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Natural Dextran as an Efficient Interfacial Passivator for
ZnO-Based Electron-Transport Layers in Inverted Organic
Solar Cells

Bin Zhang,* Zhenshen Pan, Wenming Li, Yushou Zhao, Xiaolan Qin, Aiqin Li,
Menglan Lv,* Xiaofeng Qin, Weile Guo, Zhicai He, and Ergang Wang*

Compared to conventional organic solar cells (OSCs) with acidic PED-
OT:PSS as the hole transport layer (HTL), inverted OSCs (i-OSCs)
with zinc oxide (ZnO) as the electron transport layer (ETL) display significant
advantages in terms of high stability. However, an obvious limitation in
i-OSCs is that the sol-gel processed ZnO layers possess detrimental defects at
the interface, which hinders the improvement of its photovoltaic performance.
To address this problem, a natural, and green dextran (Dex) is used as
an efficient interfacial passivator to modify the ZnO layer, thereby achieving
enhanced device performance in i-OSCs. The introduction of the Dex
passivator efficiently suppresses the interfacial recombination loss, resulting
in higher power conversion efficiencies (PCEs). Interestingly, Dex-passivated
ZnO exhibits broad applications as an ETL for different types of i-OSCs,
including fullerene, non-fullerene, and all-polymer OSCs, in which the D18:Y6
system gives the highest PCE of 18.32%. This is one of the highest values
reported for binary i-OSCs. Moreover, the application of Dex significantly
improves the device stability, and the T80 lifetimes based on PM6:Y6, D18:Y6,
and PM6:PY-IT exceed 1500 h. These results imply that Dex is an excellent
interfacial passivator for ZnO-based ETL for high-efficiency and stable i-OSCs.

1. Introduction

Organic solar cells (OSCs) have attracted much academic and
industrial interest owing to their distinct advantages of light
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weight, flexibility, feasible functional-
ization, and low-cost roll-to-roll fabric-
ation.[1] Recently, owing to material de-
sign and device engineering, the power
conversion efficiencies (PCEs) have ex-
ceeded 20% in both single-junction[2,3]

and tandem OSCs.[4] This improvement
indicates that OSCs exhibit extraordi-
nary potential as competitive candidates
for emerging energy technologies.

Most of these high-efficiency OSCs are
based on the conventional ITO/PEDOT:
PSS/active layer/cathode interfacial layer-
(CIL)/cathode structure, where PE-
DOT:PSS is commonly used as the hole
transport layer (HTL).[5–7] It has been es-
tablished that PEDOT:PSS is an excellent
HTL in OSCs because of its advantages
in high conductivity and hole mobil-
ity, considerable optical transparency,
and feasible solution processibility.[8,9]

However, PEDOT:PSS also has short-
comings, especially the erosion of the
ITO anode, which is detrimental for the

realization of high stability in OSCs.[10–13] Therefore, there is an
urgent need to develop alternative methods to overcome these
problems, such as designing new HTL or developing new device
architectures.
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Figure 1. a) Proposed passivating mechanism with Dex as interfacial passivator, b) UPS curves of neat ZnO and Dex-modified ZnO electrodes, c)
conductivity curves of devices without and with the Dex modification, and d) transmittance curves of electrodes.

Among the newly developed methodologies, the fabrication
of inverted OSCs (i-OSCs) is an effective way to achieve stable
OSCs. In i-OSCs, the device architecture is typically ITO/electron
transport layer (ETL)/active layer/HTL/anode,[14] where the ETL
is usually fabricated using metal oxides and organic materials.[15]

Although organics have been utilized as ETL in i-OSCs, dis-
advantages such as low conductivity and low electron mobility
still exist, which hinder their wide application as efficient ETLs.
Consequently, semiconducting metal oxides, such as ZnO,[16–20]

SnO2,[21,22] and TiO2,[23,24] have become the most promising can-
didates as ETLs in i-OSCs. Among these metal oxides, ZnO is one
of the most utilized ETLs in i-OSCs owing to its feasible solution
processability in the sol-gel method, suitable energy-level align-
ment, high conductivity, and high electron mobility. Although
ZnO is widely used as an ETL in i-OSCs, it has difficulties in
realizing high performance and stable photovoltaic properties.
For instance, the ZnO layer in i-OSCs processed through the sol-
gel method exhibits distinct defects at the interface, where high-
temperature processing (≈250 °C) for heating the ZnO gel to
obtain the ETL layer forms oxygen valance and dangling bonds,
which are potential charge carrier recombination centers, which
causes low photovoltaic performance.[25,26] To address these prob-
lems in ZnO ETL, some useful strategies for interfacial modifi-
cation have been explored, such as the introduction of organic
and polymeric interfacial materials on top of the ZnO layer,[27,28]

using boric acid to remove the hazardous amine additive in the
sol-gel ZnO ETL,[29] and developing a conjugated molecule/ZnO
hybrid layer.[30,31] Although these strategies can modify and im-
prove the ZnO layer interface, most are chemically synthesized at
a high cost. As OPVs are recognized as environmentally friendly
and sustainable technologies, developing a green and effective in-

terfacial engineering method to optimize the ZnO ETL in i-OSCs
is necessary.

As mentioned previously, the interfacial layer is crucial for pas-
sivating and optimizing the ZnO layer. To overcome the draw-
backs of recently synthesized interfacial layers with high cost and
environmental unfriendliness, green and natural eco-friendly
products with low cost have been used as efficient interfacial pas-
sivators to modify the ZnO layers in i-OSCs. Dextran (Dex; the
chemical structure is displayed in Figure 1), as one of the natu-
ral products, is widely used in food and medical science, ascrib-
ing to its merits in non-toxicity and excellent biocompatibility,
which demonstrates that Dex is a very green and environmentally
friendly material.[32,33] Furthermore, compared to other natural
products such as chitosan and cellulose, Dex demonstrates high
solubility in green solvents without the need for chemical func-
tionalization, which is beneficial for solution-processable tech-
niques in OSCs. Additionally, specific groups in Dex, such as
hydroxyl and ether groups, can interact with ZnO through hy-
drogen bonding and coordination, reducing defects caused by
dangling bonds and oxygen vacancies, thereby resulting in ef-
ficient interfacial passivation. Owing to these advantages, Dex
can potentially play an important role as an interfacial layer in
i-OSCs. In this study, Dex was utilized as an interfacial passiva-
tor to modify the ZnO ETL and realize high-efficiency i-OSCs.
Introducing a Dex layer was found to effectively modify the sur-
face of the ZnO layer with decreased work function (WF) as well
as enhanced conductivity. Interestingly, the Dex-modified ZnO
layer as an ETL exhibited general applicability in i-OSCs with dif-
ferent active layers, including polymer:fullerene, polymer:non-
fullerene, and all-polymer systems. Owing to the introduction of
the Dex layer, these three types of i-OSCs demonstrated higher
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Figure 2. a) Chemical structures of active layers, b) device structure, and c) energy level diagram in i-OSCs.

photovoltaic performances by suppressing interfacial recombi-
nation and energy loss. To further explore the universal applica-
tion of Dex-passivated ZnO as an ETL, three other types of non-
fullerene OSCs were used to evaluate the interfacial function of
Dex: PM6:Y6, D18:Y6, and PM6:PY-IT. The photovoltaic perfor-
mances of all these systems can be efficiently improved by Dex
modification, accompanied by enhanced stability. In particular,
the D18:Y6 system yielded the highest PCE of 18.32% for i-OSCs
when using Dex as the interfacial layer. Therefore, the natural
product Dex shows an outstanding capability for passivating ZnO
as an ETL for the pursuit of high-performance and stable i-OSCs.

2. Results and Discussion

2.1. Interfacial Passivation and Work Mechanism

It has been established that surface defects can form during the
sol-gel process used to prepare ZnO ETLs, which significantly

impair the photovoltaic performance of i-OSCs. As illustrated
in Figure 1a, high-temperature processing can induce interfacial
defects, particularly oxygen vacancies, resulting in exposed Zn-
pendant bonds. These defects lead to elevated interfacial recom-
bination in i-OSCs. When Dex is applied to the surface of the
ZnO layer, the oxygen atom in the ether bond of Dex coordinates
with the exposed Zn ions to form a favorable interfacial passivat-
ing bond (passivator), which decreases the interfacial defects in
the ZnO layer and reduces the interfacial recombination. Further-
more, the hydroxyl group in Dex can form hydrogen bonds with
the oxygen in the ZnO matrix, further diminishing the interfa-
cial defects. To further verify the interfacial interactions between
Dex and ZnO, Fourier transform infrared spectroscopy (FTIR)
was performed, as shown in Figure S1 (Supporting Information).
Notably, the absorption peak at 3414 cm−1 is denoted as the -
OH vibration in Dex. However, this absorption peak broadened
and shifted to 3344 cm−1 in the ZnO/Dex composite, which in-
dicates that an interfacial hydrogen bond was possibly formed

Adv. Energy Mater. 2025, 2404297 2404297 (3 of 11) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202404297 by C
halm

ers U
niversity O

f T
echnology, W

iley O
nline L

ibrary on [20/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

Figure 3. J-V and EQE characterization. J-V curves (a-c): a) for PCE10:PC71BM, b) for PM6:IT-4F, and c) for PBDB-T:N2200; and EQE curves (d-f): d) for
PCE10:PC71BM, e) for PM6:IT-4F, and f) for PBDB-T:N2200.

between Dex and ZnO.[20,29,34] Furthermore, the absorption peak
at 1159 cm−1 was attributed to the C-O-C vibration in pristine
Dex, whereas it shifted to 1155 cm−1 when Dex was compos-
ited with the ZnO layer. This implies that the ether group inter-
acted with the Zn ion and formed a weak interfacial coordina-
tion effect, which is a possible reason for passivation. To deter-
mine the effect of Dex on the WF of the ZnO layer, UV photo-
electron spectroscopy (UPS) measurements were performed for
the original ZnO film and the ZnO/Dex composite film, and the
related curves are shown in Figure 1b.[35] The WF value of the
original ZnO calculated based on the high binding energy cut-
off was 4.38 eV, while ZnO/Dex had a lower WF of 4.19 eV. This
result indicates that the Dex film on the ZnO layer helped re-
duce the energy barrier between ZnO and the active layer, which
resulted in the formation of a good Ohmic contact between the
active and composite interfacial layers, thereby facilitating charge
transport between the active layer and the composite ETL. This
is also supported by the increased conductive capability of the
ZnO/Dex composite film compared to that of the bare ZnO film,
as shown in Figure 1c and Figure S2 (Supporting Information).
To investigate the effect of the Dex layer on the transparency of
the ITO/ZnO composite films, the transmission spectra of ITO,
ITO/ZnO, and ITO/ZnO/Dex were measured (Figure 1d). The
introduction of the Dex layer did not affect the transmittance of
the ITO/ZnO layer, which demonstrated corresponding average
visible transmittance (AVT) values of 80.5% and 80.3% for the
ITO/ZnO and ITO/ZnO/Dex ETLs, respectively, indicating that
Dex did not affect light transmission to the active layer.

2.2. Photovoltaic Performance

As mentioned previously, the introduction of a Dex layer
onto ZnO can affect the quality of the interfacial layer pos-

itively. OSCs were fabricated to evaluate the function of the
Dex layer with an inverted device structure of ITO/ZnO (or
ZnO/Dex)/active layer/MoO3/Ag. To study the interfacial inter-
actions with the active layers, three types of active materials
were used: PCE10:PC71BM for the fullerene system, PM6:IT-
4F for the nonfullerene system, and PBDB-T:N2200 for all-
polymer solar cells (all-PSCs). Their chemical structures, de-
vice architectures, and energy levels are shown in Figure 2. The
effect of different Dex thicknesses on the photovoltaic perfor-
mance was investigated by varying the concentration of the aque-
ous Dex solution during spin-coating on the ZnO layer, where
PCE10:PC71BM was used as the active layer. It was determined
that the best concentration was 0.5 mg mL−1 for obtaining the
best photovoltaic performance, and the related J-V and EQE
curves are presented in Figure S3 (Supporting Information) with
the device performance summarized in Table S1 (Supporting
Information).

As presented in Figure 3a–c, all devices based on different ac-
tive layers with Dex modification displayed higher photovoltaic
performance than the devices without Dex layers. Notably, no
change was observed in the open-circuit voltage VOCs; however,
the short-circuit current density JSCs increased obviously from
15.09 to 16.03, from 18.75 to 19.84, and from 12.27 to 13.12 mA
cm−2 for the PCE10:PC71BM, PM6:IT-4F, and PBDB-T:N2200
systems, respectively. This increment in JSCs is consistent with
the results from the EQEs (Figure 3d–f), in which the photo-to-
current efficiencies were distinctly enhanced when Dex layers
were inserted between ZnO and the active layer. Furthermore,
the FF values improved after introducing the Dex layer, and ulti-
mately, the PCEs increased from 7.21% to 7.89%, from 10.31%
to 11.04%, and from 6.85% to 7.41% for the PCE10:PC71BM,
PM6:IT-4F, and PBDB-T:N2200 systems (Table 1), respectively.
These results indicate that natural Dex can function as an effi-
cient interfacial passivator for ZnO as an ETL in i-OSCs.

Adv. Energy Mater. 2025, 2404297 2404297 (4 of 11) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Table 1. Summary of photovoltaic properties based on the devices without and with Dex modification under AM 1.5 G, 100 mw cm−2.

Active layer Dex VOC [V] JSC [mA cm−2] Jb)
SC

[mA cm−2]
FF [%] PCEa)

avg
[%]

PCEmax [%]

PCE10:
PC71BM

w/o 0.78 15.09 14.70 61.35 7.07(±0.14) 7.21

with 0.78 16.03 15.81 63.11 7.76(±0.13) 7.89

PM6:
IT-4F

w/o 0.80 18.75 18.44 68.29 10.05
(±0.09)

10.19

with 0.80 19.84 18.89 71.11 11.02
(±0.17)

11.26

PBDB-
T:N2200

w/o 0.84 12.27 11.82 66.41 6.70(±0.15) 6.85

with 0.84 13.12 13.11 67.21 7.31(±0.10) 7.41
a)

average PCE values from ten individual devices;
b)

JSC calculated from the integration of the EQE curves.

2.3. Interfacial Morphology Investigation

To investigate the effects of Dex on the surface properties of the
ZnO ETLs, the water contact angles of the ZnO films were mea-
sured before and after Dex modification, as shown in Figure 4a,d.
The water contact angle of pristine ZnO without Dex was 62°, in-
dicating that an excessive contact angle was not conducive to sur-
face wetting. However, the surface energy of the ZnO film after
Dex modification was significantly reduced, and its water contact
angle was reduced to 29°, which indicates that the ZnO surface
was effectively covered and modified by Dex.

To further explore the surface properties, the surface mor-
phologies with different ETLs were measured using atomic
force microscopy (AFM), as shown in Figure 4b,c,e,f, where

Figure 4b,e are height maps and Figure 4c,f are 3D spatial maps
for pristine ZnO and Dex-modified ZnO films, respectively. Ow-
ing to the fine preparation process of the sol-gel ZnO film, the
surface of the obtained pristine ZnO film was relatively smooth,
with a surface roughness (RMS) of 2.48 nm. When the ZnO layer
was modified by Dex, the RMS became 2.52 nm with almost no
change compared to the ZnO film. This is probably because the
upper Dex layer in the ZnO/Dex composite film was relatively
thin, resulting in insignificant changes in the surface roughness
of the composite ETLs. Furthermore, the very low RMS values
of both the bare and Dex-covered ZnO layers are beneficial for
casting the active layer to form a uniform film.

To further understand the surface details of ZnO/Dex com-
posite interface, X-ray photoelectron spectroscopy (XPS) was

Figure 4. Water contact angle and AFM images (size: 2 μm × 2 μm) of: a,d) water contact angle images, b,e) 2D AFM images, and c,f) 3D AFM images
for ZnO and Dex-decorated ZnO layers.

Adv. Energy Mater. 2025, 2404297 2404297 (5 of 11) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 5. XPS spectra of: a,d) C 1s, b,e) O 1s, and c,f) Zn 2p for ZnO and Dex-decorated ZnO layers.

utilized to evaluate the ETLs, as shown in Figure 5 (the XPS full
spectra were presented in Figure S4, Supporting Information).
Figure 5a,d shows the C1s signals of the pristine and Dex-covered
ZnO ETLs, respectively. The pristine ZnO film exhibits two obvi-
ous peaks at binding energies of 283.1 and 287 eV, correspond-
ing to the -C-C and carboxyl bonds, respectively. The -C-C bond in
pristine ZnO mainly originates from the ethanolamine stabilizer
when preparing the sol-gel ZnO film and the by-product of ther-
mal annealing at high temperatures, while the carboxyl bonds
possibly originate from the carboxylate salts of the reactant and
intermediate product through thermal hydrolysis. In contrast to
pristine ZnO, the Dex-covered ZnO exhibited an extra shoulder
peak at 285 eV, as shown in Figure 5d, which indicates the ex-
istence of a C-O-C bond. This shoulder peak demonstrates that
the Dex film was perfectly deposited on the ZnO. The O1s spec-
tra of the pristine and Dex-deposited ZnO films are shown in
Figure 5b,e, respectively. As shown in Figure 5b, it exhibited a
typical asymmetric shape for O1s spectra. The lower binding en-
ergy (528.5 eV) corresponds to the O-Zn bond from the ZnO ma-
trix, whereas the higher shoulder-binding energy at 530.1 eV is
ascribed to the oxygen-deficient component (such as the zinc hy-
droxide bond). Compared to pristine ZnO, the composite ETL
deposited by Dex exhibited stronger signals at higher binding
energies of 530.4 and 531.5 eV, which were mainly attributed to
the -OH and C-O bonds in Dex, respectively. In particular, the
binding energy of hydroxyl in the Dex-covered ZnO was 0.3 eV
higher than that of the pristine ZnO film, which indicates that
the oxygen-deficient state is effectively passivated by Dex, similar
to the evidence that appeared in the FTIR test results. Figure 5c,f
shows that the Zn2p binding energy spectra peaked at 1019.8 eV
for both the pristine ZnO and Dex-deposited composite
films without prominent differences. Through contact angle,

AFM, and XPS analyses, it was demonstrated that Dex can adhere
to the ZnO interface effectively, which is beneficial for passivating
interfacial defects and improving the photovoltaic performance
of i-OSCs.

2.4. Charge Carrier Transport and Recombination Dynamics

To explore the interfacial charge transport properties, J-V curves
were measured in the dark, as shown in Figure S5 (Supporting
Information). The Dex-modified devices exhibited a reduced re-
verse saturation current density, implying better charge transport
ability than the devices without the Dex layer. To further iden-
tify the interfacial electron transport, the space-charge-limited
current (SCLC) method was employed to measure the elec-
tron mobilities of the active layers, where the electron-only de-
vices followed the device structure of ITO/ZnO/with or without
Dex/active layer/PDINN/Ag. As shown in Figure S6 (Support-
ing Information), the devices without Dex demonstrated electron
mobilities of 1.98 × 10−4, 2.90 × 10−4, and 1.78 × 10−4 cm2 V−1

s−1 for the PCE10:PC71BM, PM6:IT-4F, and PBDB-T:N2200 sys-
tems, respectively, while the values were improved to 2.72 × 10−4,
4.52 × 10−4, and 4.64 × 10−4 cm2 V−1 s−1 for the PCE10:PC71BM,
PM6:IT-4F, and PBDB-T:N2200 systems, respectively. Both re-
duced reverse saturation current densities and improved elec-
tron mobilities in Dex-modified devices demonstrate enhanced
charge transport abilities, accounting for the increased JSC values
of the corresponding i-OSCs with the Dex layer.[36] Furthermore,
the relationship between the photogenerated current density (Jph)
and effective voltage (Veff) was studied in detail to determine the
corresponding charge dissociation rate, as displayed in Figure S7
(Supporting Information). The photogenerated current densities

Adv. Energy Mater. 2025, 2404297 2404297 (6 of 11) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. Charge carrier dynamics test for the VOC-light intensity (ln I) characteristics (a-c): a) for PCE10:PC71BM, b) for PM6:IT-4F, and c) for PBDB-
T:N2200, respectively; and JSC-light Intensity characteristics (d-f): d) for PCE10:PC71BM, e) for PM6:IT-4F, and f) for PBDB-T:N2200.

of all the devices reached saturation (Jsat) at high Veff, which indi-
cates complete exciton dissociation and collection, respectively.
Exciton dissociation rates (𝜂diss = Jph

SC/Jsat) of 94.9%, 94.6%,
and 93.3% were obtained for the PCE10:PC71BM, PM6:IT-4F,
and PBDB-T:N2200 systems without the Dex layer, respectively.
When Dex was introduced as the passivator, the values of 𝜂diss
improved to 96.1%, 97.2%, and 95.3% for the PCE10:PC71BM,
PM6:IT-4F, and PBDB-T:N2200 systems, respectively. This result
indicates that the introduction of Dex on the ZnO layer enhanced
the exciton dissociation capabilities of i-OSCs, resulting in higher
FFs and JSCs.

It has been established that the interfacial modification of ETLs
in OSCs efficiently improves the photovoltaic performance by re-
ducing the charge carrier recombination at the interfaces. In this
study, the light intensity dependence of VOCs and JSCs was in-
vestigated to study the bimolecular recombination dynamics in
Dex-modified i-OSCs.[37,38] The linear curves of the VOCs-light
intensity relationship are shown in Figure 6a–c, in which the
linear correlation is obeyed by the formula rule of VOC ∝ nk-
Tln(I)/q (in this formula, the relative parameters of q, I, T, and
k are elementary charge, light intensity, the Kelvin temperature,
and the Boltzmann constant, respectively). The slopes of the de-
vices for PCE10:PC71BM, PM6:IT-4F, and PBDB-T:N2200 with-
out Dex modification were 1.279, 1.277, and 1.303 kT q−1, re-
spectively, whereas those of the devices with Dex modification
were 1.248, 1.259, and 1.275 kT q−1, respectively. It is clear that
the Dex-modified devices exhibited lower slopes than the devices
with pristine ZnO as the ETLs. This reduction implies that the
introduction of Dex on the ZnO layer could decrease the in-
terfacial trap-involved recombination and improve charge car-

rier transport and collection at the interface.[39] Furthermore, to
explore the influence of bimolecular recombination, the mea-
surement of JSC versus light intensity was performed, in which
the relationship rule obeyed the formula of JSC ∝ I𝛼 , as shown in
Figure 6d–f. It is widely known that the bimolecular recombina-
tion would be minimized when the value of 𝛼 is very close to 1. As
presented in Figure 6d–f, the fitted 𝛼 values were tracked as 0.969,
0.989, and 0.974 for the devices of PCE10:PC71BM, PM6:IT-4F,
and PBDB-T:N2200 without Dex modification, respectively. How-
ever, when Dex is introduced atop the ZnO layer, the 𝛼 values
improved to 0.984, 0.998, and 0.981 for PCE10:PC71BM, PM6:IT-
4F, and PBDB-T:N2200, respectively. By comparison with the de-
vices without Dex modification, the 𝛼 values of devices with the
Dex-deposited ZnO layer were much closer to 1, which implies
that the Dex-passivated ZnO layer could minimize the bimolec-
ular recombination distinctly. Moreover, to further investigate
the charge-carrier recombination effect, the trap-state density in
the i-OSCs was calculated quantitatively by fabricating electron-
only devices with the structure of ITO/ZnO/with or without
Dex/active layer/PDINN/Ag, as presented in Figure S8 (Support-
ing Information). It shows that the trap-filled limited voltages
(VTFLs) for the devices without the Dex layer are 0.241, 0.166, and
0.186 V for PCE10:PC71BM, PM6:IT-4F, and PBDB-T:N2200, re-
spectively, corresponding to the related trap densities (nts) of 8.00
× 1015, 5.51 × 1015, and 6.17 × 1015 cm−3, respectively. When Dex
was introduced as a passivating layer, the VTFLs were reduced to
0.137, 0.097, and 0.108 V for PCE10:PC71BM, PM6:IT-4F, and
PBDB-T:N2200, respectively, corresponding to decreased nts of
4.55 × 1015, 3.22 × 1015, and 3.58 × 1015 cm−3, respectively. This
distinct reduction in nts for the Dex-modified i-OSCs suggests

Adv. Energy Mater. 2025, 2404297 2404297 (7 of 11) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 7. Charge carrier dynamics test for TPV-time characteristics (a-c): a) for PCE10:PC71BM, b) for PM6:IT-4F, and c) for PBDB-T:N2200; and TPC-time
characteristics (d-f): d) for PCE10:PC71BM, e) for PM6:IT-4F, and f) for PBDB-T:N2200.

that Dex can efficiently passivate interfacial traps, and thereby in-
hibit interfacial recombination.[40] These results indicate that the
deposition of Dex can reduce both trap-assisted and bimolecular
recombination and enable efficient dissociation and extraction of
charge carriers and their final collection by the electrodes.[41]

To study the charge carrier dynamics, transient photovoltage
(TPV) and transient photocurrent (TPC) tests were performed,
as shown in Figure 7.[42–44] For the TPV test, as shown in Figure
7a–c, the measured charge recombination decay lifetimes of
PCE10:PC71BM, PM6:IT-4F, and PBDB-T:N2200 without Dex
modification were 0.59, 1.65, and 1.08 μs, respectively. After the
introduction of Dex as a passivator on ZnO, the charge recom-
bination decay lifetimes were lifted to 1.28, 2.01, and 1.35 μs for
the PCE10:PC71BM, PM6:IT-4F, and PBDB-T:N2200 systems, re-
spectively. These extended charge recombination decay lifetimes
indicate that the Dex layer can efficiently suppress interfacial
charge recombination, which is beneficial for achieving high-
performance OSCs.[45] Moreover, TPC was performed under the
same test conditions. Through the integrated calculation, the ex-
tracted charge carriers under the short-circuit state were 6.26
× 10−9, 7.26 × 10−9, and 8.0 × 10−9 C for the PCE10:PC71BM,
PM6:IT-4F, and PBDB-T:N2200 systems without Dex modifica-
tion, respectively, while the amount of extracted charge carriers
improved to 6.71 × 10−9, 9.8 × 10−9, and 9.45 × 10−9 C for the
PCE10:PC71BM, PM6:IT-4F, and PBDB-T:N2200 systems with
Dex modification, respectively. This improvement implies that
the introduction of Dex could facilitate faster charge carrier ex-
traction than without Dex modification, possibly because of bet-
ter interfacial contact and greater passivation of the ZnO layer.[46]

Overall, it is clear that the inserted Dex layer on the ZnO could

decrease the interfacial bimolecular recombination and promote
charge carrier extraction efficiently, which would sufficiently en-
hance the photovoltaic performance, including the JSCs, FFs, and
PCEs. Certainly, these excellent charge extraction processes un-
der Dex modification are reflected by the above results of the
high performance of inverted fullerene, non-fullerene, and all-
polymer OSCs.

2.5. Broad Applications of Dex as Interfacial Passivator in i-OSCs

To further demonstrate the general applicability of Dex as
an efficient interfacial passivator in i-OSCs, three other high-
performance active layers were utilized in fabricating i-OSCs, in-
cluding the non-fullerene systems of PM6:Y6 and D18:Y6 and
an all-polymer system of PM6:PY-IT. The J-V and EQE curves
are presented in Figure 8a–f and Table 2, respectively. The chem-
ical structures of the active layers are shown in Figure S9 (Sup-
porting Information). Notably, the photovoltaic performance of
these three systems was improved when Dex was used as an in-
terfacial passivator, where the D18:Y6-based OSC presented the
highest PCE of 18.32%. To the best of our knowledge, this PCE is
one of the highest values reported for binary i-OSCs (Figure S10
and Table S2, Supporting Information). To evaluate the improve-
ment in stability achieved by Dex passivation, storage stability
tests were performed, as shown in Figure 8g–i. Interestingly, all
the devices with Dex passivation exhibited higher stabilities than
those without the Dex layer and all exhibited excellent T80 life-
times of more than 1500 h. This improved stability of the devices
with the Dex layer can be attributed to the suppressed interfacial

Adv. Energy Mater. 2025, 2404297 2404297 (8 of 11) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 8. J-V and EQE characterization. J-V curves: a) for PM6:Y6, b) for D18:Y6, and c) for PM6:PY-IT; EQE curves (d-f): d) for PM6:Y6, e) for D18:Y6,
and f) for PM6:PY-IT; and storage stability curves in N2 glovebox at room temperature (g-i): g) for PM6:Y6, h) for D18:Y6, and (i) for PM6:PY-IT.

Table 2. Summary of the photovoltaic properties based on the devices without and with Dex modification under AM 1.5 G, 100 mW cm−2.

Active layer Dex VOC [V] JSC [mA cm−2] Jb)
SC

[mA cm−2]
FF [%] PCEa)

avg [%] PCEmax [%]

PM6:Y6 w/o 0.82 26.73 25.70 71.42 15.32
(±0.20)

15.66

with 0.83 27.72 26.32 74.33 16.78
(±0.15)

17.05

D18:Y6 w/o 0.85 26.85 25.66 73.75 16.58
(±0.10)

16.75

with 0.85 27.68 26.38 77.52 18.02
(±0.19)

18.32

PM6:
PY-IT

w/o 0.93 23.35 22.87 71.36 15.23
(±0.20)

15.53

with 0.94 24.60 23.41 72.25 16.40
(±0.21)

16.69

a)
average PCE values from ten individual devices;

b)
JSC calculated from the integration of the EQE curves.

Adv. Energy Mater. 2025, 2404297 2404297 (9 of 11) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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charge recombination and energy loss. To study the reproducibil-
ity of the device performance of the i-OSCs, statistical diagrams
of the device performance were provided, as presented in Figure
S11 (Supporting Information), which implies that all the devices
exhibit good reproducibility in performance. These results indi-
cate that Dex not only improves the PCE, but also enhances the
stability, making it a potentially useful interfacial passivator for
i-OSCs.

3. Conclusion

In conclusion, a natural and green product of Dex was used as
an efficient interfacial passivator to passivate the defects of the
ZnO ETL through interfacial O-Zn coordination and hydrogen
bonding in i-OSCs. Through the introduction of the Dex layer,
the WF of the ZnO layer reduced from 4.38 to 4.19 eV, effi-
ciently lowering the electron transport barrier at the interface
and improving the conductivity of the ZnO layer because of the
decreased energy barrier. When Dex was used as an interfacial
passivator in i-OSCs, interfacial recombination and energy loss
were efficiently suppressed, which resulted in improved photo-
voltaic performance. Furthermore, Dex-passivated ZnO exhib-
ited broad applications as an ETL in different types of i-OSCs,
including fullerene (PCE10:PC71BM), non-fullerene (PM6:IT-
4F, PM6:Y6, and D18:Y6), and all-polymer (PBDB-T:N2200 and
PM6:PY-IT) solar cells, where D18:Y6 demonstrated the highest
PCE of 18.32%. Moreover, the application of Dex could efficiently
improve the device stability, in which the T80 lifetimes based on
PM6:Y6, D18:Y6, and PM6:PY-IT exceeded 1500 h. Therefore,
these results demonstrate that Dex is a useful and excellent inter-
facial passivator for ZnO as an ETL for high-performance i-OSCs.
A detailed investigation of Dex showed that natural products are
promising functional materials for OSCs, because they possess
numerous different polar groups that might interact with metal
electrodes and active layers efficiently. These findings encourage
us to pay more attention to natural materials for their utiliza-
tion in green and environmentally friendly organic photovoltaic
technologies.

4. Experimental Section
The details of the materials, characterization, device fabrication, and tests
are presented in the Supporting Information.

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