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ABSTRACT: In this article, we introduce a new method to
assist hole extraction by incorporating carbon nanodots
(CNDs) interfacial layer between active layer and hole-
transporting layer for organic solar cells (OSCs). Under an
optimal concentration of CNDs and specific film-forming
conditions, a simultaneous enhancement of short-circuit
current density (JSC) and fill factor (FF) was achieved, leading
to the optimal power conversion efficiency up to 7.22%. Due
to the nice conductivity of CNDs, the interlayer effectively
bridged the separated islands of active layer to transport free
charge carriers toward correct electrodes and reduced charge
carrier recombination. The employment of interface modification depicted here can also provide a rough and uniform surface
coating on polymer photolayer, leading to improved morphology and closer interface contact, and thus reduce the series
resistance and increase FF of OSCs. In addition, the incorporation of CNDs also increased the light-harvesting of active layer.
Therefore, the CNDs interfacial layer could play a dual role in the improvement of optical and electrical properties for OSCs.

1. INTRODUCTION

Solution-processed bulk heterojunction (BHJ) organic solar
cells (OSCs) based on conjugated polymer:fullerene compo-
sites have made impressive progress in the last decades and
have rapidly achieved inspiring solar-to-electricity power
conversion efficiencies (PCEs) of 10% for single BHJ OSCs
recently, which are close to a broad commercialization.1−5

Considering the power conversion processes, including solar
light absorption, exciton generation and dissociation, and
carriers transport and collection, generally, two feasible
strategies are widely employed to improve the PCE of
OSCs.6−13 One is the reforming of device engineering, such
as device structures, fabricating technology, and study of device
mechanism.14−17 The other is to design new materials with
superior properties including both active and interface layer
materials.18−20 Through introducing near-infrared absorbers
(rare-earth materials) and using plasmonic nanostructures
(such as nanodots and nanohole arrays) to make the utmost
use of the solar spectrum, a higher short-circuit current (Jsc) has
been achieved.21,22 By ameliorating the morphology of the
photoactive layer and adjusting the donor and acceptor (D−A)
phase separation, such as thermal annealing and solvent
treatment, the fill factors (FF) of OSCs have been enhanced
greatly.23,24 However, further improvement of the device
performance such as long-time stability and low-cost are still

necessary criteria for OSCs in practical application. Given these
prominent strides in active layer engineering, there now comes
the chance to improve contacts and interfaces to enable further
progress in efficiency of OSCs. In OSCs, the J−V curve relates
not only to the bulk properties of the active layer but also to the
interface properties between the organic materials and the
metal contacts or the charge-transport layers, which have a big
influence on charge carriers transportation.25−29 The main
bottleneck for OSCs to achieve higher PCEs is the trade-off
between efficient photogeneration of charge carriers and their
collection efficiency at the respective electrodes. Inefficient
charge splitting and the low conductivity within the polymer
material inherently, especially the unbalanced carrier mobilities
of electrons (∼10−4 cm2 V−1 s−1) and holes (∼10−5 cm2 V−1

s−1), are linchpin hurdles in the development of OSCs.30 When
the mobility of two kinds of carriers differs over 2 orders of
magnitude, a too-low hole mobility most likely leads to building
up space-charge in the devices and leads to inferior FF and PCE
for OSCs.31 Therefore, intrinsically improving charge transport
especially hole transfer and extraction capacity in OSCs, such as
engineering and modification of interface between the photo-
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active layer and buffer layer or metal electrodes, offers a
promising way to achieve better performance.32−34 Moreover,
OSCs are generally stacked with thin films architecture, and the
performance critically relies on the properties of interfaces
between distinct materials, such as extracting and collecting
charge carriers from the interface of organic active layer and
transition metal oxide transport layer.35−37

In this research, we demonstrated an improvement of the
hole extraction for OSCs by incorporating carbon nanodots
(CNDs) interfacial layer between the buffer layer and the active
layer. Poly[N-9″-hepta-decanyl-2,7-carbazolealt-5,5-(4′,7′-di-2-
thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT) and fullerene
derivative [6,6]-phenyl-C71-butyric acid methylester (PC71BM)
were used as active layer materials. In place of the conventional
structure, inverted solar cells have been adopted in our study
for better device performance due to the advantages of utilizing
the spontaneous vertical phase separation.38 Meanwhile, the
modified layer could adjust active film roughness expediently to
form a ideal feature and thus contact the hole transport layer
(HTL) closely. The modification was performed by spin-
coating a thin film of alcohol-soluble CNDs on top of the active
layer and thermal annealing subsequently, which owns fabulous
conductivity. By controlling the concentration of CNDs
solution, the thickness, and annealing time of modified layer,
we demonstrated that the PCE of the PCDTBT:PC71BM based
solar cells increased from 5.93% to 7.22% because of the
improvement of Jsc and FF. Importantly, the hole mobility has
been enhanced apparently, which could avoid recombination
originating from hole accumulation; thus, hole carriers can be
efficiently swept out to the electrodes, leading to the increase of
photoconductivity and consequent PCEs.

2. DEVICE FABRICATION AND CHARACTERIZATION
The CNDs were synthesized according to refs 39 and 40, and
the transmission electron microscopy (TEM) image of CNDs
is shown in Figure 1, whose dimension is 2−5 nm. CNDs

material was dissolved in isopropyl alcohol, and the
concentrations were 0.1, 0.15, and 0.2 mg/mL respectively.
The inverted OSCs schematic structure of ITO (150 nm)/nc-
TiO2 (25 nm)/PCDTBT:PC71BM (100 nm)/CNDs/MoO3
(10 nm)/Ag (100 nm) and energy level are shown in Figure 2.
In the fabrication process, the ITO-conducting glass substrate
was first precleaned with acetone, isopropyl alcohol, and
deionized water and subsequently dried with nitrogen. Anatase
TiO2 layer was prepared onto ITO substrate as an electron-
transport layer. TiO2 was spin-cast at 3000 rotations per minute
(rpm) on the top of the ITO-coated grass substrates and then

thermally sintered at 450 °C for 2 h in the muffle furnace and
cooled naturally. The PCDTBT:PC71BM (1:4 by weight) active
layer was prepared by spin-coating with 1,2-dichlorobenzene
(DCB) solution and then annealed at 70 °C for 20 min in a
glovebox. All the experimental parameters were optimized on
the basis of previous experience.41,42 CNDs solution was
prespin-cast at 800 rpm for 6 s and formal spin-cast at 2300
rpm for 18 s, and then further annealed at 70 °C for 5 min in a
glovebox. The devices were completed by thermal evaporation
of MoO3 and Ag electrode respectively at last.43,44 MoO3 was
selected as HTL due to the high work function (5.3 eV), which
has potential to improve hole collection. The fabricated cells
with different concentrations of 0.1, 0.15, and 0.2 mg/mL
CNDs interlayer are named as Device C, Device D, and Device
E. Also, the devices with structure of ITO/nc-TiO2/
PCDTBT:PC71BM/MoO3/Ag and ITO/nc-TiO2/
PCDTBT:PC71BM/isopropyl alcohol/MoO3/Ag were fabri-
cated as reference, which were named Device A and Device B.
Every valid area of the OSC devices is about 0.064 cm2, and all
measurements were carried out under ambient condition
without encapsulation.

3. RESULTS AND DISCUSSION
Current density−voltage (J−V) characteristics of the finished
devices were measured using a computer-programmed Keithley
2601 source/meter under AM1.5G solar illuminations with an
Oriel 300 W solar simulator intensity of ∼100 mW cm−2 (about
1 sun) in air. The light intensity was measured with a
photometer (Internationallight, IL1400) corrected by a stand-
ard silicon solar cell. Figure 3a shows the J−V characteristics of
the fabricated devices with various concentrations of CNDs
interlayer. The control device (Device A) without any modifier
indicates a Jsc of 13.49 mA cm−2, an open-circuit voltage (Voc)
of 0.85 V, and a FF of 51.74%, leading to a PCE of 5.93%,
which is at the same level of reported inverted BHJ-OSC
devices fabricated under similar conditions.45 After CNDs were
incorporated between active layer and MoO3, the performance
of the modified devices improved remarkably. Under an
optimal modification, the PCE of Device D is 7.22% including
a Jsc of 14.71 mA cm−2, a Voc of 0.86 V, and a FF of 56.93%. Jsc
and FF were both optimized, which explicitly resulted in a
21.74% enhancement of PCE compared to Device A.
Moreover, Device C and Device E were also conducted, and
they also shown relatively higher PCEs than control devices,
exhibiting PCEs of 6.84% and 6.51%. Jsc and FF are all
ameliorated for the CNDs modified devices independent of
concentration without the change of Voc.
With the increase of CNDs concentration, PCE of modified

devices has an obvious change trend, which rises first and then
decreases. Voc of all devices maintained same level with almost
imperceptible fluctuation, which may arise from changes in
interfacial band bending after modification, suggesting that
CNDs thin film has little influence on the energy levels
distribution of cells. As is well-known, Voc of OSCs is
principally decided by the energy difference between the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of D−A materials.46,47

The introduction of CNDs interlayer did not take a heavy toll
on homogeneous D−A phase, but rather connected isolated
islets of the net, forming efficient pathways for charge transport.
The changes of the work function (WF) induced by CNDs
interlayer were measured by a Kelvin probe system (KP 6500
Digital Kelvin probe, McAllister Technical Services Co., Ltd.).

Figure 1. TEM image of CNDs used in our study.
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The WF of Au (5 eV) was chosen as a reference, the WF of
pristine active layer and active layer/CNDs interlayer films were
characterized by WF = 5 eV − WFAu‑measure + WFmeasure, and the
work functions are 5.598 and 5.352 eV respectively.48,49

Modification with CNDs interlayer slightly reduced the work
function of active film, which decreased the energy barrier and
thus promoted the hole extraction from organic layer to MoO3

HTL. The series resistance (Rs) of device is defined by the
slope of the J−V curve at Jsc = 0.50 The Rs is estimated to be

176.48 ohm for the Device A and 117.12 ohm for Device D,
which contribute to the enhancement of FF from 51.79% to
56.91%. The decrease of Rs and improvement of conductivity of
all modified devices were achieved, which enhanced charge
transport capacity of MoO3 layer, leading to a better hole
collection.51,52 Device B modified with only isopropyl alcohol
shows an increased FF of 52.83% but a decreased Jsc of 12.64
mA cm−2 and results in a decreased PCE of 5.795%. Therefore,
the performance enhancement of devices with CNDs interlayer

Figure 2. (a) Device structure of the inverted BHJ-OSCs. (b) Scheme of energy levels of the materials involved in inverted polymer solar cells.

Figure 3. (a) J−V characteristics of devices modified without and with various concentration of CNDs solution as interlayer. (b) J−V characteristics
of devices modified with different thickness (0.1 mg/mL) CNDs interlayer. (c) J−V characteristics of devices modified with (0.1 mg/mL) CNDs
interlayer with different annealing time, under AM1.5G illumination with the intensity of 100 mW cm−2 in ambient air. (d) IPCE of OSCs devices
without and with different modifiers.
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is mainly attributed to CNDs additive not isopropyl solution.
Under the optimal condition, CNDs can uniformly disperse in
the interfacial layer and thus increase the conductivity of
polymer material; thus, the hole carriers own a better transport
property. Meanwhile, a CNDs interlayer provided a better
interfacial contact for the active layer and MoO3 HTL, leading
to an increase of FF. Moreover, the film might have better
phase separation and continuous interpenetrating networks
with further annealing after CNDs layer was spin-coated, which
is beneficial to the efficiency enhancement of OSCs. The
detailed photovoltaic data of all fabricated devices are
summarized in Table 1, which are typically an average of 40
devices.
Beforehand, we have chosen 0.1 mg/mL CNDs solution

spinning cast under 1500, 2300, and 3200 rpm for 18 s with the
same preprocess to determine the best film-forming condition,
and the corresponding thicknesses of interlayer are 6, 4, and 3
nm. Figure 3b shows the J−V characteristics of cells with
different thickness of CNDs interlayer. With a low rotation
speed (1500 rpm), the CNDs interlayer is unduly thick and the
quality of the film is relatively inferior, providing more chances
for charge recombination, leading to a poor performance of
OSCs. Under a high rpm (3200 rpm), 3 nm CNDs interlayer is
too thin to validly increase conductivity and appropriately

adjust the roughness of the film. Under the 2300 rpm spin-
coating condition, CNDs interlayer is ideal to be a modifier and
forms a more closed contact with HTL, which is good for
charge transfer and hole accumulation decrease. Additionally,
we have investigated the best later annealing time of CNDs
interlayer with Device C, which is shown in Figure 3c. Without
a later annealing, the cells showed a poor PCE with a declined
Voc, Jsc, and FF, indicating that a bad film quality of interlayer is
harmful to the device performance. After 10 min annealing, the
modified devices exhibited a slightly lower Jsc and FF, which
have great impact on the overall PCEs. After 5 min later
annealing, the photovoltaic devices indicated the highest
efficiency, and the interlayer surface possesses the best feature
and the active layers own an excellent phase separation scale,
which accelerate the exciton dissociation, charge transport, and
charge collection.
The incident photon-to-current efficiency (IPCE) spectra of

devices with and without modified interlayer was measured
with Crowntech QTest Station 1000 AD and shown in Figure
3d. It is found that the variation tendency of IPCE is similar to
that of Jsc in Figure 3a. At a wavelength region of 340−700 nm,
the CNDs modified devices fabricated at optimal conditions
have much higher IPCE than the control devices especially
from 360 to 560 nm. The IPCE of optimal Device D reaches

Table 1. Key Photovoltaic Parameters, Including Short-Circuit Current Density (Jsc), Open-Circuit Voltage (Voc), Power
Conversion Efficiency (PCE), Fill Factor (FF), Series Resistance (Rs), and Shunt Resistance (Rsh) of All Fabricated OSCs

device Voc (V) Jsc (mA cm−2) FF (%) PCE (%) Rs (ohm) Rsh (ohm)

A 0.85 ± 0.01 13.49 ± 0.11 51.74 ± 0.02 5.93 ± 0.13 176.48 3799.70
B 0.87 ± 0.04 12.64 ± 0.12 52.83 ± 0.04 5.80 ± 0.10 174.43 4419.89
C 0.87 ± 0.02 13.79 ± 0.08 56.91 ± 0.03 6.84 ± 0.14 122.73 7710.79
D 0.87 ± 0.05 14.71 ± 0.07 56.93 ± 0.03 7.22 ± 0.13 117.12 7900.79
E 0.86 ± 0.01 13.70 ± 0.07 54.65 ± 0.02 6.51 ± 0.11 151.71 6326.96

Figure 4. (a) PL spectra of the pristine PCDTB:PC71BM, PCDTB:PC71BM/isopropyl alcohol, and PCDTB:PC71BM/CNDs interlayer with
different concentration films. (b) Absorption spectrum of TiO2/PCDTBT:PC71BM thin film with various capped layer on glass substrate. (c)
Transmission spectrum of TiO2/PCDTBT:PC71BM thin film with various capped layer on glass substrate. (d) Calculated field intensity around
CNDs.
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66% at 440 nm. Thus, efficient charge transfer from active layer
to CNDs can energetically boost charge dissociation and
transport through assisting sweeping out inner excitons, and
then the Jsc and FF can achieve a great improvement. As
expected, Device B only modified with isopropyl alcohol was
the worst one and was no better than control devices, which
reveals that the performance improvement originated from
incorporating CNDs.
To further investigate the role of CNDs, the photo-

luminescence (PL) spectrum of active layer without and with
different concentration of CNDs was tested and is shown in
Figure 4a. Pure PCDTBT:PC71BM film exhibits strong
emission peak around 550 nm, which gradually decreases for
the active layers capped by CNDs. Such a reduction confirmed
the efficient charge transfer occurring between the polymer
material and CNDs. As D−A materials form interpenetrating
nets within active layer, among which there diffuse some
individual islands, the precise fitted CNDs interlayer would
connect these islands and form efficient charge transport paths,
contributing to the charge carrier transfer. Additionally, PL
measurement was also implemented for PCDTBT:PC71BM
capped with only isopropyl alcohol, and not surprisingly, the
composite film shows an increased peak around 550 nm
compared to pure PCDTBT:PC71BM layer, which unravels that
the efficient charge transport is really attributed to CNDs and
not the solvent.
The efficiency of solar cells is dependent on the light

absorption of active layer. To gain a deep insight into CNDs
capped layer on the photon harvesting of active layer, the
normalized UV−vis absorption spectra of the blend films were
measured. Figure 4b shows the light-harvesting of TiO2/
PCDTBT:PC71BM films with different kinds of capped layer.

The absorption of the CNDs-modified films in 350−550 nm is
observed to be more enhanced than that of the unmodified
film, which is in keeping with IPCE results in Figure 3d. With
CNDs interlayer, a rougher interface contributes to incident
light reflected and scattered into active layer, resulting in light
absorption improvement. Figure 4c is the light transmittance
spectra of active layer with different modifiers, which is in
conformity with Figure 4b. To demonstrate the optical effect of
CNDs on active layer, the electric field profile of CNDs was
simulated using finite-difference time-domain (FDTD) meth-
ods. We set the size and shape of CNDs according to the TEM
image (Figure 1). The theoretical analogue result of electric
field at the wavelength of 500 nm is exhibited in Figure 4d, and
the color scale corresponds with the magnitude of the increased
intensity. It can be seen that the light intensity around CNDs
was greatly enhanced, and the scattering and reflection effect
could make a contribution to the increased light trapping.
To explore the variation of the film roughness caused by

CNDs interlayer, atomic force microscopy (AFM) was used to
study the morphologies of thin films. Figure 5 presents tapping-
mode AFM images (surface area: 5 × 5 μm2) of pristine active
layer film, active layer/isopropyl alcohol film, and active layer/
CNDs (1.5 mg/mL) film. The root-mean-square (RMS) of
pristine PCDTBT:PC71BM film is about 0.93 nm (Figure 5a).
In addition, it is noteworthy that the RMS roughness of
composite film incorporating isopropyl alcohol (Figure 5b) is
2.68 nm, which indicates an extremely uneven surface with
anomalous hills compared to that obtained from Figure 5a, and
the ridgy film surface will trap more charge carriers to cause a
decreased Jsc. Consequently, the device processed with pure
isopropyl alcohol modifier displays an extravagant roughness
and leads to an inferior PCE, which is consistent with J−V

Figure 5. AFM morphology image of active layer film without and with modifier. (a) Active layer film without modifier, (b) active layer film
modified with isopropyl alcohol, and (c) active layer film modified with optimal CNDs interlayer.

Figure 6. (a) Photocurrent density (Jph) as a function of the effective voltage (Veff) for control and optimal modified devices under constant incident
light intensity. (b) Corresponding plots of P(E, T) with respect to the effective bias (Veff) in different devices.
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results. Dramatically, the optimal CNDs interlayer at a specific
condition roughens active layer mildly (RMS = 1.31 nm),
presenting an obvious homogeneous terrain (Figure 5c).
Generally, the evaporated thin MoO3 HTL is comparatively
uneven and incompact, and the leaky contact has great impact
on resistivity. A moderate rougher film is beneficial for the
interfacial contact between the photolayer and HTL due to the
larger specific surface area contact after incorporating CNDs
layer, accompanyied by the diminished value of Rs.

53 A suitable
capped layer uniformly roughens active layer surface and forms
a charge transmission channel to improve hole transfer without
destroying internal continuous interpenetrating network, which
facilitates holes to be collected by anode and hinders hole−
electron recombination.
To deeply understand the charge generation and separation

process of the optimized OSCs, the photocurrent density
dependence on the effective voltage (Veff) of cells was deduced
and is shown in Figure 6a. Photocurrent density is defined as
the difference between the current density JL under illumination
and the current density JD in dark, and Jph = JL − JD. The V0 is
defined as the voltage when Jph = 0 mA/cm2. Veff is determined
as Veff = V0 − V, where V is the applied bias voltage.54 It can be
seen from Figure 6a that the photocurrent density nicely
saturates at high Veff, meaning that all photogenerated excitions
are dissociated and extracted at sufficiently large reverse bias.
Along with an increase of reverse bias, Jph of the Device D
saturated more rapidly than that of control device, suggesting
that optimal devices could provide more effective charge carrier
transfer.55 The value of the saturation photocurrent density
(Jsat) is limited by total absorbed incident photons amount.
Therefore, Gmax could be calculated from Jsat = qGmaxL, where q
is the electronic charge and L is the thickness of active layer
(100 nm). The values of Gmax for the control device, solvent
modified devices, and optimal device are 9.599 × 1027 m−3 s−1

(Jsat = 153.597 A m−2), 8.843 × 1027 m−3 s−1 (Jsat = 141.491 A
m−2), and 1.043 × 1028 m−3 s−1 (Jsat = 166.951 A m−2)
respectively. Thus, a noticeable enhancement of Gmax was
achieved after incorporating the CNDs interlayer. The
maximum absorption of incident photons determined the
Gmax, that is to say, the light utilization of photoactive is more
sufficient than that of the Device D, which could be well
confirmed by the variation of absorption spectra without and
with CNDs modified layer (Figure 4b). In fact, not all the
photogenerated excitons can be dissociated into free carriers in
OSCs. Hence, the relationship between Jph and the exciton
dissociation probability [P(E, T)] can be expressed by a power
law equation of Jph ∝ Pα, where α is the recombination
parameter and the P(E, T) could be obtained from the ratio of

Jph/Jsat.
56,57 Under the short-circuit condition (V = 0 V), Figure

6b shows that the value of P(E, T) rises to 88% for the
optimized device, which slightly contributes to the dissociation
probability increase of excitons. Employing CNDs interlayer
not only increases the exciton generation but also plays a
positive role in the hole collection by anode, achieving better
photocurrent as shown in Table 1.58

The J−V curves of all devices without and with various
modifications in the dark are shown in Figure 7a. As expected,
all the CNDs modified devices show a small leakage current at
negative voltages, indicating that the introduction of interlayer
could prevent the current from leak. Upon modifying with
CNDs interlayer, the diode rectification ratios are moderately
meliorated, indicating that CNDs interlayer increases the shunt
resistance (Rsh) for modified devices and achieves a more
efficient charge separation, and the corresponding results are
included in Table 1. Impedance spectroscopy has been proved
to be an effective approach to investigate the charge carrier
kinetics for optoelectronic devices. To further illuminate the
photovoltaic performance enhancement of modified cells,
impedance spectra were carried out at a frequency range
from 10 Hz to 1 MHz.59 Figure 7b presents the Nyquist curves
of the impedance spectra for all fabricated devices. The
semicircle’s diameter in the diagram represents the impedance,
and the larger diameter represents the larger impedance.
Obviously, semicircle’s diameter of devices modified with
CNDs is smaller than control devices, which reveals the smaller
Rs for optimized devices. Therefore, the bias is mostly applied
on the photolayer and not on the resistance across the contacts,
which is beneficial to minimize the lost current across the
materials in contact.60,61 A better contact between active layer
and HTL has been achieved through CNDs interlayer, and this
result is consistent with the Rs derived from J−V curves
((Figure 3a). Attributed to the CNDs interlayer, an optimal
modification brings significant decline of impedance, and a
decreased Rs and increased Rsh have been achieved in the
modified devices, accounting for the improved FF as well as
overall performance.
For the purpose of directly investigating the effect of CNDs

interlayer on the hole transport property, we fabricated single-
hole devices with the structure of ITO/MoO3/
PCDTBT:PC71BM/CNDs layer/MoO3/Ag, and dark J−V
characteristics of all cells are exhibited in Figure 8. The dark
Jsc of single-hole device based on the same structure as Device B
was tested to confirm the performance improvement
originating from CNDs instead of solvent. Apparently, Jsc of
Device B stayed the same level as unmodified Device A, which
is to say that only modification with isopropyl alcohol is of no

Figure 7. (a) J−V characteristics of devices without and with different concentration of CNDs interlayer modification in the dark. (b) Nyquist plots
of impedance spectra for OSCs devices with different concentration of CNDs interlayer modification in the dark.
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use to enhance the hole mobility. Jsc of all CNDs modified
devices outclassed that of control devices in the dark. Under the
same driving voltage without illumination, Jsc mainly depends
on the holes’ directional movement, and we could infer that
modified devices indeed possess better hole transport capacity
due to the good conductivity of CNDs. We made a realistic
evaluation of hole mobility calculated from SCLC model to
verify that CNDs interlayer could significantly improve the hole
transport.62−64 At an applied voltage of 1.5 V, corresponding to
an electric field of 105 V cm−1 across the bulk of a 100 nm
devices, apparent hole mobilities of 3.34 × 10−5, 4.26 × 10−5,
1.27 × 10−3, 1.63 × 10−3, and 7.09 × 10−4 cm2 V−1 s−1 have
been computed for the devices without and with modifier,
respectively. Thus, the hole transport properties of Device A
and B would be retarded, leading to a charge recombination
increase and Jsc decrease. Upon introducing CNDs interlayer,
the hole mobility increased more than 1 order of magnitude,
which is comparable to electron mobility, and a more balanced
charge transport can be achieved in OSCs. These are strong
evidence that hole transport capacity is largely enhanced by
CNDs interlayer, thus confining the effects of space charge
formation and mitigating the photocarriers loss from
recombination, leading to a significant improvement of Jsc.

4. CONCLUSION
In conclusion, CNDs were employed as interlayer between
active layer and MoO3 HTL to achieve progress on efficiency of
inverted OSCs. The dependence of CNDs concentrations on
device performance was investigated, and PCEs of the
corresponding inverted OSC devices reached 6.84%, 7.22%,
and 6.51%, which presented an enhancement of 15.45%,
21.74%, and 9.73% compared to the control devices,
respectively. The incorporation of CNDs interfacial layer is
conducive to improve Jsc and FF because of the synergistic
effect of the maximizing absorption of active layer, optimizing
resistance, and improving charge transport property. Single
carrier device investigation revealed that the efficient hole
transport provided the increased average hole lifetime and
collection with suppressed hole accumulation and bimolecular
recombination in OSCs. Our work offers a facile method to
improve efficiency of OSCs.
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