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Abstract: Photovoltaic devices based on organic–inorganic hybrid perovskites have engaged tremen-
dous attention due to the enormous increase in power conversion efficiency (PCE). However, defect
states formed at grain boundaries and interfaces hinder the achievement of PCE. A prospective
strategy to both reduce interfacial defects and control perovskite growth is the passivation of in-
terfaces. The passivation of the electron-transporting layer/perovskite interface with ultrasmall
carbon dots (CDs) with suitable chemical composition and functional groups on their surface may
simultaneously affect the morphology of a perovskite layer, facilitate charge carriers extraction, and
suppress interfacial recombination. Here, we show that CDs synthesized from diamine precursors
may be used as an interlayer at the SnO2/FACsPbI3 interface. Ultrasmall CDs form a smooth, thin
layer, providing better perovskite layer morphology. CD interlayers result in an increased average
perovskite grain size, suppress the formation of small grains, and improve charge carriers’ extrac-
tion. As a result, photovoltaic devices with CD interlayers demonstrate a higher PCE due to the
increased short-circuit current density and fill factor. These findings provide further insight into the
construction of interfaces based on carbon nanomaterials.

Keywords: perovskite solar cells; carbon dots; photoluminescence; morphology

1. Introduction

Renewable energy technologies have been experiencing a burst of growth and in-
creasing adoption across the world. Along with environmental friendliness, renewable
energy is also becoming cost-competitive with fossil fuels. Solar energy has significantly
reduced in cost over the past decade, becoming more economically affordable [1–3]. How-
ever, there are still challenges to its widespread adoption. Despite a high PCE, the most
commonly used silicon solar cells have some drawbacks. Although their cost has decreased
considerably, they are still relatively expensive. Moreover, requiring much energy and high
temperatures, the production of silicon wafers leads to the generation of a large amount
of waste [4,5]. For these reasons, metal-halide perovskites have become one of the most
promising materials for application in low-cost and easy-to-fabricate photovoltaics of the
next generation.

Metal-halide perovskites with a general structural formula ABX3 (where A stands for
monovalent cation (methylammonium (MA), formamidinium (FA), Cs), B stands for metal
divalent cation (Pb, Sn, Ge, etc.), and X stands for halide anion (Cl, Br, I)) have recently ap-
peared as a rising star in the field of material science. A number of exceptional properties
are well accompanied by facile synthetic approaches, allowing metal-halide perovskites
to be used in numerous applications, including but not limited to photovoltaics [6,7],
light emission and lasing [8–11], photocatalysis [12–15], nanophotonics [16], nonlinear-
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optics [17–20], photodetection [21,22], etc. In particular, organic–inorganic hybrid per-
ovskite solar cells (PSCs) draw tremendous attention as their power conversion efficiency
(PCE) has increased from 3.8% to 25.6% since 2009 [23,24]. This incredible progress be-
came possible due to outstanding properties of perovskites such as high charge carriers
mobility [25,26], a large diffusion length [27,28], and a high absorption coefficient [29,30].
Typically, the light-absorbing perovskite active layer is sandwiched between electron- and
hole-transporting layers in either mesoporous or planar PSC architectures. An adjustment
of the device energy diagram allows the realization of efficient separation and transfer of
photoexcited charge carriers.

Currently, organic–inorganic MAPbI3 and FAPbI3 hybrid perovskites are most widely
used for photovoltaics. MAPbI3 is more commonly used because of its higher stability.
Nevertheless, FAPbI3 is more optimal for photovoltaic applications due to its narrower
band gap [31–34], which is beneficial for effective light absorption. However, FAPbI3 suffers
from poor stability, which is expressed by the spontaneous transition from black α-phase to
yellow δ-phase degrading its light-harvesting ability [35–37]. A popular and effective way
to tackle the stabilizing issue is the partial substitution of the FA cation with small ions, such
as Cs [38–40]. For instance, it was shown that the most beneficial Cs:FA ratio in FA1-xCsxPbI3
mixed perovskite polycrystalline films may lie in the range x = 0.03–0.10 [41–43]. Under
these conditions, mixed-cation chemical composition allows better morphological and
optical properties of the perovskite layer, which in turn provides higher photovoltaic
performance of perovskite solar cells. Furthermore, photo- and moisture-stability may be
significantly improved. However, an excess of Cs may induce the undesired emergence
of the CsPbI3 subphase and increase of a bandgap. [7] Even so, Pb and I dangling bonds
at perovskite grain boundaries and defects at the interface between the electron transport
layer (ETL) and FACsPbI3 active layer create trap states acting as recombination centers,
hindering charge extraction and lowering PCE. To this end, various additive engineering
techniques are employed to passivate the traps in the perovskite active layer or at the
ETL/perovskite interface. Recently, carbon dots (CDs) as emerging carbon nanoparticles
with unique optical parameters [44,45] have been studied as a promising candidate for
defect passivation in PSCs. Carbon dots are environmentally friendly and low-cost particles,
which make them desirable for use in PSCs [46–48]. They can also be used as interlayers
between ETL and perovskite incorporated into a perovskite layer [49–51]. Moreover, CDs
are reported to improve the perovskite layer morphology resulting in larger grains and
fewer trap sites at its boundaries [52–55].

Herein, we have studied the properties of 2 types of CDs, namely CDE synthesized
from ethylenediamine (EDA) and CDEO synthesized from O-phenylenediamine (o-PD)
and EDA. We employed CDE and CDEO as interlayers between SnO2 ETL and FACsPbI3
active layer and determined their influence on the optical and morphological properties of
the perovskite thin film. We revealed that such CD interlayers facilitate better perovskite
morphology and more efficient charge carrier extractions. As a result, CD interlayers
improve the operational characteristics of perovskite-based photovoltaic devices.

2. Materials and Methods

Formamidinium iodide (FAI, ≥98%), lead(II) iodide (PbI2, ≥99.99%), Cesium iodide
(CsI, ≥99.99%), N,N-Dimethylformamide (DMF, ≥99.8%), Dimethylsulfoxide (DMSO,
≥99.7), Spiro-MeOTAD (≥99%), Bis(trifluoromethylsulfonyl)amine lithium salt (Li-TFSI,
≥99.95%), 4-tert-Butylpyridine (t-Bp, ≥98%), Chlorobenzene (CB, ≥99.8%), Acetonitrile (I,
anhydrous, 99.8%), 2-methoxyethanol (anhydrous, ≥99.8%), O-phenylenediamine (flaked,
99.5%), acetylacetone (AA, ≥99%), and ethylenediamine (EDA, ≥99.5%) were purchased
from Sigma-Aldrich (Darmstadt, Germany). All reagents were of analytical grade and used
directly without further purification. Deionized water was produced through a Millipore
water purification system (Milli-Q, Millipore, Bedford, MA, USA) and used throughout the
study.



Photonics 2023, 10, 379 3 of 14

2.1. Carbon Dots (CDs) Synthesis

CDs samples were obtained by one-step solvothermal heating of the precursor’s solu-
tion. Sample CDE was synthesized from 0.5 mL of EDA dissolved in 5 mL of acetylacetone.
Sample CDEO was synthesized from 0.135 g of o-PD and 0.75 mL of EDA dissolved in
5 mL of acetylacetone. The solutions were transferred into a 40 mL Teflon reactor for a
solvothermal reaction at 190 ◦C for 8 h. After the reaction, the autoclaves were naturally
cooled down to room temperature. The as-prepared CD solutions were transferred to
dialyzed tubes with a molecular weight of 7000 Da for 24 h to remove unreacted precursors
and molecular fluorophores.

2.2. Thin Films and Device Fabrication

The studied SnO2/CDs and SnO2/CDs/perovskite films were fabricated the same
way as in photovoltaic devices. ITO/glass substrates were cleaned and dried by nitro-
gen flow and exposed to ultraviolet ozone for 20 min before SnO2 deposition. Com-
mercial SnO2 colloidal solution was diluted with DI water in a 1:1 ratio and ultrason-
icated for one hour. The FA0.9Cs0.1PbI3 precursor was prepared in a glovebox accord-
ing to Sanchez-Godoy et al. [56] as follows. CsI (30 mg) was completely dissolved in a
DMF:DMSO (4:1) solvent mixture. Once the CsI dissolved, FAI (178.7 mg) was added and
stirred until completely dissolved. Then PbI2 (461 mg) was added and heated to 70 ◦C. The
solution was left to stir overnight. The perovskite precursor solution was filtered using a
0.45 µL hydrophobic filter prior to use. To form a thin layer on the top of SnO2, CDs were
dried and re-dispersed in 2-methoxyethanol. To prepare the Spiro-OMeTAD precursor
solution, 72.5 mg of Spiro-OMeTAD powder was dissolved in 1 mL of chlorobenzene in the
glove box and left to stir overnight. Then, 17.5 µL of Li-TFSI (520 mg/mL in acetonitrile)
and 28.8 µL of t-BP were added to the Spiro-OMeTAD precursor and stirred for 3 h. The
Spiro-OMeTAD precursor was filtered using a 0.45 µL hydrophobic filter prior to use.

The SnO2 precursor was spun on an ITO substrate at 2000 rpm for 5 s and at 4000 rpm
for 30 s, followed by annealing at 180 ◦C for an hour to form ETL. Prior to the deposition of
the next layer, annealed SnO2 substrates were treated with an ultraviolet ozone for 20 min.
To form SnO2/CDE and SnO2/CDEO layers, 50 µL of CDE and CDEO solutions were spun
on the SnO2 layer at 4000 rpm for 40 s, followed by annealing at 130 ◦C for 15 min. An
amount of 36 µL of FA0.9Cs0.1PbI3 perovskite precursor was spun at 1000 rpm for 10 s and
5000 rpm for 30 s. An amount of 100 µL of chlorobenzene was dripped onto the spinning
substrate at the 25th second from the beginning. Thereafter, the perovskite films were
annealed at 150 ◦C for 10 min. Once the samples cooled to room temperature, 25 µL of the
Spiro-OMeTAD precursor was spin-coated at 5000 rpm for 30 s to form a hole-transporting
layer. Finally, 80 nm-thick Ag electrodes were deposited by thermal evaporation.

2.3. Characterization

The absorption spectra of the solutions were obtained on a UV-3600 spectrophotometer
(Shimadzu, Kyoto, Japan). The photoluminescence (PL) characteristics were studied using
an FP-8200 spectrofluorometer (Jasco, Tokyo, Japan) and a purpose-built setup for PL
analysis [57] for CDs colloidal solutions and perovskite films, respectively. To record FTIR
spectra, a Tensor II FTIR spectrophotometer (Bruker, Ettlingen, Germany) was used. Time-
resolved PL decay curves were measured using a MicroTime 100 microscope (PicoQuant,
Berlin, Germany). Escalab 250Xi (Thermo Fisher Scientific, Waltham, MA, USA) was
used for X-ray photoelectron spectroscopy (XPS). A Zeiss Libra 200FE (Zeiss, Oberkochen,
Germany) microscope was used for transmission electron microscopy (TEM). A surface
morphology study was performed by atomic force microscopy (AFM) (NT-MDT SPM–
Nova, Moscow, Russia). J-V characteristics of photovoltaic cells were measured by using a
Keithley 2400 source meter (Keithley Instruments, Cleveland, OH, USA) under a stimulated
AM 1.5G spectrum. The mask with an area of 0.01 cm2 was used for J-V measurements.
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3. Results

CDs were produced schematically, as shown in Figure 1a,b. Different diamine pre-
cursors were used to provide a better passivation of the perovskite material through
embedding in the crystal structure at the A cation site. The acetylacetone was chosen
as reactive media to obtain CDs soluble in non-polar solvents. The mixture of precur-
sors in solution was heated in a Teflon reactor solvothermal and then the product was
thoroughly washed by dialysis. Figure 1c shows a typical TEM image of CDE. It is seen
that CDs are quasi-spherical nanoparticles with a size below 10 nm. Commonly, CDs
are partially carbonized particles, as was shown for ethylenediamine-based CDs [58] and
o-phenylenediamine-based CDs [59]. X-ray photoelectron spectroscopy (XPS) was used to
determine the chemical composition of CDE. From the full survey XPS spectrum of CDE,
the CDs are composed of 67% C, 28.8% O, and 4.2% N (Figure 1d). The high-resolution XPS
spectra of each element shown in Figure 1e–g demonstrate that the CDs are carbonized
particles with carboxylic, hydroxylic, and amide groups at the surface.
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Figure 1. Schematic representation of CDE (a) and CDEO (b) synthesis. (c) Typical TEM image
obtained for CDE. Full survey XPS spectrum (d) and corresponding high-resolution XPS spectra for
carbon (e), oxygen (f), and nitrogen (g) elements obtained for CDE.



Photonics 2023, 10, 379 5 of 14

The absorption spectra of CDs are shown in Figure 2a. CDE has 4 absorption bands at
215, 265, 313, and 395 nm. The addition of o-PD during synthesis results in a blue shift of
peak position from 265 to 255 nm and makes it less pronounced. PL excitation-emission
maps for CDE and CDEO are shown in Figure 2b,c. Sample CDE has a PL band centered at
440 nm with maximal excitation at ~325 and 265 nm, which corresponds to peaks in the
absorption spectrum. For CDEO, the main PL band is centered at 400 nm with maximal
excitation at ~240 nm. In addition, there are 2 more centers at 425 nm with excitation at
~340 nm and 470 nm with excitation at ~390 nm.
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Figure 2. CDs characterization. (a) Absorption spectra of CDE (black line) and CDEO (violet line). PL
excitation-emission maps for (b) CDE and (c) CDEO. (d) FTIR spectra of CDE (black line) and CDEO

(violet line). (e) AFM image, height profile, and size distribution for CDE. (f) AFM image, height
profile, and size distribution for CDEO.
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FTIR spectroscopy was employed to explore the functional groups at the CD surface.
The FTIR spectra of CDs are shown in Figure 2d and demonstrate peaks at 2978, 2911,
and 2859 cm−1, which can be attributed to C-H asymmetric and symmetric stretching.
The peak at 1680 can be attributed to C=N stretching in imines and a strong peak at 1610
cm−1 is a product of the interaction of EDA and acetylacetone [60]. In both samples, the
absorption at 1500 cm−1 is attributed to C=C vibrations in the aromatic ring. In the region of
1750–1450 cm−1, there are typical peaks for carboxyl and amide groups, and C-H bending,
and C-O, C-N stretching are observed at 1250–950 cm−1. Thus, the synthesized CDs are
O, N-doped nanoparticles that have molecular groups, allowing to dissolve them in both
polar (as amides) and non-polar (as -CHx) solvents.

The morphology of CDs was studied using AFM. Typical AFM images, height profiles,
and CD size distributions are shown in Figure 2e,f. CDEO has a smaller average size of 2.4
and a much narrower size distribution of 0.9 nm. To employ CDE and CDEO as axillary
layers at the ETL/perovskite interface, we first studied the morphology of their thin films.
Figure 3 shows (a) AFM images and (b) height profiles (aligned to the mean height values)
for the SnO2, ITO/SnO2/CDE, and ITO/SnO2/CDEO films. After the deposition of CDs,
the root-mean-square (RMS) roughness of the formed ETL reduces significantly. The effect
is more pronounced for ultra-small CDEO. Their small size and narrow size distribution
allowed them to achieve the ETL with RMS as small as 0.23 nm, which facilitates the further
homogeneous formation of a perovskite active layer.
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Figure 3. AFM images (a) and height profiles (b) for ITO/SnO2, ITO/SnO2/CDE, and ITO/SnO2/
CDEO films. The calculated RMS of the top layers is specified in the AMF images. The thickness (c) of
SnO2/CDE and SnO2/CDEO layers.
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Then, the perovskite layer was deposited on pristine SnO2 and SnO2 covered with
CDE and CDEO carbon dots. The morphology of perovskite polycrystalline films deposited
on pristine SnO2 was analyzed with SEM and AFM first. SEM analysis (Figure 4a) shows
that perovskite grains have a broad size distribution. Furthermore, numerous small grains
can be observed (several of them are highlighted with white circles). As a result, obtained
perovskite grains sizes can be fitted with a lognormal distribution. The mean size of grains
revealed with SEM is 255 ± 120 nm. Similar conclusions may be made by the analysis of
corresponding AFM images (Figure 4b,c). The SnO2/perovskite sample contains numerous
grains with a quite small size of less than 200 nm as depicted with the yellow cycles in
Figure 4b. An analysis of the mean size correlates with SEM data, namely, a mean size is
estimated as 288 ± 196 nm. These results correlate well with those recently reported for
CsxFA1−xPbI3 perovskite films formed on the SnO2 surface [41,56].
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Figure 4. (a) SEM analysis of a polycrystalline Cs0.1FA0.9PbI3 perovskite film formed on pristine
SnO2. AFM images (b) and grain size distributions (c) for Cs0.1FA0.9PbI3 perovskite films formed on
ITO/SnO2, ITO/SnO2/CDE, and ITO/SnO2/CDEO.

Then, the morphology of the perovskite films grown on CD interlayers was studied
by AFM, and a strong difference in morphologies was observed. First, an average per-
ovskite grain size grows significantly when the film is fabricated on SnO2 covered with
CDs. Namely, an average grain size increased from 288 ± 196 nm to 391 ± 192 nm and
401 ± 166 nm when CDE and CDEO were used, respectively. Secondly, a change in grain
size distribution is revealed (Figure 4b). The use of CD interlayers improves the grain size
distribution. Indeed, the number of the smallest grains reduced when CDE was used and
is neglected when CDEO was used. Importantly, when CDEO was used as an interlayer, a
perovskite film is composed of grains whose sizes are uniformly distributed in a range of
200−600 nm.
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An Increase in average grain size and suppressed formation of small-sized grains
are essential for the fabrication of efficient photovoltaic devices based on polycrystalline
perovskite films. As known, interfacial and trap-assisted recombination is the most detri-
mental source of losses limiting the performance of perovskite-based photovoltaic devices.
Small average grains size or a large portion of small grains form rich grain boundaries
with numerous defect states acting as centers for undesired recombination. A thin layer of
CDs rich in functional groups may change a perovskite crystallization process [61]. Addi-
tionally, a smooth ETL surface formed with ultra-small CDs avoids the appearance of an
excessive number of crystallization centers. A reduced number of nucleation centers may
be responsible for the suppressed formation of the smallest grains which were clearly seen
for the referent sample. As a result, the observed change of perovskite film morphology
may play a pivotal role in the improvement of the efficiency of perovskite-based devices.
The thickness of CD-modified ETLs was measured by an AFM analysis of purposely made
scratches (Figure 3c). The thickness of CDE- and CDEO-modified ETLs were determined as
40 and 49 nm, respectively.

Furthermore, the impact of CD interlayers on perovskite thin film optical properties
was investigated using steady-state and time-resolved (TR) PL measurements, which are
commonly used methods to analyze charge carrier extraction from the active layer to charge-
transport layers [62,63]. It has been recently shown that carbon nanoparticles deposited
at the interfaces might serve for more efficient extraction of photoexcited charge carriers
from a perovskite film, which may be revealed by employing PL spectroscopy or transient
absorption measurements [64–66]. Steady-state PL (Figure 5a) demonstrates that the control
sample possesses the highest PL intensity, whereas CDE and CDEO interlayers quench
PL intensity by 18% and 27%, respectively. TR PL (Figure 5b) results are consistent with
steady-state PL exhibiting faster PL decay when CDE and CDEO interlayers are employed.
More specifically, the PL decay curves were fitted by a triple exponential decay function
as follows:

ITRPL = A1·e
− t

τ1 + A2·e
− t

τ2 + A3·e
− t

τ3 (1)

where A1, A2, and A3 are amplitudes and τ1, τ2, and τ3 are the PL decay times of shorter,
intermediate, and longer components in PL decay, respectively. The estimated values are
listed in Table 1 along with an average PL lifetime calculated as follows:

τavg =
∑ Aiτ

2
i

∑ Aiτi
. (2)
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Table 1. PL decay parameters for SnO2/Perovskite, SnO2/CDE/Perovskite, and SnO2/
CDEO/Perovskite films.

Tavg (ns) A1 τ1 (ns) A2 τ2 (ns) A3 τ3 (ns)

SnO2/Perovskite 26.5 0.09 10.4 0.35 27.3 0.06 94.6
SnO2/CDE/Perovskite 21.9 0.03 6.4 0.29 22.1 0.12 75.7

SnO2/CDEO/Perovskite 20.8 0.04 5.8 0.24 21.1 0.09 82.0

The average PL decay time for the SnO2/Perovskite control sample is 26.5 ns, whereas
upon CDE and CDEO interlayers induce a decrease of τavg to 21.9 and 20.8 ns, respectively.
Thus, the PL analysis reveals that CD interlayers induce PL quenching, which may be
attributed to the more efficient extraction of photoexcited charge carriers from a perovskite
layer, as will be further confirmed by analysis of the J-V curves obtained for corresponding
photovoltaic devices. This finding is important for further improvement of perovskite-
based photovoltaic devices since better charge extraction contributes to the achievement of
a higher short-circuit current density (JSC) value.

To investigate how the aforementioned changes in perovskite morphology and charge
carrier dynamics, induced by CDs interlayers, influence the performance of perovskite-based
photovoltaic devices, the devices with a structure of ITO/SnO2(ETL)/Perovskite(Active)/
Spiro-OMeTAD(HTL)/Ag were fabricated. J-V characteristics obtained for the control de-
vice and the devices with CD interlayers are shown in Figure 5c. The estimated open-circuit
voltage (VOC), JSC, and fill factor (FF) over 16 devices of each type are shown in Figure 6,
whereas averaged and champion values are listed in Table 2. It is seen that the insertion of
CD interlayers allows the achievement of a higher performance of photovoltaic devices.

Photonics 2023, 10, x FOR PEER REVIEW 10 of 14 
 

 

corresponding photovoltaic devices. This finding is important for further improvement of 
perovskite-based photovoltaic devices since better charge extraction contributes to the 
achievement of a higher short-circuit current density (JSC) value. 

To investigate how the aforementioned changes in perovskite morphology and 
charge carrier dynamics, induced by CDs interlayers, influence the performance of perov-
skite-based photovoltaic devices, the devices with a structure of ITO/SnO2(ETL)/Perov-
skite(Active)/Spiro-OMeTAD(HTL)/Ag were fabricated. J-V characteristics obtained for 
the control device and the devices with CD interlayers are shown in Figure 5c. The esti-
mated open-circuit voltage (VOC), JSC, and fill factor (FF) over 16 devices of each type are 
shown in Figure 6, whereas averaged and champion values are listed in Table 2. It is seen 
that the insertion of CD interlayers allows the achievement of a higher performance of 
photovoltaic devices. 

 
Figure 6. (a) Jsc, (b) Voc, and (c) FF of control (blue) perovskite-base photovoltaic devices and the 
devices with CDE (orange) and CDEO (green) interlayers. 

Table 2. Photovoltaic parameters (average and champion devices) of control devices, and the de-
vices with CDE and CDEO interlayers. 

Name  Voc (V) Jsc (mA/cm2) FF, % PCE, % 

CD-free Average 0.86 ± 0.01 4.8 ± 1.2 41 ± 8 1.9 ± 0.6 
Champion 0.88 6.8 57 2.9 

CDE interlayer  Average 0.87 ± 0.01 7.2 ± 1.2 60 ± 7 3.8 ± 0.5 
Champion 0.89 8.5 71 4.8 

CDEO interlayer  Average 0.89 ± 0.02 8.7 ± 1.8 68 ± 4 5.0 ± 1.1 
Champion 0.92 11.8 76 6.9 

VOC suffers minor improvement from 0.86 to 0.87 and 0.89 V when CDE and CDEO 

interlayers are used, respectively. In striking contrast, JSC and FF grow significantly when 
CDs are inserted at the ETL/perovskite interface. Namely, an average JSC increases from 
4.8 to 7.2 to 8.7 mA/cm2 and FF improves from 41 to 60 to 68% when CDE and CDEO were 
inserted at the interface. We may attribute the drastic increase in JSC and FF to several fac-
tors. First, an obvious change in perovskite layer morphology (large average grain size 
and suppressed formation of small grains) stimulates the enhancement of both JSC and FF 
due to reduced losses at boundary trap states. Moreover, a possible passivating effect of 
the CDs functional group facilitates reduced parasitic interfacial recombination, bringing 
higher JSC and FF. Additionally, improved charge carrier extraction promotes the achieve-
ment of a higher value of JSC. The improvement of these characteristics provides an in-
crease in maximum PCE from 2.9 to 4.8 to 6.9% for the devices with CDE and CDEO inter-
layers, respectively. Importantly, a stronger enhancement of device performance with an 
interlayer formed with ultrasmall CDEO is in line with the morphological and optical anal-
ysis of perovskite films. 

0.82

0.84

0.86

0.88

0.90

0.92

0.94

Vo
c 

(V
)

(a) (b)

20

30

40

50

60

70

80

FF
 (%

)

2

4

6

8

10

12

J S
C
 (m

A/
cm

2 )

 SnO2/perovskite    SnO2/CDE/perovskite    SnO2/CDEO/perovskite

(c)

Figure 6. (a) Jsc, (b) Voc, and (c) FF of control (blue) perovskite-base photovoltaic devices and the
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Table 2. Photovoltaic parameters (average and champion devices) of control devices, and the devices
with CDE and CDEO interlayers.

Name Voc (V) Jsc
(mA/cm2) FF, % PCE, %

CD-free
Average 0.86 ± 0.01 4.8 ± 1.2 41 ± 8 1.9 ± 0.6

Champion 0.88 6.8 57 2.9

CDE interlayer
Average 0.87 ± 0.01 7.2 ± 1.2 60 ± 7 3.8 ± 0.5

Champion 0.89 8.5 71 4.8

CDEO interlayer
Average 0.89 ± 0.02 8.7 ± 1.8 68 ± 4 5.0 ± 1.1

Champion 0.92 11.8 76 6.9
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VOC suffers minor improvement from 0.86 to 0.87 and 0.89 V when CDE and CDEO
interlayers are used, respectively. In striking contrast, JSC and FF grow significantly when
CDs are inserted at the ETL/perovskite interface. Namely, an average JSC increases from
4.8 to 7.2 to 8.7 mA/cm2 and FF improves from 41 to 60 to 68% when CDE and CDEO were
inserted at the interface. We may attribute the drastic increase in JSC and FF to several
factors. First, an obvious change in perovskite layer morphology (large average grain
size and suppressed formation of small grains) stimulates the enhancement of both JSC
and FF due to reduced losses at boundary trap states. Moreover, a possible passivating
effect of the CDs functional group facilitates reduced parasitic interfacial recombination,
bringing higher JSC and FF. Additionally, improved charge carrier extraction promotes the
achievement of a higher value of JSC. The improvement of these characteristics provides
an increase in maximum PCE from 2.9 to 4.8 to 6.9% for the devices with CDE and CDEO
interlayers, respectively. Importantly, a stronger enhancement of device performance with
an interlayer formed with ultrasmall CDEO is in line with the morphological and optical
analysis of perovskite films.

4. Discussion

The presented experimental results evidence for an obvious influence of N-rich CDs
on morphological and optical properties of a perovskite layer, as well as on the performance
of the photovoltaic devices based thereof. As noted earlier, CDs modify the ETL surface in
terms of its roughness, which can affect the subsequent formation of a layer of a polycrys-
talline perovskite film. In terms of chemical composition, CDs can have different effects
both on the formation of the perovskite active layer and on the modification of the ETL
properties, which leads to a change in device performance. Indeed, it was recently shown
that N-doped graphene quantum dots (GQDs) influence the crystallization of MAPbI3
film due to the Lewis acid-base interaction between N atoms and Pb2+ acid [67]. It was
supposed that N-doped GQDs act as nucleation and growth centers, thus providing better
and aligned perovskite morphology. More recently, Dong et al. showed that amine-rich
CDs modify the crystallization of a perovskite due to a hydrogen interaction between
amine groups on the CD surface and the intermediates from the perovskite solution [61].
Moreover, it was shown that nitrogen-doped CDs facilitate passivation of the surface of
MAPbI3 perovskites through the formation of hydrogen bonds between nitrogenous groups
and undercoordinated iodine ions [53]. Furthermore, the passivation of uncoordinated Pb
atoms by nitrogen atoms in N-doped CDs was also proposed [68]. The aforementioned
findings, together with the presented experimental results, demonstrate the influence of
CD N-doping on the formation of a perovskite active layer.

On the other hand, doping and functionalization have an invaluable effect on the
optical and electrical properties of CDs. Namely, it was experimentally and theoretically
shown that the electronic structure and a Fermi-level position in CDs may be tuned signifi-
cantly [46]. This property is of significant importance for engineering the interfaces with
the effective extraction of the photoexcited charge carriers. As an example, Zhang et al.
used CDs to modify SnO2 and ZnO ETLs using CDs as interlayers [51]. They demonstrated
that a variation of the EDA/citric acid ratio used for the CD synthesis allows for the precise
tuning of the work function of the CD-modified ITO film. Thus, amine-rich CDs were used
to adjust a better energy offset between ETL and a perovskite active layer, which in turn im-
proves the photocurrent and PCE of the corresponding photovoltaic device. Furthermore,
doping and functionalization of CDs influence their conductivity. In particular, N-doping
results in N-type conductivity [69], which may eventually serve for better electron transfer
in photovoltaic devices. Overall, the N-functionalization of CDs has an important influence
on the electrical properties of ETL in perovskite photovoltaics.
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5. Conclusions

To conclude, we have demonstrated how non-toxic, low-cost, and easy-to-fabricate
CDs may serve to improve perovskite-based photovoltaic devices. CDs were synthesized
by a solvothermal method from different diamine precursors and acetylacetone to ensure
N-rich chemical composition and solubility in non-polar solvents, respectively. We showed
that CDs obtained this way may be effectively used to improve the SnO2/perovskite inter-
face. The modification of SnO2 layers with ultrasmall CDs reduces the surface roughness
of ETL, which in turn facilitates better morphology of a perovskite active layer. Upon CD-
modification, larger average perovskite grain size and reduced formation of the smallest
grain are observed. A possible influence of the N-rich chemical composition of CDs on per-
ovskite morphology is discussed. Optical spectroscopy revealed that CD interlayers induce
quenching of the perovskite PL, which was attributed to better photoexcited charge carrier
extraction, in line with electrical measurements. As a result, we showed that perovskite-
based photovoltaic devices with CD interlayers demonstrate better performance, mostly
because of an increase in short-circuit current density and fill factor. The enhancement of
device performance is attributed to improved perovskite morphology and the modification
of ETL properties.
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