remarkable shunt paths across their PN junc-
tion as well as less nonideal recombination behavior is taking 
place,[71] possessing mainly bimolecular recombination form 

Figure 5.  a) JSC and b) VOC versus the light intensity, symbols refer the 
experimental data and lines for the fitted data, c) JPh versus Veff character-
istics of the pristine and Pre-TT of D1 and D8 NF-OPVs devices.
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under open circuit and short circuit conditions. Specifically, 
the D8-Pre-TT-based devices which showed the champion nid 
value (closest to 1), provided a lower slope which implies trap-
free recombination behavior.[65,75] Then, it might be the main 
reason of their superior performance of JSC and PCE over the 
other devices. Furthermore, it was surprising to find that the 
obtained nid values from the VOC and Plight dependency were in 
excellent agreement with the obtained n1 values from the dark 
J–V characteristics discussed previously (Table S2, Supporting 
Information).

Moreover, the dependence of the photocurrent density (JPh) 
on the effective voltage (Veff) was calculated to depict the exciton 
dissociation probabilities (Pdiss), maximum amount of absorbed 
photons that leads to the dissociation and generation of free 
carriers (Gmax) and the generation rate (Grat) of the free charge 
carriers for the pristine and the Pre-TT NF-OPVs.[43,76,77] The JPh 
is defined as JL–JD, where the JL and JD are the current densities 
under illumination and at dark, respectively. Veff is described as 
VO -V, where VO is the voltage when JPh = 0 and V is the applied 
voltage,[78,67,79] We calculated the values of the Gmax, Pdiss, and 
Grat using the following reference equations of[76,77,79,80] Gmax = 
Jsat/qL, Pdiss = JSC/Jsat, and Grat = Pdiss Gmax, where Jsat is the sat-
uration current density at 0.2 V, q is the elementary charge and 
L is the thickness of the blend film.

From the double logarithmic scale plot of Jph versus Veff in 
Figure  5c, we disclosed that almost all photogenerated charge 
carriers were collected at high field of Veff > 0.2 V, where at low 
field of Veff  < 0.2  V the Jph of the devices was increasing lin-
early. Then, it saturates by increasing the Veff > 0.2 V revealing 
an efficient charge carrier separation.[76] Hence, from the cal-
culated Jsat in Figure 5c, we can observe that the Pre-TT based 
devices (D1-Pre-TT and D8-Pre-TT) manifest better charge 
carriers separation through the interfaces of the active layer 
blend,[76,67] more than the pristine devices (D1-W/O Pre-TT 
and D8- W/O Pre-TT). Then, Table S4 (Supporting Informa-
tion) summarizes the optoelectronic parameters calculated 
from the Jph versus Veff curves. The values of the Gmax were  
1.17 × 1028 and 1.76 × 1028 m−3 s−1 for the pristine D1-W/O 
Pre-TT and D8-W/O Pre-TT devices, respectively, while the 
Gmax values for the Pre-TT D1 and D8 devices were 1.37 × 1028 
and 2.09 × 1028 m−3 s−1, respectively. It is worth to mention 
that the Pre-TT devices showed a noticeable increase in the 
Gmax rather than the pristine devices, representing the excel-
lent energy harvesting due to the efficient exciton generation 
in the corresponding devices.[77,79] Moreover, these observed 
results matched with the higher Grat values of Pre-TT devices in 
comparison to the pristine ones (listed in Table S4, Supporting 
Information), confirming that the photogenerated excitons 
were more efficiently dissociated into free carriers owing to the 
Pre-TT post treatment approach. Furthermore, the Pdiss values 
of the fabricated devices followed the same trend of the other 
parameters, being as D8-Pre-TT (97.46%) > D8-W/O-Pre-TT 
(95.56%) and D1-Pre-TT (93.02%) > D1-W/O-Pre-TT (92.36%), 
which is greatly complies the obtained nid values of the corre-
sponding devices discussed previously.

To validate the Pdiss values obtained from Figure  5c, we 
plotted the Jph to their saturation value (qGmaxL in Equation 2) 
as shown in Figure S10 (Supporting Information) for the NF-
OPVs. The photocurrent indicates the dissociation efficiency in 

the saturation region at Veff > 0.2 V.[26,67] It shows that applying 
the Pre-TT approach to the films leads to an enhancement in 
the dissociation efficiency in the Veff region < 0.2  V which in 
accordance with the obtained Pdiss values. In addition, the most 
significant difference appeared for D1 and D8 at Veff  < 0.2 in 
Figure  5 and Figure S10 (Supporting Information) is mainly 
due to the FF as a result of the thickness variation in the 
PM6:Y7 film in the representative devices which in turn affect 
the recombination and the Pdiss within the devices. Accordingly, 
greater Pdiss values correlate with the lower recombination as 
presented by the D8 based NF-OPVs, consisting with their 
extraordinary enhanced JSC values.

2.3. Charge Mobility

Furthermore, the space-charge-limited current (SCLC) 
measurements were probed to calculate the e/h mobilities, 
the trapped filled limit voltage (VTFL) and the trap density 
(Ntrap) of the pristine and the treated blend-based films of 
D1- W/O Pre-TT, D1-Pre-TT, D8-W/O Pre-TT, and D8-Pre-TT) 
as explained in Figure S11 (Supporting Information) with 
the calculation details in the Supporting Information. The 
tested hole-only devices are presented as a sandwich capac-
itor-like architecture of ITO/PEDOT:PSS/PM6:Y7/Au and the 
electron-only devices with structure of ITO/ZnO/ PM6:Y7/
PDINO/Ag in the dark as illustrated in Figure S12a,b (Sup-
porting Information), respectively. Figure 6a displays the 
SCLC curves of the electron-only devices of the pristine and 
Pre-TT devices. The electron mobility values (µe) of the fab-
ricated devices were calculated following the Mott- Gurney 
model[81,82] of JSCLC = 9/8ε0εrµSCLC V2 L-3. We depicted that the 
µe values of the pristine D1-W/O Pre-TT and D8-W/O Pre-TT 
were 9.31 × 10−4 and 7.97 × 10−4 cm2 V−1 S−1, respectively, while 
the µe values of the Pre-TT devices were D1-Pre-TT = 3.51 × 
10−3 cm2 V−1 S−1 and µe of D8-Pre-TT = 3.72 × 10−3 cm2 V−1 S−1.  
Accordingly, we noticed that despite the blend thickness 
variation from 150  nm in D1 and 100  nm in D8 which did 
not express a noticeable effect on the µe same as found else-
where[83] as we use the same blend ratio, but the Pre-TT 
devices provided a higher µe than the pristine ones.

Moreover, it is important to note that the µe values of the 
Pre-TT devices are about one order of magnitude higher than 
most of the other blends reported[84–86] as well as close to Tok-
moldin work, explaining the same reason behind the high JSC 
values obtained for their corresponding devices.[87] Moreover, 
by considering the thickness of the blend film for D1(150 nm) 
and D8 (100  nm), we found that the estimated values of the 
Ntrap for the Pre-TT devices (D1- Pre-TT = 3.96 × 1015 cm−3 
and D8- Pre-TT = 5.81 × 1015 cm−3) were lower than the pris-
tine ones (D1-W/O Pre-TT = 5.94 × 1015 cm−3 and D8-W/O 
Pre-TT = 10.11 × 1015 cm−3) as explained in the Supporting Infor-
mation and listed in Table S5 (Supporting Information), which 
showed an excellent match with the lower EU values observed 
for the Pre-TT devices as aforementioned. Moreover, it is worth 
to mention that the values of the VTFL were diminished for the 
Pre-TT devices, as listed in the inset of Figure 6a. This behavior 
indicates that the Pre-TT approach passivated the trap states of 
the treated devices, providing an enhanced path for an efficient 
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charge carrier transfer and collection by suppressing the defect 
density and the recombination mechanisms.[81,82,88] That also 
explains their superior Pdiss, Gmax, JSC along with their boosting 
PCE in comparison to the pristine devices. Moreover, in order 
to confirm the charge trap density behavior in the pristine and 
the Pre-TT devices, the hole-only devices were also examined 
by the SCLC measurements, evaluating same previous observa-
tions of terminating VTFL and the Ntrap values for the Pre-TT 
devices as shown in Figure S13 and Table S6 (Supporting 
Information).

Furthermore, it is well known that the mobility balance 
(µe/µh) is a key factor governing the overall performance of  
the OPVs devices.[89] The unbalanced mobility leads to space 
charge formation along with significant recombination because 
in case of the unbalanced charge transport, the cells perfor-
mance is mainly limited by the slower carrier, resulting in 
determination in the JSC along with the PCE of the devices.[89,90] 
In contrast, the performance of the PV devices maximized 
when the µe/µh ratio is close to unity, meaning balanced car-
rier mobilities which are beneficial to enhance the charge trans-
port and in turn the device performance.[61,89,91,92] Accordingly, 
we plot the logarithmic curve of the mobility balance (µe/µh) 
against the voltage as displayed in Figure  6b to estimate the 
µe/µh of the different devices. Our results presented that, at 

VOC, the pristine devices showed µe/µh values of 4.0 and 2.3 for 
the D1-W/O Pre-TT and D8-W/O Pre-TT devices, respectively. 
This imbalanced carrier mobility might be detrimental to the 
overall charge collection,[61] revealing the drop of their JSC and 
PCE values obtained (Table  1). On the contrary, well-balanced 
µe/µh of 1.4 and 1.3 were obtained for D1-Pre-TT and D8-Pre-
TT NF-OPVs, respectively. Moreover, it was interesting to notice 
that at high voltage around the maximum power point voltage 
(Vmpp) and the VOC, only the Pre-TT devices demonstrated the 
mobility balance close to one, in contrast to the pristine NF-
OPVs, as can be seen in Figure S14 (Supporting Information). 
Consequently, the extraordinary enhancement in the JSC and 
PCE values of the Pre-TT devices might be attributed to deterio-
rating the recombination mechanisms as well as ameliorative 
charge transport,[93] which as well revealed by the previously 
discussed characteristics. These results confirm that the Pre-TT 
approach has an effective influence to assist balancing the elec-
tron and hole transport. In addition, it was interesting to note 
that the devices performance increase as the balanced carrier 
mobility close to unity as clearly observed for the champion 
optimized D8-Pre-TT based devices. Accordingly, it was inter-
esting to correlate that the more balanced e/h transport (Pre-TT 
devices) decreases the EU values in combination with low SRH 
recombination represented by the high Grat that might be the 
key parameters that led to a remarkable enhancement in the 
performance of the Pre-TT devices as further observed by Fir-
daus et al.[90] and Athanasopoulos et al.[94]

As an alternative way to interpret the obtained results, the 
diffusion length, (Ld) of the pristine and Pre-TT NF-OPVs 

can be calculated using the formula: d
Bµ=L t

T k

q
, where µ is 

mobility, and t is the carrier recombination lifetime (tau).
The tau values are extracted from the TPV measurements 

(Figure 4b) and the electron and hole mobility values obtained 
from SCLC measurements (Figure  6a and Figure S12, Sup-
porting Information). We found that the estimate electron Ld 
values of the devices were 121 nm in D1-W/O Pre-TT, 128 nm 
in D1 Pre-TT, 139  nm in D8-W/O Pre-TT, and 156  nm in D8 
Pre-TT devices. Moreover, the hole Ld values of the devices 
were 41 nm in D1-W/O Pre-TT, 44 nm in D1 Pre-TT, 48 nm in 
D8-W/O Pre-TT, and 54 nm in D8 Pre-TT devices. Hence, these 
rather higher estimated carrier diffusion length values in the 
Pre-TT devices in comparison to the pristine cells that may jus-
tify their observed better device performance, specifically, the 
high JSC values[95] and especially for the D8- Pre-TT optimized 
devices.

2.4. Impedance Spectroscopy

Impedance spectroscopy (IS) characterization technique has 
been carried out as an insight analysis to study the effect of 
Pre-TT approach on the performance of the fabricated NF-OPVs. 
It is a powerful diagnostic technique for monitoring the recom-
bination, carrier accumulation, and transport behavior of each 
layer within the OPVs.[60,96,97] It measures the phase shift and the 
amplitude of the current response obtained through applying an 
AC voltage to the devices at a given frequency range, which reveal 
different mechanisms taking place at various interfaces.[96,98]

Figure 6.  a) The SCLC curves of the electron-only pristine and Pre-TT 
devices, b) e/h mobility balance of pristine and Pre-TT devices.
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Figure 7a shows a typical semicircle Cole–Cole plot for the 
fabricated pristine and Pre-TT based NF-OPVs at VOC and their 
corresponding Bode plots presented in Figure S15a (Supporting 
Information), demonstrating the efficient transfer at the active 
layer/electrode interface.[96,97] We can see that all the analyzed 
NF-OPVs derived a single process illustrated by one arc atti-
tude. First, regarding the types of devices, we observed that D8 
devices exhibited smaller arc radius along with lower imped-
ance than D1 devices. This might be attributed to the thickness 
optimization process performed to the D8 NF-OPVs, revealing 
their better performance. Second, regarding the Pre-TT 
approach, we noticed that both types of D1 and D8 showed 
smaller arc radii for the Pre-TT based devices than their cor-
responding pristine ones. This might consider the diminishing 
in the Pre-TT devices resistance,[33,96,97] matching their lower RS 
obtained by the J–V characteristics (Table  1). Moreover, it was 
interesting to record the same behavior at short circuit voltage 
(0.0  V), near to the maximum power point voltage (VMPP  = 
0.2 V) and at VMPP of 0.5 V applied bias voltages as shown in 
Figure S15b–d (Supporting Information), respectively. Further-
more, the lower frequency arc decreases for the Pre-TT devices 
(D1-Pre-TT and D8- Pre-TT) which is the same behavior of arc 
size. We can interpret that the charge accumulation can be 
efficiently extracted through the contacts of the Pre-TT devices 
more than the pristine ones, as proposed by Arredondo et al.[99] 
This behavior confirms the effective contribution of the Pre-TT 

approach that improve the devices performance (Table 1), espe-
cially D8-Pre-TT as it possessed the lowest low-frequency arc 
which describes the less pronounced charge accumulation 
effect, correlating with the lowest leakage current (Figure  3a), 
lowest RS, highest JSC and as a sequence, reflecting their cham-
pion PCE. In contrast to the pristine devices, which have a 
higher low-frequency arc as well as higher leakage current 
(Figure  3a) and lower JSC values, indicating their drop perfor-
mance behavior (Table  1). Same behavior was observed in our 
previous reported work[33,100] as well as Upama et al.[23]

Another important consideration in short circuit conditions 
(Figure S15b, Supporting Information), as the Pre-TT based 
devices showed lower Z´ (real part-X axis) -Z´´ (imaginary 
part-Y axis) values than the pristine based ones. It indicates 
that the Pre-TT devices show rapid charge extraction, in con-
trast to the pristine ones, which contributes to the JSC values 
of the devices which are highly consistent with the results of 
the J–V characteristics (listed in Table  1) and the previously 
discussed photo-physics measurements (Figure  4) as well as 
the performed optical analysis (Figure  3), revealing that the 
improvement of the JSC of the Pre-TT devices has the main 
contribution to the PCE enhancement. To get more perception 
regarding the physical parameters of the fabricated NF-OPVs, 
we carried out an electrical equivalent circuit to fit the experi-
mental Z′–Z″. The electrical component used to properly fit the 
plots (solid lines) is illustrated in the inset Figure 7a, the fitted 

Figure 7.  a) Cole–Cole plots at VOC under AM 1.5G illumination, using symbols for the experimental data and the fitting results in solid lines by applying 
the inset equivalent circuit of Debye model, b) the resistance of each layer within the pristine and Pre-TT NF-OPVs of D1 and D8 c) DOS as function  
of │kBTlnω│ at VOC under AM 1.5G illumination. d) Mott Schottky plot at dark at 1 MHz of the pristine and Pre-TT D1 and D8 NF-OPVs.
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parameters were summarized in Table S9 (Supporting Infor-
mation). We used Debye model[101] equivalent circuit that con-
sists of a parallel association of resistors (R) and capacitor (C) 
providing 3RC elements in series, where a distributed resistors 
(R) represent the resistance of electrons transportation in each 
layer where R1, R2, and R3 referring to PEDOT:PSS, PM6:Y7 
and the PDINO layer, respectively. In addition, C refers to the 
geometrical capacitance values of each corresponding layer. RS 
represents the series resistance from the ITO layer as well the 
ohmic contact resistance due to the interface between the ITO 
and the HTL in the conventional structure of the OPVs[96,97,102] 
and L is the added inductor to fit the data at high frequency.[96] 
Moreover, it is important to mention that the R4C4 elements 
were in series and attached in parallel to R3C3, representing the 
PDINO interfacial layer as proposed by Debye model.[101]

Regarding the fitted data used to interpret the obtained 
results, it is worth to notice that the fitted capacitance values 
for each layer in the device were in an excellent agreement 
with the theoretical values (listed in Table S9, Supporting 
Information and calculated using Equation S4 and Tables S7  
and S8, Supporting Information), indicating that the obtained 
Z′-Z″ data at VOC were governed by the metal-insulator-metal 
model (MIM),[103] depicting the presence of fully depleted 
layers approach.[87,103] In addition, we observed that the C4 
values, representing the extra impeded traps in the PDINO 
layer, were reduced upon the Pre-TT step as listed in Table 
S9 (Supporting Information). It reveals that more trap defects 
were created in the PDINO layer in the pristine devices, hin-
dering the charge carrier collection and transportation that 
in turn lowering their performance in contrary to the Pre-TT 
devices.[101,102]

Regarding the fitted resistance values listed in Table S9 (Sup-
porting Information), it can be seen that the RS value showed 
an insignificant increase for the Pre-TT devices more than the 
pristine ones. Moreover, as illustrated in Figure  7b, in both 
devices of D1 and D8, on one hand, we detected that the values 
of R1 and R3 representing the interfacial layers of PEDOT:PSS 
and PDINO layers, respectively, were declined upon applying 
the Pre-TT approach to the Pre-TT devices. Where R1 values of 
D1 and D8 reduced from 17.0 to 15.6 Ω and 11.4 to 7.3 Ω, respec-
tively, for the pristine and the Pre-TT cells, respectively. In the 
same way, R3 values of D1 and D8 were decreased from 16.0 to 
13.0 and 17.0 to 15.3, respectively, for the pristine and the Pre-TT 
devices, respectively. On the other hand, it was interesting to 
find that the values of R2 representing the PM6:Y7 active layer 
did not show any difference upon the Pre-TT step for both D1 
and D8 devices as shown in Figure  7b. Accordingly, the Rtotal 
values were more controlled by the resistance of the interfacial 
layers, that rather diminished from 37.9 to 35.2 Ω of the D1-W/O 
Pre-TT and D1- Pre-TT, respectively, and from 31.9 to 28.4 Ω for 
the D8-W/O Pre-TT and D8- Pre-TT, respectively, as displayed 
in Figure S16a (Supporting Information). Hence, the Pre-TT 
based cells showed a remarkable enhancement in suppressing 
the PEDOT:PSS and PDINO films resistance (R1 and R3),  
leading to an enhanced path of charge transportation and 
charge carriers collection, diminishing the recombination in 
the treated devices [88,96] as verified in the previous sections. In 
addition, we suggested that this enhancement in the interfaces 
between the blend and the interfacial layers might be attributed 
to the homogenous film morphology obtained for the Pre-TT 
films as observed by the AFM analysis in Figure 8 (in the fol-
lowing discussion). It further explains their enhanced NF-OPVs 

Figure 8.  AFM topography and phase images of the PM6:Y7 blend films based on the fabricated devices a) D1-W/O Pre-TT, b) D1-Pre-TT, c) D8-W/O 
Pre-TT, and d) D8-Pre-TT.
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performance obtained by the J–V characteristics under same 
illumination conditions (Table 1).

Furthermore, by analyzing the fitted data and estimating 
the total value of the extracted charge time (τtotal) for the fab-
ricated devices listed in Table S9 (Supporting Information), we 
can see a significant diminish in the τtotal values for the Pre-TT 
cells than the pristine ones as illustrated in Figure S16b (Sup-
porting Information), which endorse the CE and TPV behavior 
(Figure 4).

Upon these obtained results, we found that the Pre-TT 
approach contributed to reducing the impedance of the fabricated 
Pre-TT NF-OPVs, reflecting less implanted trap sites in the cor-
responding blend and interfaces within the layers of the treated 
devices, assisting charge transportation and collection, that  
highly matched with the calculated nid (Figure 5b) and the EU 
values (Figure 3c) observed for the Pre-TT devices. In addition, 
this behavior similarly followed the observed trend in the pre-
vious characteristics, endorsing the improvement effect upon 
applying the Pre-TT approach.

IS technique was performed in an alternative methodology, 
explaining the mechanisms behind the performance enhance-
ment of the Pre-TT devices using the capacitance-frequency 
(Cƒ) measurements to calculate the trap density of state (DOS) 
of the devices. It allows us to understand the electric properties  
of the fabricated devices, through investigating the interfa-
cial charge transfer along with carrier recombination mecha-
nisms.[104] It is well known that as the trap densities are high, 
then trapped charge carrier still can participate in the trans-
portation by thermally hopping or tunneling (shallow traps), 
while deep traps creates recombination centers due to hardly 
excited back charges.[24] This characterization has been per-
formed for OPVs in many research work to obtain the change 
in trap emission and disorder-induced tail states within the 
devices.[24,96,104–106] Consequently, the traps DOS at a given 
energy level, Eω, can be determined by varying the capacitance 
of the device with frequency. This reveals the trapping and the 
charge release by shallow traps in the band gap near to the 
Fermi energy level as proposed in Equation (3) [24,106]

DOS traps
OC

B

ω
ω

( ) = − ∂
∂ωE

V

tq T k

C

	
(3)

where C is the measured capacitance, VOC is the open circuit 
voltage obtained by the J–V characteristics (Table  1), ω is the 
angular frequency, t is the layer thickness, kB is the Boltzmann 
constant, q is the electron charge and T is room temperature 
(300 K). Then, the following Equation (4) considers the relation 
of the trap-DOS as function of energy dependent

β
ω

ω( ) = = −ω ln
2

lntraps B O BE k T
N

E k T
	

(4)

where β is the cross-section and N is the effective density of 
state.[107] Assuming 2βN as an independent of the frequency 
value, hence, the change in its value is correlated to the shift in 
the DOS values as a function of energy (EO)[102] which is explic-
itly explained in the Supporting Information.

Figure  7c displays the plot of the calculated trap-DOS as a 
function of energy for the fabricated devices. It describes a 

single exponential trap distribution for all devices, revealing the 
same trap activation energy and carrier response.[108] However, 
a bit higher DOS values were observed for D1 and D8 Pre-TT 
devices represented in the shift of EO value, as explained by 
Equation  (4), calculating the values of the energy shifting (X) 
for the pristine cells (see Equation S5, Supporting Informa-
tion), presented by the solid lines in Figure S17 (Supporting 
Information). Where, the Pre-TT devices demonstrated higher 
energy by one order of magnitude than the pristine ones, 
reflecting less localized interfacial induced defects compared 
to the pristine devices.[24,102,107,109,110] This behavior was interest-
ingly matched with the suppressing of recombination behavior 
in Figure  5 which explains the higher JSC obtained for the 
treated devices through the Pre-TT approach.

Furthermore, in Equation  (4), the slope of the tail given by 
kBT measures the extent of the distribution of localized states; 
in other words, it is an indirect measure of the disorder in the 
semiconductor.[111] Depending on their relative energetic posi-
tion from the band edge, trap depth can be determined. Few 
kBT from the band edge represents the shallow traps and sev-
eral kT reveal the deep traps that lie further.[56] In Figure 7c, we 
depicted that the tail of localized state was a bit reduced for the 
Pre-TT as compared to the pristine ones. This behavior indi-
cates that the pristine based devices possess deeper traps in the 
tail state HOMO. Such deep states act as recombination centers 
for charge carriers, resulting in reducing their overall lifetime 
and in turn devices performance.[24] Interestingly, this behavior 
is consistent with the EU values aforementioned in Figure 3c.

To get further insight into the influence of the Pre-TT 
approach on the fabricated devices, we used the IS to investi-
gate the dark and light intensity-dependent capacitance–voltage 
(C–V) characteristics. First, Figure 7d explains the Mott-Schottky 
of C–V data measured in the dark at the applied frequency of 
1  MHz for NF-OPVs with pristine and Pre-TT devices. Two 
regions have been recorded from the entire samples, the linear 
region 1 from 0.0 to 1.0  V, corresponding to the contribution 
from the PM6 donor phase and region 2 from 0.0 V to 1.0 V that 
attributed to the Y7 acceptor phase[106,112] as demonstrated in the 
inset of Figure 7d. We observed that the slope of the curves in 
region 2 is almost the same, while region 1 has shown different 
slopes, indicating various traps contribution in each device.[106] 
Accordingly, from region 1, we evaluated the built-in voltage 
(Vbi), by finding the plot intercept with the x-axis as dem-
onstrated in Figure  7d. The values of Vbi were 0.89  V, 0.93  V, 
0.87 V, and 0.98 V for D1-W/O Pre-TT, D1-Pre-TT, D8-W/O Pre-
TT, and D8-Pre-TT, respectively. It was interesting to find that 
the Pre-TT devices possessed higher Vbi values than their cor-
responding pristine NF-OPVs. The enhanced Vbi assists the col-
lection of holes and repels electrons at the interfaces, reducing 
the interfacial recombination, and thereby enhancing the device 
performance[88] as presented by our Pre-TT devices. Therefore, 
the low Vbi values signify that the photovoltaic devices work 
inefficiently through impeding the charge carriers extraction 
instead of assisting it,[23,33] confirming the lower performance 
obtained by the pristine devices. As a sequence, these results 
demonstrated that the Pre-TT approach not only reduced the 
trapes states in the blend films, but also improves the inter-
faces charge transport, leading to overall improvement in the 
device performance. Moreover, it is worth to mention that the 
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Pre-TT devices showed a higher chemical capacitance than the 
pristine ones (Figure  7d), resulting in less localized stated in 
the bandgap that leads to diminishing the carrier recombina-
tion.[23,96] Second, for further investigation regarding these 
observed traps sites for the fabricated NF-OPVs, we followed 
the standard Mott-Schottky analysis to calculate the charge car-
rier density (NPM6) in region 1 using Equation (5) [87,106,112]

22

O 6 6ε ε
( )



 = −A

C

V V

q N
Bi

PM PM 	
(5)

where A is the active area of the device, C is the capacitance, V 
is the applied voltage, VBi is the built-in voltage, q is the elemen-
tary charge, εO is the vacuum permittivity, εPM6 is the relative 
dielectric constant of PM6 donor polymer.

Under the assumption of NY7 >> NPM6 which has been cal-
culated and explained in Figure S18a (Supporting Informa-
tion), then applying Equation (5) to the C–V measurements at 
1 MHz under different illumination intensities (Plight) for pris-
tine and Pre-TT devices, we obtained the NPM6 versus the Plight 
illustrated in Figure S18b (Supporting Information). It can be 
seen that the charge carrier concentration increased upon light 
intensities for the entire devices as predicted phenomena of 
charge photogeneration in the bulk.[24] However, on one hand, 
it was interesting to detect that the slopes of D1-W/O Pre-TT 
and D8-W/O Pre-TT were increased more sharply than the 
slopes of D1-Pre-TT and D8-Pre-TT cells. This attitude for the 
pristine devices might be ascribed to significant located trap 
states into the bulk [24,106,113] which correlate with the measure-
ments of the DOS in Figure  7c. On the other hand, the slope 
of the D1-PreTT and D8-Pre-TT devices were steadier upon the 
effect of the light intensities which reflects the less contribu-
tion regarding traps.[24] Accordingly, the Pre-TT approach pro-
vides less recombination behavior which leads to higher charge 
carrier concentration (Figure S18b, Supporting Information) 
that reflects the extraordinary JSC obtained from Pre-TT based 
devices that is greatly matching the CE and TPV characteristics 
(Figure 5).

2.5. Morphology

A microscopic view characteristic was performed through 
atomic force microscope (AFM) to investigate the active blend 
morphology variation upon the effect of Pre-TT approach. We 
carried out the morphological characterization of the PM6:Y7 
blend films over the PEDOT:PSS layer, considering same condi-
tions of the pristine (W/O Pre-TT) as well as the Pre-TT based 
devices of D1 and the optimized D8, as the Pre-TT approach 
combines the treatment of both PEDOT:PSS along with the 
active blend PM6:Y7 film as explained in Figure S1 (Supporting 
Information) at the Experimental section. Figure  8 displays 
the AFM topography images and the corresponding phases of 
the blend films of the mentioned based devices. We can notice 
that the root mean square surface roughness (RMS) values 
of the Pre-TT blend films were lower than the pristine ones. 
Where the RMS of the pristine blend film of D1-W/O Pre-TT is 
4.28 nm (Figure 8a) which is doubled the RMS of the D1-Pre-
TT film (2.20 nm—Figure 8b).

Moreover, the same behavior was obtained for the pristine 
blend film of D8-W/O Pre-TT with RMS of 2.01 nm (Figure 8c), 
which is as well higher than the D8-Pre-TT film of RMS = 
1.44  nm—as shown in Figure  8d. First, regarding the blend 
thickness, the surface roughness and the size of the domain 
increase as the thickness of the PM6:Y7 film increases[30] as 
shown in D1 (150 nm), in contrast to the optimized D8 (100 nm) 
that presented less PM6:Y7 film roughness in both cases of 
pristine and Pre-TT based films. Second, regarding the Pre-TT 
approach, it is noticeable that the surface roughness and the 
phase features of Pre-TT films were different than the pristine 
films for both of D1 and D8, where the diminishing in the RMS 
values of the Pre-TT films, providing smoother surface, might 
be ascribed to the decline in the size of the domains.[30] As 
already reported by Zhang et al. and Guo et al.,[114,115] tempera-
ture causes a pre-aggregation of the PM6 already in the solution, 
resulting in smaller PM6 fibrillar domain size, which affects the 
miscibility and crystallinity of non-fullerene acceptors resulting 
in a better nanoscale phase separation.[116,117] Furthermore, the 
field emission-scanning electron microscope images displayed 
in Figure S19 (Supporting Information) were conducted for 
the pristine and Pre-TT D8 based films (PEDOT:PSS/PM6:Y7). 
It demonstrates that the pristine based films showed the 
strongest aggregation, in contrast to the Pre-TT based films that 
exhibited more fine, uniform, and compact film morphology.  
Consequently, despite the simplicity of the Pre-TT step, but it 
presents obvious effect on the morphology of the treated films 
that led to a remarkably smooth surface (lower values of RMS) 
and enhanced phase order separation features with better dis-
persity.[19] Since the small domain sizes assist the excitons in the  
active layer blend to reach the donor/acceptor interface, and in 
turn dissociate into free carriers.[30] Hence, it is worth to men-
tion that this enhanced morphology of the Pre-TT based films 
might reflect the enhancement of their based film absorption 
(Figure  3b), JSC of their based devices (Figure  2a and Table  1) 
as well as manifesting the lowest RS and leakage current[23,33] 
(Figure 3), resulting in improving their PCE. Furthermore, this 
observation supports the IS characteristics in Figure 7a, where 
the pristine devices possessed the highest low-frequency arc 
that describes more pronounced charge accumulation effect 
that could be originated from the pristine morphology disorder 
of the blend, providing lower overall performance. In contrast 
to the Pre-TT devices, as it exhibited less traps contribution as 
confirmed by the closest nid to 1, lowest EU values, highest Pdiss 
along with the optical and the previously discussed electrical IS 
characteristics, which might be emanated from the fine-tuning 
of their based film morphology upon the Pre-TT approach. 
Thus, the Pre-TT approach provides a morphological control, 
which is beneficial for tuning the film surface morphology that 
greatly enhances the overall performance of the device.

3. Conclusion

In summary, aiming to enhance the photovoltaic performance, 
we explicitly conducted a systematic investigation regarding 
the influence of the Pre-TT approach on the performance of 
the NF-OPVs. Applying the Pre-TT step critically affects the 
PEDOT:PSS/PM6:Y7 blend morphologies and thus the overall 
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performance of the devices. Interestingly, this paper puts 
the spotlight on the extraordinary JSC values obtained by the 
Pre-TT devices, where the optimized treated devices of D8-Pre-
TT exhibited a pioneer enhanced JSC value of 32.65 mA cm-2 
along with improved PCE of 17.92. We observed that the treated 
based films exhibited smoother surface roughness, revealing 
their lower RS, and lower leakage current, which leads to high 
carrier transport and suppressed charge carrier recombina-
tion in the resulting NF-OPVs. Indispensably, a critical chal-
lenge for the current NFA-based OPVs is to avoid the strong 
phase separation upon blending and deposition, which applied 
through the Pre-TT approach, leading to the balanced hole and 
electron mobility along with low non-geminate recombina-
tion that might be the key parameter leading to the remark-
able enhancement observed in the performance of the Pre-TT 
NF-OPVs. Moreover, the enhanced JSC values noticed for the 
Pre-TT devices were mainly due to their high EQE values 
and high Pdiss than the corresponding pristine NF-OPVs, cor-
relating their remarkable PL quench of the Pre-TT films, 
reflecting the efficient charge transfer at the PEDOT:PSS/
PM6:Y7 interfaces Furthermore, the IS characteristics were 
conducted through investigating the Nyquist plot, Cƒ-DOS 
calculations and the C–V characteristics, providing an efficient 
insight study that accurately detected the recombination con-
tribution that was more obvious for the pristine devices which 
disclose their lower performance. Accordingly, the Pre-TT 
approach diminishes the traps and enhances the interface 
charge transfer through enhancing the carrier dynamics of the 
treated devices, triggering a promising approach for boosting 
the JSC along with the photovoltaic performance of the treated 
devices.
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