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a b s t r a c t

The performance of polymer solar cells is substantially enhanced by introducing carbon nanodots as
additives in polyethylenimine buffer layer. The most pronounced effect is observed in one type of device
with the average power conversion efficiencies increased from 5.78% to 7.56% after the addition of carbon
nanodots at an optimal concentration in the interfacial layer, which is mainly attributed to the enhanced
light trapping and electron transfer in the devices. Besides the light-harvesting and electron transport
capacity improvement, the addition of carbon nanodots can also increase exciton generation and
dissociation, leading to a high electron mobility. This study demonstrates a facile approach for enhancing
the efficiencies of polymer solar cells.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

As an emerging photovoltaic technology, polymer solar cells
(PSCs), which are based on polymer:fullerene composites with a
bulk heterojunction (BHJ) structure and solution-processed pro-
cess, have became a highlight research area in view of their
immense potential as promising alternatives for renewable energy
generation in recent years [1e3]. One of the most concerned and
critical issues of PSCs for commercialization is the power conver-
sion efficiency (PCE) of the devices [4e11]. However, the efficiency
of PSCs is not sufficient to meet realistic specifications for wide-
spread commercialization compared with their inorganic counter-
parts. Recently, many strategies have been employed to improve
the PCEs of PSCs based on different principles, such as introduction
of buffer layers, additives, noble metal nanoparticles with plas-
monic effects, tandem structure, etc. The continuous improvements
in device efficiency have been made and PCEs of PSCs have
sn@ciomp.ac.cn (S. Qu).
dramatically increased from about 2.5% to exceeding 10% [11e19].
One limitation of many high-efficiency PSCs is the low electron

mobility in the devices, which prohibit the further improvement of
the device performance [20e24]. For BHJ PSCs, excitons excited by
light absorption need to diffuse at the donor/acceptor interface and
dissociate into free charges. Highly efficient PSCs require maxi-
mizing charge transport efficiencies and minimizing charge carrier
recombination losses. Whereas, there exists a trade-off between
the sweep-out of the free charges by the built-in potential and
recombination of the free charges due to the low mobility of
polymer semiconductors [25,26]. Furthermore, it is still a bottle-
neck that the optical absorption can be improved by increasing the
thickness of active layer, while thicker films usually cause higher
charges recombination and larger device resistance, which limits
the increase of short-circuit density (Jsc) and fill factor (FF).
Considerable efforts have been taken to tackle this issue through
the design of narrow bandgap donor-conjugated polymers, the
invention of novel device structures, the electrode interfacial en-
gineering, and the optimization of processing techniques via proper
additives [27e34]. Among them, an effective and convenient
approach for pursuing high PCE is to incorporate quantum dots
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(QDs) material into devices, such as directly patterning on the in-
terfaces of anode and cathode, doping into active layers or both
[35e38]. As we know, good electrical properties for solar cells such
as a low series resistance and a high shunt resistance, which are
associated with the contact at photoactive layer/electrodes (supe-
rior diode quality) and good bulk conductivity of the device, are
responsible for the device efficiency enhancement. Especially, the
electrode interface engineering aims at improving the electrical
contact between active layer and electrode, which is conducive to
efficient charge extraction, so that electrons and holes are selected
and transformed from active layer to their respective electrodes
[39e42]. Recently, amine-rich polyethylenimine (PEI) has been
applied as a hole-blocking layer for PSCs and a high device effi-
ciency has been achieved [43,44]. It is cost-effective, stable in
aqueous solutions, environment friendly, and suitable for a solution
process at low temperature. However, pristine PEI polymer is
insulating with low conductivity and produces a high resistance in
a thick film, which usually restricts the photocurrent of PSCs.

In this work, carbon nanodots (Cdots) were incorporated into
PEI buffer layer of inverted PSCs based on poly [N-900-hepta-dec-
anyl-2,7-carbazolealt-5,5-(40,70-di- 2-thienyl-20,10,30-ben-zothia-
diazole)] (PCDTBT):fullerene derivative [6,6]-phenyl-C71-butyric
acid methyl ester (PC71BM) to form a high performance cathode
interfacial layer for realizing a cell with high efficiency and better
stability. Cdots is a good additive to PEI due its good solubility in
water, good conductivity, and good film-forming properties.
Compared to pristine PEI as the electron transport layer, the PEI
modified with Cdots resulted in remarkably increased Jsc, FF, and
PCE.
2. Experimental section

2.1. Carbon dots preparation and property

The microwave synthesis of Cdots follows procedures given in
our previous work [45]. Citric acid (3 g) and urea (6 g) were added
to distilled water (20 ml) to form a transparent solution. The so-
lution was then heated in a domestic 650 W microwave oven for
4e5 min, during which the solution changed from being a colorless
liquid to a brown and finally dark-brown clustered solid, indicating
the formation of Cdots. This solid was then transferred to a vacuum
oven and heated at 60 �C for 1 h. A sample of the Cdots was diluted
in aqueous solution, which was purified in a centrifuge (10000 r/
min, 20 min) to remove large or agglomerated particles.

The morphologies of Cdots were characterized using trans-
mission electron microscopy (TEM). Drops of Cdots dilute aqueous
solution were deposited on carbon-coated copper grids for TEM.
Morphology characterizations illustrated that Cdots are spherical
Fig. 1. (a) TEM image of Cdots deposited from water solution on a carbon-coated cop
and well dispersed (Fig.1(a)). The sizes of Cdots were in the range
from 1 to 5 nm. Well-resolved lattice fringes with an interlinear
spacing of 0.32 nm of Cdots (Fig.1(b)) are close to the (002) facet of
graphitic carbon. The Cdots dilute aqueous solution exhibits
excitation-wavelength-dependent PL (Fig.2(a)). The strongest
emission was observed centered at 540 nm under 420-nm excita-
tion with PL quantum yield of 18%. The maximum absorption band
of Cdots aqueous solution was observed at 420 nm, indicating p-p
conjugated structure (Fig.2(b)). The surface functional groups of
Cdots were detected using Fourier transform infrared (FT-IR)
(Fig.2(c)). Broad absorption bands at 3050e3552 cm�1 are assigned
to n(NeH) and n(OeH). Absorption bands at 1640e1780 cm�1 are
assigned to n(C]O). The absorption band centered at 1566 cm�1 is
assigned to C]N bond. These functional groups improve hydro-
philicity and stability of the prepared Cdots in aqueous systems.
2.2. Device fabrication and characterization

The Cdots material was dissolved in deionized water and the
concentrationwas 2 mg/mL. The chemical structure of PEI, PCDTBT,
PC71BM are shown in Fig.3(a), and Fig.3(b) are schematic device
structure and energy levels. The device structure is glass/indium tin
oxide(ITO) (150 nm)/PEI:Cdots(10 nm)/PCDTBT: PC71BM (100 nm)/
molybdenum oxide (MoO3) (4 nm)/silver (Ag) (100 nm). The
preparation of devices is described in the following script. Firstly,
ITO-coated glass substrates were cleaned in an ultrasonic bath with
detergent, acetone, isopropyl alcohol, and deionized water and
then dried under a N2 stream. Then, the substrates were treated
using a UV/O3 photoreactor to eliminate surface contaminants for
10 min. For the electron-transport layer, PEI was dissolved in
deionized water (2 mg/mL). Meanwhile, various additive amounts
of 0, 0.5 mL, 1 mL, 2 mL, 3 mL, and 4 mL Cdots solutionwere mixed into
each 1 mL PEI solution, and corresponding weight ratios (wt.) of
Cdots and PEI are 0, 0.5 wt.%, 1.0 wt.%, 2.0 wt.%, 3.0 wt.%, and
4.0 wt.%, respectively. The devices made with different additive
concentrations of Cdots were named as Device A, Device B, Device
C, Device D, Device E, and Device F. The blend solutions were ul-
trasonic treated for 30 min, then spin-coated at 4000 rpm on top of
the ITO in air. In our experiments, 4000 rpm is the optimal
parameter obtained through a large number of trials. The thin film
was then heated to 100 �C and kept in glove box for 10 min. For
active layer, the 1,2-dichlorobenzene (DCB) solution composed of
PCDTBT (7 mg/mL) and PC71BM (28 mg/mL) were spin-cast at
2000 rpm on top of the PEI layer in air subsequently. The fabricated
chips with active layer were baked in the atmosphere of argon in
the glove box at 70 �C for 20 min. Finally, the cells were fabricated
by thermal evaporation of 4 nm MoO3 and 100 nm Ag as electrode.
MoO3 possessing the highest occupied molecular orbital (HOMO)
per grid, (b) the corresponding size distributions of Cdots in TEM observations.



Fig. 2. (a) PL spectra of Cdots dilute aqueous solution at different excitation wavelengths, (b) UVeVis absorption spectra of Cdots dilute aqueous solutions, (c) FT-IR spectra of Cdots
in the dry state.

Fig. 3. (a) Chemical structure of materials involved in this study, (b) the device structure and scheme of energy levels of the inverted polymer solar cells.
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level of �9.7 eV was selected as a hole transport layer at the pho-
toactive layer interface due to its ability of enhancing hole collec-
tion [46e48]. The active area of the device was about 6.4 mm2.
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 one sun)
in air without encapsulation. The light intensity wasmeasuredwith
a photometer (Internationallight, IL1400) corrected by a standard
silicon solar cell. The incident photon-to-current efficiency (IPCE)
was measured with CrowntechQTest Station 1000 AD.
3. Results and discussion

To investigate the effect of Cdots additive on the morphology of
the different interfacial layers, we measured the typical atomic
force microscopy (AFM)morphology images of pristine PEI, 1.0 wt.%
Cdots modified PEI, and 4.0 wt.% Cdots modified PEI, respectively,
and results were shown in Fig.4. The root-mean-square (RMS)
roughness of three films were 1.03 nm (Fig.4(a)), 2.71 nm (Fig.4(b)),
and 3.32 nm (Fig.4(c)), respectively. The morphology of PEI film
with 1.0 wt.% Cdots shows a higher roughness than pristine PEI,
which extends the interfacial contact area between the buffer layer
and active layer, which is beneficial to electron collection by thin
PEI film modified ITO. The PEI film with 4.0 wt.% Cdots additive
shows a remarkable molecular aggregation due to the excess Cdots,
which may have negative effect on the continuity of the film,
resulting in a higher charge recombination probability.

The J-V characteristics of the devices with different concentra-
tions of Cdots under an intensity of 100 mW/cm2 in ambient air are
illustrated in Fig.5(a). The control device with PEI layer exhibits an
average Jsc of 13.79 mA/cm2, an average Voc of 0.84 V, and a FF of



Fig. 4. AFM morphology image of (a) pristine PEI, (b) 1.0 wt.% Cdots modified PEI, and (c) 4.0 wt.% Cdots modified PEI.

Fig. 5. (a)The JeV characteristics of all devices without and with various concentrations of Cdots in PEI layer, (b) J-V characteristics of PSCs with various thickness of pristine PEI
buffer layer, (c) IPCE spectra of cells without and with various concentrations of Cdots, (d) the absorption spectra including active layer with pristine PEI and optimized PEI:Cdots
films.
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49.88%, leading to a PCE of 5.78%. Andwe also fabricated a reference
device based on Cdots film as electron transporting layer, which
owns a Jsc of 12.96mA/cm2, a Voc of 0.72 V, a FF of 48.2%, leading to a
PCE of 4.5%. After adding Cdots into PEI buffer layer, the cells per-
formance was remarkably improved. The PCE of Device C made
with an optimal Cdots of 1.0 wt.% is 7.56%, with a Jsc of 14.84 mA/
cm2, a Voc of 0.87 V, and a FF of 58.54%. Also, the Voc of Device C had
a slightly increase compared to the control device. Furthermore, Jsc
and FF are both improved dramatically, and it is observed that Jsc
rises from 13.79 mA/cm2 to 14.84 mA/cm2 and FF increases from
49.88% to 58.54%, which directly leads to a PCE enhancement of
30.79% than control device. Meanwhile, Device B, Device D, Device
E, and Device F were also conducted, the detailed parameters
including Voc, Jsc, FF, and PCE of all fabricated devices are
summarized in Table 1, and each value is typical average of 30
devices. It is worthy noting that Voc of all modified devices have a
slightly enhancement compared with control device. With the in-
crease of additive concentration, Jsc, FF and PCE of modified devices
have conspicuous change trend, and they rise first and then
decrease with the increase of Cdots. Device B, D and E demonstrate
relatively higher PCEs than control device, therein they exhibit PCEs
of 6.86%, 7.02%, and 6.06%, respectively. PEI layer incorporated with
Cdots possesses an advantage to improve electron transport and
reduce charge recombination, which reduces the space charge
buildup affecting the internal field in the case of control device,
leading to an increase of FF. Furthermore, the introducing of Cdots
into PEI cathode buffer layer slightly enhanced light absorption,
which contributes to the increase of photon-generated carriers.



Table 1
The 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) based on different concentrations of Cdots additive.

Device Voc(V) Jsc(mA cm�2) FF(%) PCE(%) Rs(ohm) Rsh(ohm)

A 0.84 ± 0.01 13.79 ± 0.12 49.88 ± 0.02 5.78 ± 0.14 172.82 3312.89
B 0.87 ± 0.01 14.24 ± 0.11 55.35 ± 0.01 6.86 ± 0.12 132.83 3700.09
C 0.87 ± 0.01 14.84 ± 0.19 58.54 ± 0.03 7.56 ± 0.20 99.73 13836.51
D 0.86 ± 0.01 14.51 ± 0.14 56.26 ± 0.04 7.02 ± 0.12 138.52 25679.91
E 0.86 ± 0.01 12.39 ± 0.08 56.85 ± 0.02 6.06 ± 0.14 141.56 9573.79
F 0.86 ± 0.01 12.34 ± 0.11 47.17 ± 0.01 5.01 ± 0.13 229.27 11381.55
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Series resistance (Rs) and shunt resistance (Rsh) of modified and
control devices were also estimated and compared, which are also
included in Table 1. Apparently, it can be seen that Rs defined by the
slope of the J-V curve decreases from 172.82 to 99.73 U for Device A
and Device C, but Rsh of modified devices is significantly increased.
The Rs decrease and Rsh increase are both advantageous for the FF
improvement [49e53]. We also found that Device F produced a
negative effect, which implied that excess additive damaged charge
transport capacity of PEI buffer layer. In addition, we also measured
J-V characteristics of PSCs with various thickness of pristine PEI as
electron transport layer (Fig.5(b)). The thickness of PEI layer is
altered by rpm of spin-coating (2000 rpm, 3000 rpm, 4000 rpm,
5000 rpm), and the corresponding thickness of PEI film are
18± 1 nm,15± 1 nm,11± 1 nm, and 7± 1 nm, respectively. It can be
seen from Fig.5(b) that the device with 11 nm PEI layer exhibits the
best PCE, and the PCEs of the devices with PEI layer is slightly lower
than that of devices with PEI:Cdots buffer layer. The incident
photon-to-current efficiency (IPCE) spectra of all fabricated devices
are shown in Fig.5(c). Device C with 1.0 wt.% Cdots shows the
maximum IPCE of about 80% around 400 nm, which is much higher
than the control device. All these results are consistent with the J-V
characteristic shown in Fig.5(a) and provide a direct evidence for
the enhancement of Jsc. After modified with Cdots, the IPCEs
significantly increase covering a broad photoresponse of wave-
length range from 350 to 750 nm. This result is agreement with the
absorption spectrum of PEI/PCDTBT:PC71BM films without and
with 1.0 wt.% Cdots (Fig.5(d)).

The light absorption improvement of the composite film
modified with Cdots (Fig.5(d)) could be caused by a range of rea-
sons, including scattering from the rougher surface, shadowing,
parasitic absorption of Cdots, different film formation of PEI film
with Cdots. To verify the effect of Cdots on light harvesting, we
measured the absorption spectrum of PEI film, PEI:Cdots (1.0 wt.%)
film, PEI/PCDTBT:PC71BM film, and PEI:Cdots(1.0 wt.%)/
PCDTBT:PC71BM film, respectively. The net light absorption of
PCDTBT:PC71BM films on PEI and PEI:Cdots were deduced and
Fig. 6. (a) the light absorption of active layers on PEI and PEI:Cdots (1.0 wt.%) layers, (b) t
shown in Fig.6(a), which indicates that the light harvesting of active
layer on PEI:Cdots layer is a little higher than that on PEI layer. The
incident light energy into the device can be divided four parts,
which are absorption, transmittance, reflection and scattering
(including other effect such as shadowing). Therefore, in order to
further explore the action mechanism of Cdots on light trapping of
active layer, we tested the light absorption, transmittance, and
reflection of PEI and PEI:Cdots films, respectively. The light ab-
sorption, transmittance, and reflection were subtracted from the
total incident light, the rest of light energy can be ascribed to
scattering and other effect. Fig.6(b) is the scattering and other op-
tical effect spectrum of PEI and PEI:Cdots films, and the higher
scattering effect of PEI:Cdots film contributes to the light absorp-
tion of active layer. Moreover, the peak of Cdots photoluminescence
(PL) spectra (Fig.2(a)) occurs in the region of 450 to 650 nm, which
locates in the range of the absorption spectra of active layer.
Overlap of the absorption spectra of active layer and PL spectra of
Cdots is beneficial to the light utilization [54].

In order to investigate the effect of Cdots on the electron
extraction property, a single-electron device was fabricated, whose
configuration is ITO/PEI:Cdots/active layer/Bathocuproine (BCP)/
Ag, and the BCP is hole blocking layer (Fig.7(a)). The electron
mobility in the blend film can be determined from current-voltage
measurements by using electrodes to suppress the injection of
holes. Electron mobility was estimated using the space-charge-
limited current (SCLC) model, including field dependence [55]. At
a typical applied voltage of 1.0 V, corresponding to an electric field
of 105 V cm�1 across the bulk of a 100 nm device, electron mobility
increases from 2.7� 10�3 to 5.5� 10�3 cm2V�1s�1 for Device A and
Device C. Obviously, the electron mobility in the PEI:Cdots is a little
higher than that in the PEI film due to the electric conductivity
improvement, allowing to better charge extraction from active
layer, which renders electrons effectively transport to cathode
electrode. The dark J-V characteristics of all devices were shown in
Fig.7(b), and it can be seen that the dark Jsc apparently increased
after Cdots introducing. Meanwhile, the largest Jsc value with the
he scattering and other optical effect occurring in PEI and PEI:Cdots (1.0 wt.%) layers.



Fig. 7. (a) J-V characteristics of electron-only devices in dark with the device structure inset, (b) J�V characteristics of devices without and with different amounts of Cdots in dark.
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additive concentration of 1.0 wt.% was obtained, which is consistent
with the tendency of the photocurrent in Fig.5(a). Additionally, the
dark Jsc of modified devices have been enhanced irrespective of
additive concentrations due to enhancement of electron mobility
by incorporating Cdots. The current density of devices is sup-
pressed in the region between �1.0 and 1.0 V. Except for Device F,
all the modified devices show smaller leakage current at negative
voltages in the case of the incorporation of Cdots, and the enhanced
dark J-V characteristics is also reflected by FF. To directly explore the
electron transfer mechanism in Cdots modified device, the changes
in the work function (WF) induced by Cdots were measured using a
Kelvin probe system (KP 6500 Digital Kelvinprobe, McAllister
Technical Services Co., Ltd.). We chose the WF of Au (5 eV) as a
reference, and theWF of PEI and PEI:Cdots films were characterized
by WF ¼ 5eV�WFAu-measure þ WFmeasure. Hence, the work function
of PEI and Cdots are �4.0 and �4.4 eV respectively, and the work
function of PEI:Cdots is about�4.15 eV [56,57]. The incorporation of
Cdots can reduce the work function of PEI film, which decreases
energy barrier for electron injection from active layer to PEI and
tunes energy level of buffer layer in our cells. The WF tuning pro-
vided efficient charge collection center and remarkably accelerated
charge transfer rates from excited organic molecules to ITO. In fact,
the formation of tight nanoscale domains of PEI:Cdots film
improved interfacial contact and reduces the interface resistance.
The presence of the Cdots filled the ditch of PEI layer, which
decrease interfacial charge trammel and reduce the charge
recombination possibility. Meanwhile, Cdots worked as efficient
charge collection matrix, which penetrate around the fullerene
clusters and the polymer-skin, enhancing diffusion in the process of
electron transport. Therefore, cell performancewill be energetically
favored at the PEI:Cdots layer [58,59].

The incorporation of Cdots also improves the charge collection
efficiency under working conditions. Fig.8(a) shows the JeV char-
acteristics in a wide reverse bias range under AM 1.5G illumination.
The results are plotted as the net photocurrent (Jph ¼ JL�JD)
dependence on the effective applied voltage Veff (Veff ¼ VoeVa). JL
and JD are the current density under illumination and in the dark,
respectively. Vo is the voltage when Jph equals zero (i.e., JL ¼ JD), and
Va is the applied voltage [60]. At a large reverse voltage, Jph reaches
saturation for all devices, suggesting all photogenerated excitons
are dissociated into free charges and all carriers are collected at the
electrodes without any bimolecular recombination [61]. In this
case, current density Jsat is only determined by the amount of
absorbed incident photon flux (Nphoton), thus the maximal obtain-
able exciton generation rates (Gmax, given by Jsat ¼ qGmaxL where L
is the thickness of the active layer) for the control and optimal
modified devices were 1.21� 1026 m�3 s�1 (Jsat¼ 193.67 Am�2) and
1.42 � 1026 m�3s�1 (Jsat ¼ 227.89 Am�2), respectively. Apparently, a
noticeable enhancement in Gmax occurred after incorporating the
Cdots into the device. Then we compared the exciton dissociation
probabilities [P(E,T)] for all devices (Fig.8(b)), which are correlated
with the electric field (E) and temperature (T). When the excitons
are photogenerated in PSCs, only a part of them can be dissociated
into free carriers. As a result, Jph can be expressed using the equa-
tion, Jph ¼ qGmaxP(E, T)L, and the value of P(E,T) can be obtained
from the plot of the normalized photocurrent density (Jph/Jsat) with
respect to Veff at any bias [62,63]. Fig.8(b) reveals that the values of
P(E,T) under the short-circuit conditions (Va ¼ 0 V) increased from
69.67% for the control device to 77.49% for the optimal modified
device. In view of the value of Gmax is related to maximum ab-
sorption, such an increase suggests enhanced light absorption of
the active layer for the modified devices. Since the ratio of Jph/Jsat is
substantially the product of exciton dissociation efficiency and
charge collection efficiency, an enhanced Jph/Jsat suggests the
increased exciton generation rate, the dissociation probability, and
charge collection efficiency, which leads to a higher FF for PSCs [64].

To explore the effect of Cdots on the charge transfer property,
steady-state photoluminescence (PL) measurements were further
performed. Fig.9(a) showed the PL spectra of PEI film without and
with Cdots. In general, PL intensity of pristine PEI is higher than PEI
with Cdots. The PL spectra showed significant decreasing in-
tensities at about 400 nm and 700 nmwith the increase of additive
amount. The fluorescence process is positive correlated with
photon-generated electrons and holes radiative loss, which is
disadvantage to the free charge carriers transport and collected by
electrodes. This indicates that more efficient charge transfer occurs
in the blend transport layer due to the existence of Cdots than in the
pristine PEI film. Attributed to incorporated Cdots into PEI, the
fluorescence quenching is decreased, which means photon-
generated carriers radiative loss diminished, and more electrons
can be injected into cathode. To deeply understand the impact of
Cdots in PEI buffer layer on the interface resistance of devices,
impedance spectroscopy was measured with an alternating current
signal under open circuit voltage in the frequency range of 20 Hz to
20 MHz [65]. Fig.9(b) presents the Cole-Cole curves of the imped-
ance spectra for the devices without and with different concen-
trations Cdots in dark. At the open circuit voltage condition, the
built-in electric field was canceled out by the applied bias
voltage, preventing the photogenerated charge carriers in the
active layer from flowing toward electrodes. An accurately model
was set up according to experimental data that resembles the
typical semicircle shape. The shapes of impedance spectra are all
semicircles, which are beneficial to investigate the interface resis-
tance for the cells. The series resistance of photovoltaic cells is



Fig. 8. (a) Plots of photocurrent density (Jph) with respect to the effective voltage (Veff) for control and modified devices under constant incident light intensity, (b) Corresponding
plots exciton dissociation probability [P(E,T)] with respect to effective bias (Veff) for all cells.

Fig. 9. (a) Photoluminescence (PL) spectra of PEI films modified with different amount of Cdots, (b) the impedance spectra diagram of all devices.
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closely related to the diameter of the semicircles. The semicircle's
diameter in the diagram stands for the impedance values, and the
larger diameter means larger impedance. Therefore, the impedance
of devices modified with moderate Cdots is much smaller than
control device [66,67]. By incorporating Cdots into PEI layer can
extends the interfacial contact area between the buffer layer and
active layer, forming a better interface, and thus the injection bar-
rier is decreased. Thus, the introduction of Cdots brings a significant
decline to the device impedance, which contributes to the
enhancement of FF and PCE. According to the data in Table 1, the
series resistance (Rs) of the best modified device is calculated as
99.73 U/cm2, which is smaller than control device. Moreover, the
shunt resistance (Rsh) of all modified devices increases by more
than an order of magnitude compared with control device. These
data are in agreement with the decreased leakage current and
slightly increased Voc in the devices, which indicated that better
diode characteristics were achieved after simple incorporating
Cdots into PEI layer.
4. Conclusion

In summary, we have demonstrated that remarkable enhance-
ment of short-circuit current density and fill factor can be achieved
in highly efficient polymer solar cells by simply introducing Carbon
nanodots in PEI buffer layer, resulting in a PCE up to 7.56%. For the
optimal additive concentration, the Jsc, FF, and PCE are 7.61%,17.36%,
and 30.79% higher than the control cells, respectively. The effects of
Cdots incorporating on the improvement of device performance are
threefold: an improved built-in potential across the device due to
the existence of interface dipole, improved charge-transport
properties, and decreased recombination loss due to the increase
of charge carrier mobility. The approach reported here provides a
simple and versatile method to optimize polymer solar cells and
may set the efficiency of devices towards the goal of 10% from
popular material systems.
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