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The short-circuit current (Jsc) overestimation is a severe but common issue in low-
light photovoltaic devices. This work demonstrated that the electrical edge effect,
whether originated from conducting layer or interface doping, will lead to
significant Jsc and power-conversion efficiency overestimation of more than
100%. Furthermore, this work showed that large surface roughness leads to a
stronger electrical edge effect through reduced smaller sheet resistance.
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SUMMARY

In many literatures, the short-circuit current (Jsc) of indoor organic
photovoltaics is overestimated, leading to severely wrong device
performance evaluation and analysis. In this work, based on the
equivalent circuit model, we demonstrate that electrical edge effect
is sensitive to both transverse surface resistance and light intensity.
At low light intensity, the electrical edge effect could lead to Jsc be-
ing significantly overestimated, i.e., by 100% and even more. We
show that for a PMé6:Y6 device capped with a MoOy layer, when
measured under 0.01 sun, the usually overlooked interface doping
mechanism would lead to Jsc and PCE overestimation by 51% and
15%, respectively. Besides, we show that the magnitude of Jsc over-
estimation drastically increases with high photoactive-layer surface
roughness. This work emphasized the significant electrical edge ef-
fect on Jsc evaluations for low-light solar cells and is conducive to
understanding the intrinsic mechanism of edge effect, promoting
a healthier development of organic photovoltaics.

INTRODUCTION

Attributed to the expeditious progress of non-fullerene acceptors, the power-con-
version efficiencies (PCEs) of the bulk heterojunction organic photovoltaics (OPVs)
have exceeded 18% for single-junction cells under AM 1.5G (1 sun light inten-
sity).'™ In recent years, benefiting from its unique performance advantages, indoor
OPVs have attracted significant research interest with PCE over 28%.°~’ However,
although any further PCE improvement is very encouraging, it has been demon-
strated that sometimes, the short-circuit current (Jsc) could be overestimated
by 10%.%7'% Such Jsc overestimation issue is more severe for low-light-intensity
devices. Figure 1A summarized Jsc overestimation factor (defined here as
T Sun)Js; Ezzg)number) , where Jsc (sun) is short-circuit current under certain sun light in-
tensity and sun number is the light intensity in sun units) that measured under
different light intensity from literatures, where Jsc/sun under 0.01 sun could be
80% higher than that under 1 sun (Figure S1), leading to overestimated PCE.'0-14

Some perovskite solar cells and dye-sensitized solar cells (DSSCs) have also reported
abnormally high Jsc/sun and thus PCE at low light intensity.">"” Such high Jsc/sun
indicates an external quantum efficiency (EQE) of much higher than 100%, which is
impossible for those device systems. Consequently, the device performance evalu-
ation and corresponding analysis such as optical changes or carrier dynamic mech-
anisms are compromised. Furthermore, Jsc versus light intensity plot has been
commonly used to analyze the bimolecular recombination. However, Jsc overesti-
mation under low light intensity would result in artificially overestimated bimolecular
recombination coefficient a, thus misleads the corresponding analysis of device
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CONTEXT & SCALE

In many literatures, the short-
circuit current (Jsc) of indoor
organic photovoltaics is
overestimated, leading to a
severely wrong evaluation and
analysis of device performance.
Based on equivalent circuit
model, we demonstrate that
electrical edge effect is sensitive
to both interface layer resistance
and light intensity. At low light
intensity, electrical edge effect
could lead to Jsc being more
significantly overestimated, i.e.,
by 100% and more. We showed
that for a PMé6:Y6 device capped
with a MoOx layer, when
measured under 0.01 sun, the
usually overlooked interface
doping mechanism would lead to
Jsc and PCE overestimation by as
much as 51% and 15%, respec-
tively. Besides, we demonstrate
that the magnitude of Jsc overes-
timation drastically increases with
high photoactive-layer surface
roughness. This work emphasized
the significant edge effect on Jsc
evaluations for low-light solar cells
and is conducive to understand-
ing the intrinsic mechanism of
edge effect, promoting their
healthier development.
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Figure 1. The Jsc overestimation of various material systems under different light intensities and device structures

(A) The Jsc overestimation factor of the reference papers (R1-R8) under different light intensities.'®?°

(B) Schematic diagram of the simplified circuit model of the electrical edge effect. The current line width represents relative current density at different
distance from edge.

(C) Simulated Jsc/sun under different light intensities with varied transverse surface Rs.

(D) Simulated PCE based on varied transverse surface resistance of active layer under different light intensities.

recombination dynamics and the development of optimization strategies. There-
fore, much deliberation is required in terms of the accurate measurement of Jsc.

The overestimation of Jsc is usually attributed to area misestimate, optical factor, and
electrical factors.®"??*?” The optical factors includes spectral mismatch and stray light
effects. The spectral difference between the light sources employed and AM 1.5G
accounts for the spectral mismatch, which has usually been taken care of by pre-cali-
brating the input optical source (AM1.5G) and reference cell spectral response.”?”  'State Key Laboratory for Mechanical Behavior of
The stray light includes non-vertical, non-parallel, and/or scattering light.'#2¢-28-0 %%toei;lsdﬂjn Jiaotong University, Xi'an
Mask and properly calibrated light source are often recommended to determine the
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inevitably reduce the open-circuit voltage (Voc) because the photocurrent would be
counterbalanced by the injection current in the masked area.?’ Besides, the fill factor
(FF) may also be overestimated due to the varied series resistance.®’*? These will
cause a comprehensive influence on the evaluation of PCE. Without mask, both optical
and electrical-factor-induced edge effect becomes the main contribution for Jsc over-

estimation.>® For common device (4 mm?), the optical-factor-induced edge effect
*Correspondence: zhaochao@xjtu.edu.cn (C.Z)),

leads to an Jsc overestimation of no more than 10%.'° By contrast, the electrical-fac-
tor-induced edge effect, where interface (semi)conducting layers act as horizontal
charge transport channel so that the photocurrent generated out of main device
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area gets collected, could contribute to Jsc more. Extensive works have focused on the
electrical edge effect; for example, one of the classic models proposed by Brabec
etal.” shows that in indium tin oxide (ITO)/PEDOT:PSS/PV layer/Al device architecture,
the highly conductive PEDOT:PSS can transversely transfer the holes generated at the
edge area to the electrode, leading to assignable edge effect.’” Under standard 1 sun
illumination, even with a resistivity of 107" Q cm (which is 100 times higher compared
with the commercial PH1000 recipe), photocurrent would be effectively collected at
300 um away from the edge, which leads to an overall overestimation of Jsc of about
43%. Similar charge-collection-layer-induced edge effect is observed in ZnO
systems. ™

Although electrical edge effect has been studied in some previous literatures, the
significant effect of light intensity on electrical edge effect has never been appreci-
ated. In fact, the key physics parameter that determines electrical edge contribution
is the voltage distribution instead of the resistance. Therefore, in addition to the
resistance, electrical edge effect could also be strongly affected by photocurrent
(either light intensity or photoactive layer system). Even for the same interlayer resis-
tance, lower photocurrent leads to lower voltage drops at certain distance outside
edge and thus stronger Jsc overestimation. For low photocurrent conditions such
as indoor OPVs, the edge effect would be much more significant since the photocur-
rent is usually 2-3 orders of magnitude lower than the normal sunlight conditions.
For the same reason, indoor OPVs electrical edge effect would be significant even
if the interlayer conductivity is low such that the edge effect is negligible for 1 sun
conditions. Such a concept is theoretically straightforward but has never been eval-
uated for indoor OPVs systems.

In this work, the equivalent circuit model is utilized to quantitatively investigate the
effect of light intensity and transverse sheet resistance (Rs) on Jsc overestimation.
Simulation showed that under 0.01 sun light intensity, with 1 MQ/sq Rs, the electrical
edge effect will lead to significantly overestimated Jsc and PCE by over 70% and
22%, respectively. Since the electrical edge effect in our model is irrelevant to the
light source or photoactive layer (PAL) absorption spectral, the simulation conclu-
sions apply to all types of solar cells, including perovskite solar cell and DSSCs.
We then demonstrate that the usually overlooked interface doping mechanism
(MoOx-induced doping on surface of active layer) could lead to significant edge ef-
fect: under 0.01 sun, the PM6:Y6 (1% 1-chloronaphthalene [CN]) device Jsc, and
thus, PCE could be overestimated by 51% and 15%, respectively. Normalized ab-
sorption spectrum, PL measurements, EQE measurements, and current mapping
measurements were utilized to rule out the other possible mechanism and confirmed
the electrical edge effect. Besides, we analyzed the relationship among surface
morphology of active layer and surface resistance and the consequent electrical
edge effect, where the magnitude of Jsc overestimation increases significantly
with surface roughness. Our work confirms that the electrical edge effect would
induce severe errors in the low-light-device measurement and analysis, also in bimo-
lecular recombination analysis. The intrinsic mechanism of the influence of electrical
edge effect on the Jsc and efficiency is better revealed, which provide guidance for
more accurate measurements of current and efficiency in OPV fields.

RESULTS AND DISCUSSION

Computational study of light intensity and transverse-resistance-dependent
edge effects

In order to quantify the variation of transverse resistance and light intensity on edge
photocurrent contribution, we adopted the classic equivalent circuit model but
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added series resistance at the edge area contributions, as shown in Figures 1B and
S2.The "measured” photocurrent is the summation of main device area (sandwiched
with electrodes) with adjacent edge areas (lack of top metal electrode). We applied
the commonly used small device area, 4 mm?, in our model to evaluate the edge ef-
fects. The edge-area photocurrent at two sides (ITO strip) passes through an effec-
tive resistor before getting collected by the corresponding electrode. Therefore, the

electric condition of edge area slice n satisfies the following equations:

V=V, — / R.Jdl

Jn = Jpn — Jo(e\k/_? - 1),

where R, is the sheet resistance at each slice n and J, is the corresponding photocur-
rent. The details of our model are described in the Note S1 in supplemental informa-
tion. As shown in Figure S3A, in the scenario consisting of an efficient device delivering
a photocurrent of 25 mA em 2 and containing a (semi)conducting film with sheet resis-
tance of 1 MQ/sq, edge photocurrent at only 70 um away (which is much smaller than
device size) could be effectively collected. However, as light intensity and (thus) photo-
current intensity decrease, photocurrent generated at farer distance would be effec-
tively collected. The obvious turning point of each slice’s photocurrent also extends
to a farther distance as the edge resistance decreases. Figure 1C summarized the
simulated Jsc/sun with varied light intensity and Rs, in the range from 0.01 to 100
MQ/sq, which is the typical resistance of commercial Al4083 poly(3,4-eth-ylene-diox-
ythiophene):(styrene sulfonate) (PEDOT:PSSH) films. As shown in Figure S3B, the Jsc
drastically increases at low surface Rs and under low light. At certain light intensity,
the edge photocurrent contribution decreases as voltage increases (Jsc at any voltage
is still overestimated); similarly, at a certain voltage, as light intensity decreases, the
edge photocurrent contribution increases (shown in Figures S3C and S3D). As a result,
FF decreases with stronger electrical edge effect (Figure S3E). On the other hand,
since the edge area photocurrent is always in the same direction as in main area,
Voc does not change with the electrical edge effect (shown in Figure S2 and
Table S1). Therefore, despite FF decrement, Jsc and thus PCE still significantly in-
crease with the electrical edge effect. For example, for 1 MQ/sq, the edge photocur-
rent contribution is 7% at 1 sun illumination, which drastically increases to over 70% as
light illumination intensity decreases to 0.01 sun, leading to PCE overestimation of
22%. For the case of 0.1 MQ/sq Rs, electrical edge contribution at 0.01 sun will increase
to 230%, leading to Jsc and PCE overestimation of almost 2.3 and 0.8 times, respec-
tively. Such severe Jsc and PCE overestimation would outperform any real device opti-
mization endeavors. Therefore, special care must be taken for the edge effect of
indoor device measurements. It should be noted that even though the electrical
edge effect decreases with device size, at low light, even for 2 x 2 cm device, this could
still cause a 20% Jsc overestimation (shown in Figure S5).

Experimental validation of the electrical-edge-effect-induced Jsc
overestimation

The resistance evaluation in edge effect is usually only focusing on the transport
layers (charge collection layer) because the conductivity of intrinsic or even photoex-
cited photoactive layer is much lower than the transport layer, and thus, it has negli-
gible effect. To demonstrate the electrical edge effect, we first fabricated a device
with the structure of ITO/ZnO/PMé6:Y6/PEDOT:PSSH/AI, where PEDOT:PSSH is a
typical conducting layer with Rs of 6.7 MQ/sq. As shown in Figure Sé, the Jsc/sun in-
creases as light intensity decreases, and the simulation with Rs = 6.7 MQ/sq fits the
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Figure 2. The Jsc overestimation of various material systems under different light intensities and device structures
(A) Device structures with and without edge.
(B) Dependence of the Jsc/sun on light intensity of various photoactive layer systems involved in our work.

experimental results very well in the whole light intensity range. Using charge col-
lecting layers with higher conductivity will lead to more severe Jsc overestimation.
However, interface-doping-induced conductivity has been overlooked. The highly
doped charge extraction layers with deep (>5.2 eV) or shallow (<4 eV) work function
(WF) is commonly used to achieve ohmic contact and soft-fermi pinning to reduce
contact resistance, enhance built-in potential and effective mobility, and thus FF
and Voc.**?® As a result of the ohmic contact, delta charge transfer with a doping
level of 10" cm™2 due to interface charge transfer has been measured at
PEDOT:PSSH/PAL interface.>* MoOx is the commonly used hole collection layer
due to its deep WF (~6.9 eV), leading to much higher interface carrier density
than that of the PEDOT:PSSH/PAL interface. Considering carrier mobility of ~1073
ecm? V™" 57" and an effective doping depth of ~10 nm, this gives an interface layer
Rs in the order of 1-100 MQ/sq, which is comparable with the commercial Al4083
PEDOT:PSSH.®” Therefore, even for device with no apparent conducting film,
such interface doped layer is sufficient for significant edge effect under low illumina-
tions. To the best of our knowledge, such interface-doping-induced electrical edge
effect has never been considered in the literatures. Similar interface doping effects
will occur when electron collection layers with WF shallower than 4.0 eV is applied.*®

To experimentally validate such interface-doping-induced electrical edge effect, we
fabricated devices with and without MoOx-capped edge, as shown in Figure 2A.
Since the only difference between the two structures is the MoOx-capped edge,
considering that MoOx is practically insulating,” any device performance difference
would be attributed to the MoOx/PAL layer interfaces at edge. Jsc was collected un-
der the light intensity from 1 (0.01 sun) to 100 mW/cm? (1 sun). We also tested
different photoactive material systems, including PBDBT:ITIC, PMé:IDIC, PMé:Y6,
etc., with the same device structure to confirm the generality of the phenomenon.
As shown in Figure 2B, for the MoOx devices with edges, as light intensity decreases
from 1 to 0.01 sun, Jsc/sun all significantly increase, regardless of the photoactive
layer systems (the J-V curves are shown in Figure S7). Same trend was observed
when measured with increased light intensity (Figure S8A) to exclude any hysteresis
effects. As shown in Figure S8B, the highest Jsc overestimation factor is increased to
more than 2.5 at 0.01 sun, this means the "measured” Jsc is overestimated by more
than 150%. By contrast, without MoOx-capped edge, the Jsc overestimation factor
only improve by <2% as light intensity decreases to 0.01 sun, which could be mainly
attributed to the reduced recombination losses.
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Figure 3. Dependence of MoOx-induced electrical edge effect on light intensity

(A) Normalized absorption spectrum by light intensity of ZnO/PM6:Y6/MoOx device.

(B) Dependence of PL quenching rate on light intensity. The largest light intensity used in absorption and PL is normalized to 1.
(C) EQE spectra under various light intensities.
D)

(D) Dependence of Jsc/sun on light intensity for the inverted devices of PM6:Y6 with edge, with mask and without edge, and dependence of EQE/sun on
light intensity.

(E) Dependence of Jsc/sun on light intensity for the devices with various interlayers.

(F-1) (F) Normalized edge distance dependent current under different excitation currents acquired from photocurrent mapping test; corresponding
photocurrent mapping of devices using a laser with excitation currents of (G) 20, (H) 5, and (I) 1 mA.

Ruling out other artifacts

We applied PMé6:Y6 OPV system to further exclude the absence of any confounding
variations in the absorption and charge generation properties at different
illuminations.

The UV-vis absorption spectrum of ZnO/PM6:Y6/MoOx was collected under
different light intensities. The absorbance spectrum normalized by light intensity
(Figure 3A) does not emerge any prominent change with variation of light intensity
from 1to 0.06 sun, which eliminates the possibility of absorption changes on Jsc/sun
under various light intensities. Photoluminescence (PL) analysis shows the similar
exciton dissociation behavior under different light intensities; therefore, the Jsc
increment is not due to exciton dissociation (Figures 3B and S9; Table §2).37:40
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The light-dependent EQEs, however, indicate that the Jsc/sun parameter remains
unchanged in the whole light intensity range (Figures 3C and 3D), which is primarily
because the light spot of EQE setup is smaller than device area. This brings out the
idea that for EQE measurement, one shall make sure the light spot size is smaller
than device area in order to avoid any edge-effect artifacts. When mask is applied
to exclude the edge part, the Jsc/sun also remains nearly unchanged with decreased
light intensity, same as the EQE results and the device without edge results (Fig-
ure 3D). Besides, we have shown that stray light only has very limited effects
(<5%) on the Jsc overestimation where Jsc/sun measured with tilted light remains
constant in the whole light intensity range (Figure S10). Therefore, MoOx-induced
electrical edge effect is the main cause of Jsc overestimation under low light
intensities.

To confirm the WF effect, we fabricated conventional devices with thermally evapo-
rated MoOx. Photoactive layer, i.e., PM6:Y6, is then spin coated onto the MoOx film,
followed by 3,3'-(1,3,8,10-tetraoxoanthral2,1,9-def:6,5,10-d"e'f'|diisoquinoline-
2,9(1H,3H,8H,10H)-diyl)bis(N,N-dimethylpropan-1-amine oxide) (PDINO) or ZnO
film castings and metal electrode evaporations. Since MoOx is highly susceptible
to absorb water and oxygen in the solution, despite its high WF under vacuum con-
dition, once exposed to glovebox environment and/or solvent treatment, the WF
will reduce to around 5.4 eV, leading to much lower interface hole doping.*’*? As
expected, the conventional devices, either capped with PDINO or ZnO, do not
show any edge effect under low light intensity, as shown in Figures 3E, S11, and
S12. Therefore, it can be concluded that the low interface resistance induced by
high WF is the key origin for electrical edge effect.

The current mapping test employing a focused laser scanning over the device is uti-
lized to further confirm the contribution of edge currents during J-V measurement.'#%*
The light intensity of laser is controlled by the input current, and the light intensity of
laser increases as the input current increases. As shown in Figures 3G-3I, the current
mapping test confirmed the additional current generated in the edge area. Figure 3F
shows the relationship between edge current and edge distance. As light intensity de-
creases, the normalized edge current extends further; thus, the additional current
generated in the edge part has a greater impact on the effective current, which is
consistent with equivalent circuit model simulations. The current mapping test pro-

vides direct evidence on the light-intensity-dependent electrical edge effect.

To check for the self-consistency with the effect of edge conductivity and light
intensity on Jsc overestimation, we computed the Jsc/sun of PM6:Y6 system using
reasonable interface conductivity. We first considered a simple model to estimate
the resistance of interface doping layer. Taking MoOx/PMé interface doping intensity
N as ~10%" cm~3 with an effective doping depth d of 10 nm and bulk hole mobility
of ~1073em2V~"s7" (as shown in Figure 513 and Table S3), we could get an effective
conducting channel with Rs ~ 6 MQ/sq (1/eNud), where u is the hole-density-depen-

.26 The simulated Jsc/sun vs sun inten-

dent mobility following the Figure 1in Zhou et a
sity trend matches the experimental results fairly well (Figure S14A), without any tuning
parameter needed. The simulation also fits the Jsc/sun trend of larger area device

(16 mm?) very well when using the same model and parameters.

The effect of morphology on Jsc overestimation

Despite Jsc overestimation increases with decreased sun intensity, we noted that the
magnitude of Jsc overestimation varies with different systems, from 50% to more
than 200% at 0.01 sun intensity (Figure S8B). The intrinsic properties, including light
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Table 1. Photovoltaic parameters of the corresponding devices under 1 sun illumination

Condition Voc (V) Jsc (mA cm™?) FF (%) PCE (%) Jeag® (MA cm™?) Deviation® (%)
0% CN 0.835 + 0.007 25.61 + 0.27 66.06 + 0.59 14.16 £ 0.20 24.41 4.92
1% CN 0.842 + 0.005 25.74 + 0.32 72.23 + 0.67 15.66 + 0.35 24.48 5.15
1.5% CN 0.852 + 0.003 23.03 + 0.34 65.36 + 1.07 12.82 + 0.48 21.03 9.62
2% CN 0.836 + 0.002 16.68 + 0.28 58.39 + 1.16 8.16 + 0.53 15.04 10.9

2Jeae is calculated by EQE and the deviation is the rate of difference between current and EQE; the average parameters were calculated from more than 10

independent cells. The effective area of the device is 0.04 cm?.
PDeviation is calculated by (Jsc -Jeae)/Jeae.

absorption, recombination, and carrier mobility, are unlikely to give such significant
Jsc/sun increment (calculated with different J-V curves, as shown in Figure S14B).
Considering that these devices have similar interface layers and the MoOx film is
nearly insulating, such Jsc/sun variation may be related to morphology differences,
especially at the interface. To understand this, the efficient system PMé:Y6 is adop-
ted to further investigate the influence of morphology on such edge effect induced
Jsc overestimation. CN was applied as additive to control the morphology. The de-
vice performances of various CN contents under 1 sun are summarized in Table 1,
and the J-V curves under different light intensities are displayed in Figure S15. It is
found that although Jsc/sun increases as light intensity decreases, its amplitude
increases with the increase of CN contents (Figure 4A). The CN-controlled
morphology is characterized through grazing incidence wide-angle X-ray scattering
(GIWAXS),**** as illustrated in Figures S16 and 4B. The variation of the coherence
length (CL) of =t~ stacking (Table S4) may account for the difference of their corre-
sponding Jsc and also the EQE (Figure S17) under 1 sun intensity. Besides, as CN
content increases, the (100) stacking CL keeps increasing, indicating enhanced crys-
tallinity. The strong crystallinity facilitates the phase separation (the TEM shown in
Figure S18), possibly leading to increased surface roughness (from 0.9 to 2.0 to
20.4to 43.4 nm, as shown in Figure 4C).*> The Js¢c overestimation could be sensitive
to surface roughness changes. To check this, we fabricated PM6:Y6 devices with the
same structure but varied annealing temperature (the atomic force microscopy
[AFM] shown in Figure S19) and PBDB-T:ITIC and PCE10:IEICO devices
(Figures S20 and S21) with different 1,8-Diiodooctane (DIO) contents to modulate
the surface roughness. As shown in Figure 4D, at 0.01 sun intensity, Jsc/sun shows
clear increasing trend with increased surface roughness. We also simulated the
Jsc/sun curves for the three systems, and the simulated Jsc/sun factor fitted the
experimental results well by only changing surface Rs, as shown in Figures S14
and S22. To confirm that surface roughness affected the doping-induced surface
Rs, we adopted the glass/PM6:Y6/MoOx/Al device structure to measure the Rs of
interface doping layer, as shown in Figure S23A. Since intrinsic PM6:Y6 and MoOx
layers are nearly insulating, upon applied voltage, the current can only transversely
transport through the interface doping layer. The surface Rs of PM6:Y6 film with 0%
CN, 1% CN, and 1.5% CNis 2.53, 1.74, and 0.46 MQ/sq, respectively. Therefore, the
surface Rs indeed decreases with increased surface roughness. In addition, the simu-
lated Rs matches with the pure film Rs well in the corresponding solar cells: for
PM6:Y6 device with 0%, 1%, and 1.5% CN, the simulated Rs is 3, 1.5, and 0.5 MQ/
sq, respectively. This confirms that surface roughness leads to higher Jsc overesti-
mation through decreased Rs. We suppose that this could be due to two reasons:
(1) rough surface is usually a consequence of high crystallinity,*> which leads to
higher carrier mobility and thus lower R (by 1 change) and (2) rough surface could
lead to an effectively thicker carrier transport channel, which essentially decreases
the Rs (d change), as illustrated in Figure S23B. In fact, although surface roughness
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Figure 4. The effect of morphology on Jsc overestimation and overestimated Jsc on performance

A) The Jsc/sun for PM6:Y6 devices with various CN contents.

B and C) GIWAXS line profiles (B) and AFM height (C) of PM6:Yé6 blend films with 0%, 1%, 1.5%, and 2% CN.

J (mA/cm?)

E) Dependence of short-circuit current density on light intensity for inverted and conventional devices.

(
(
(D) The Jsc/sun for PMé:Y6 devices with different film surface roughness under different light intensity.
(
(

F) The Jgem and Jng calculated by TDCF measurement for devices with various CN contents.

could be connected to device parameters such as recombination rate, carrier mobil-
ities, and light scattering, these parameters are usually not light intensity dependent
and do not lead to such significant Jsc overestimation.

The Jsc overestimation will inevitably bring errors in device analysis. It is apparent
that the PCE slightly increases with decreasing the light intensity, as shown in Fig-
ure S24. Therefore, the PCE under low light intensities must be exceedingly overes-
timated due to the overestimation of Jsc. It also should be noticed that the fitted
slopes (o) of Jsc and light intensity curves are commonly adopted to analyze the
bimolecular recombination,'” and the overestimation of Jsc will result in a wrong
analysis. As shown in Figure 4E, the fitted slopes (o) are 0.95 and 0.94 for the inverted
devices with 0% CN and 1% CN, respectively, representing that the device with 0%
CN has lower bimolecular recombination. However, this result is contrary to the
trend of their FFs. On the contrary, the fitted a for conventional devices with 0%
CN and 1% CN are 0.98 and 0.99, respectively, which is consistent with FF trends
(their J-V curves are shown in Figure S25). Furthermore, the time-delayed collection
field (TDCF) measurement is applied to study the charge recombination for inverted
devices.***’ The geminate recombination current (Jgem) and non-geminate recom-
bination (Jug) can be calculated from the curves shown in Figure 526,% and the re-
sults are concluded in Table S5 and shown in Figure 4F. The Jyg of the device with
1% CN is smaller than that of the device with 0% CN, which is also contrary to the
trend of the fitted a for the inverted device. These results sufficiently demonstrate
that the Jsc overestimation under low light intensities will induce an erroneous
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analysis for the charge recombination when using the relationship between Jsc and
light intensity.

Conclusions

In this work, the equivalent circuit model is utilized to quantitatively investigate the
electrical edge effect with light intensity and surface resistance of the active layer.
The simulation shows that with 1 MQ/sq surface sheet resistance, under low light,
the edge effect will lead to significantly overestimated Jsc and PCE by over 70%
and 22%, respectively. Such significant Jsc and PCE overestimation phenomenon
applies for all types of solar cells, including OPVs, perovskite, and DSSC. The inter-
face-doping-induced edge effect is experimentally confirmed by MoOx-capped de-
vices with varied photoactive layer systems, where Jsc and PCE could be overesti-
mated by 51% and 15% under 0.01 sun, respectively. Besides, we analyzed the
relationship among surface morphology of active layer and surface resistance and
the consequent electrical edge effect, where Jsc overestimation increases signifi-
cantly with surface roughness. Therefore, to reduce the electrical-edge-effect-
induced Jsc overestimation error, we suggest taking the following measures: (1)
apply mask during measurement, (2) larger device (>1 x 1 cm), (3) lower the surface
roughness (<2 nm), and (4) conduct EQE measurement with light spot smaller than
the device area. This work provided important new insights on the intrinsic mecha-
nism of electric edge effect and its influence on device performance evaluation,
especially under low light intensity, thereby promoting a healthier development of
solar cell fields.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to
and will be fulfilled by the lead contact, Wei Ma (msewma@xjtu.edu.cn).

Materials availability
All the materials were purchased from Solarmer Materials and eFlexPV without
further purification.

Data and code availability
All data are present in the paper and supplemental information. Other data are avail-
able from the lead contact or corresponding author.

OPVs fabrication

The inverted devices were fabricated with a structure of glass/ITO/ZnO/PMé:Y6/
MoOx/Al. The patterned ITO substrate was continuously cleaned three times by
sonication in water with detergent, deionized water, acetone, and isopropanol for
30 min of each step. Then, the substrate was dried with a nitrogen gun. After ultra-
violet ozone treatment for 20 min, the ZnO precursor was spin coated on the ITO
substrate at 4,500 rpm to form an electron transporting layer ZnO. Then, the sub-
strate was baked at 200°C for 30 min. The active layer solution was prepared in chlo-
roform (with 0% CN, 1% CN,1.5% CN and 2% CN) at a total concentration of 16 mg/
mL with the D/A ratio of 1:1 by weight, accompanied by stirring on a hotplate at 50°C
foratleast6 h. Then, a ~100 nm active layer was deposited by spin coating, followed
by thermal annealing at 100°C for 10 min in the glovebox. Finally, a 10 nm MoO3 and
100 nm Al were sequentially deposited as anode below the vacuum level of 1 x 1074
Pa. The conventional devices were fabricated with a structure of ITO/PEDOT:PSS/
PM6:Y6/PDINO/AI. A hole-transporting layer of PEDOT:PSS was deposited on
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ITO by spin coating at 5,500 rpm for 30's, followed by thermal annealing at 140°C for
10 min. The processing of active layer is same as the inverted devices. PDINO meth-
anol solution (2.0 mg/mL) was then spin coated on the active layer at 3,300 rpm for
30 s to afford a buffer layer with a thickness of 10 nm. Finally, 100 nm Al was sequen-
tially deposited as top electrode under vacuum (<1 x 107* Pa).

Measurements of OPVs

The J-V characteristics were performed in N,-filled glovebox under AM 1.5G (100 mW/
cm?) by using a Keithley 2400 source meter unit and an AAA solar simulator (SS-F5-3A,
Enli Technology) calibrated by a standard Si photovoltaic cell with a KG5 filter. The
EQE was measured by a solar cell spectral response measurement system (QE-
R3018, Enli Technology) with the calibrated light intensity by a standard single-crystal
Si photovoltaic cell, and the neutral filter with different transmittances were used to
adjust the light intensity. The UV-vis absorption spectra were measured on a Shimadzu
UV-3600 Plus Spectrophotometer. PL spectra were performed on PTI Quanta Master
400 UV/VIS Spectrofluorometer at the excitation wavelength of 800 nm. The surface
topography of the active layer was recorded by AFM operated in the tapping mode.

Time-delayed collection field (TDCF)

The TDCF experiment was carried out on OPV devices using the same strategy as
these works.*”°° It was conducted in an N, environment, inside a glovebox with
O, ~ 0.1 ppm and H,O <0.1 ppm. Pump excitation was achieved using an neodym-
ium-doped yttrium aluminum garnet (ND-YAG)-pumped optical parametric oscil-
lator (OPO) device (3 ns pulse width running at 100 Hz, Ekspla NT232) with a fluence
of 100 nJ/cm?. After the laser pulse, a device is given a time delay of 5 ns to allow for
charge separation to happen before applying the collection field (sweep out
voltage). The collection voltage was established via a custom-made amplification
circuit, synched with the laser pulse, and a 250 MHz bandwidth function generator
(Tektronix AFG 3251). To eliminate the effect of the resistor-capacitance (RC) time
constant for a faster collection time before significant bimolecular recombination,
we employ an over pulse strategy that uses an initial high voltage to charge the de-
vice electrodes more quickly. TDCF was conducted at two different laser wave-
lengths 600 and 810 nm, which were selectively chosen to match peaks from the
UV-vis absorption for donor and acceptor molecules, respectively. The total gener-
ated charges were calculated from the photocurrent transients (light minus dark
transients) that were measured using Teledyne LeCroy HDO 4104 with a 12-bit, 1
GHz bandwidth oscilloscope.

Photocurrent mapping

The photocurrent mappings of the solar cell were carried out by the photocurrent
mapping system in dark. The photocurrent mapping system mainly consists of a
displacement platform, a laser (model: CHT1230) and a Keithley 2400. The stepper
was employed to control the position of device in the displacement platform. The
longitudinal step is 0.02 mm, and the transverse step is 0.05 mm. The wavelength
of laser is 650 nm, and the spot area is 0.001 mmZ. The current values of the device
were recorded by the Keithley 2400.

Grazing incidence wide-angle X-ray scattering (GIWAXS) characterization

GIWAXS measurements were performed at beamline 7.3.3%% at the Advanced Light
Source. Samples were prepared on Si substrates using identical blend solutions as
those used in devices. The 10 keV X-ray beam was incident at a grazing angle of
0.12°-0.16°, selected to maximize the scattering intensity from the samples. The
scattered X-rays were detected using a Dectris Pilatus 2M photon counting detector.
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Hole and electron mobility measurements

The mobilities were measured using hole-only device of glass/[TO/PEDOT:PSS/
PM6:Y6/MoO3/Al and electron-only device of glass/ITO/ZnO/PMé6:Y6/PDINO/AI
in space-charge-limited-current (SCLC) region. Hole mobility and electron mobility
were obtained by fitting the current-density-voltage curves with:

J = 9&'Oerﬂ(vappl - Vbi - Vs)2/8L3a

where Jis current density, &g is the permittivity of free space, ¢ is the relative permit-
tivity of the material (&, = 3), is hole mobility or electron mobility, Vg is the applied
voltage, Vi, is the built-in voltage (0 V), V4 is the voltage drop from the substrate’s
series resistance (V; = IR), and L is the film thickness.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.joule.
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