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New Insights into Interfacial Passivation on 3D
Graphene—CulnS, Composites-Based Perovskite Solar Cells

Feng Gao,* Weihua Hong, Ziying Zhao, Chao Zhang, Xiaoting Deng, Jiamin Cao,*

and Donghong Yu*

Although it is generally accepted by the perovskite solar cells community that
their interface behaviors have a profound impact on their power conversion
efficiency (PCE) and stability, such interfacial engineering on the bottom
interface between electron transport layer (ETL) and perovskite film is still
lagging. Herein, a 3D graphene (G)-CulnS, composite is designed as an
efficient ETL to improve both the interfacial contact and passivate defects
at the G-CulnS,/perovskite interface. The lattice matching of graphene and
methylammonium lead iodide CH3;NH;Pbl; inhibits the concentrated stress
generated during the growth of perovskite, resulting in crystal films with large
grain boundaries. The low-electron defect density in 3D G—CulnS, composite
facilitates the electron transport from perovskite film to CulnS; quantum dots.
In addition, 3D G—CulnS; shows excellent carrier extraction capability of
reducing carrier extraction time by 1.47 times than that of the counterpart.
Correspondingly, a highly improved PCE of 22.4% is obtained, which increases
by 15% of the counterpart. Furthermore, the unencapsulated device based on
3D G-CulnS; shows long-term stability, maintaining 85% of its original
efficiency in air for 30 days. This strategy provides a new route to interfacial
passivation engineering for preparation of high-performance perovskite
solar cells.

1. Introduction

promising large-scale photovoltaic devices
for future energy supplies. Their high
efficiency benefits from effective charge
extraction through nonradiative recombi-
nation during the charge transport at the
perovskite interfaces,>**! between hole
transport layer and perovskite, which can
be significantly reduced by passivating
the top contact surface with the use of
organic halide salts.® However, few
reports on perovskite bottom interface pas-
sivation have been explored due to solvent
incompatibility and demands of high-
temperature treatment. Being one of the
crucial charge transport layers for perov-
skite devices, an electron transport layer
(ETL) plays a key role in extracting
and transporting those photogenerated
electrons.”™ Therefore, developing new
types of ETLs that can passivate the bottom
of the perovskite layer has become an
imminent scientific challenge. At present,
the commonly used ETL materials such
as TiO,,1% 13 §n0,, M 1% and some Cgo
derivatives!"” have not acquired satisfactory
passivation effects yet in PSCs community.

CulnS, quantum dots (QDs) has been considered as an out-

Recently, perovskite solar cells (PSCs) have achieved important
progress in performance with power conversion efficiency (PCE)
up to 25%,'* which are considered to be one of the most

standing light-harvesting material for PSCs due to their unique
properties, such as low direct bandgap, high absorption
coeffcient (@ =5 x 105 cm™?), low toxicity, and so on,*®'* which
are usually in forms of colloidal particles. Due to van der Waals
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interaction among them, those nanoparticles are unstable, tend-
ing to form large agglomerates and thus reducing the quality of
film formation.”” To overcome that, in our previous work,
CulnS, QDs were once modified with graphene sheet to form
2D composites, which successfully provided a charge transfer
tunnel for photogenerated carriers.”) However it should be noted
that, during the preparation of the PSCs, such graphene-
modified CulnS, was applied by blending them with the
perovskite precursor, resulting in unsatisfactory formation of
individual thin films of CulnS, QDs. As a result, the mechanism
of interface passivation between perovskite, CulnS,, and gra-
phene was not completely studied.

Herein, we adopted inorganic ammonium salt to ameliorate the
formation of 3D graphene—CulnS, composite (3D G—CulnS,) by
generating gaseous ammonia during the reduction of graphene
oxide (GO). Different from our previous work, the as-synthesized
3D G—CulnS, this time was directly applied as an ETL as a new
device structure so as to study the interface passivation between
perovskite crystal and 3D G-CulnS,. In such 3D G—CulnS,

www.solar-rrl.com

composites, the strong interaction between curved graphene and
CulnS, QDs improved the dispersion of particles within the com-
posite and reduced the influence of their aggregation on the film
formation. Besides, the well-matched graphene and perovskite lat-
tice would suppress stress concentration during crystal growth,
while the functional groups in G-CulnS, composites passivated
the excess Pb in methylammonium lead iodide (MAPDI3), decreas-
ing the carrier recombination at the interface between the CulnS,
and MAPDI;. Based on various favorable factors, we obtained a
MAPDI; solar cell with an outstanding PCE of 22.4% with an
increase of 15% of that of the pristine CulnS, counterpart.

2. Results and Discussion

Graphene oxide used in our work was a transparent, flexible,
and flake-like material (as shown in Figure S1, Supporting
Information). As shown in transmission electron microscopy
(TEM)/high resolution transmission electron microscopy
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Figure 1. a) TEM image of 3D G—CulnS,. b) Zoomed-in HRTEM image of selected area (red circled) in (a). ¢) HRTEM of pristine CulnS,.
d-e) The size distribution of pristine CulnS,. f-g) The size distribution of CulnS, in 3D G-CulnS, composite. h) UV-vis absorption spectra of the

samples. i) The Raman spectra of graphene oxide and 3D G—CulnS,.
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(HRTEM) images (Figure 1a, S2b, Supporting Information and
Figure 1b), the obtained 3D G-CulnS, QDs are firmly bound at
the graphene surface to form a stable composite without any
other substance in the blank region outside the composite, indi-
cating their strong interactions in the reaction process. This was
in fact furthermore proved by our Raman studies, as presented in
Figure 1h, whereas graphene oxide exhibits its typical G band
with the Raman shift at 1584 cm ™ (associated with the vibration
of sp>-bonded carbon atoms) and D band at 1339 cm™ " (corre-
lated to vibrations of carbon atoms with dangling bonds). The
D band and G band are redshifted to 1356 and 1606 cm ' in
3D G-CulnS, respectively, suggesting that the graphene sheets
are very likely single layered. Furthermore, the intensity ratio of
Ip/Ig for 3D G—CulnS, composite decreased, inferring a well-
recovered defect in graphene sheets during the reaction pro-
cess.!! Meanwhile, the absorption spectra of 3D G-CulIn$, com-
posite exhibited in Figure 1h pronounces a much higher
absorption than the pristine CulnS, and graphene at the region
of 300-800 nm. Figure lc and S2a, Supporting Information
shows the HRTEM images of pristine CulnS, QDs, with a size
distribution of 4-10 nm (Figure 1d,e), larger than those of 3D G-
Culn$S, composites in 2-6 nm (Figure 1f,g and 2c). The crystal-
lite size of CulnS, particles in the 3D G—CulnS, is calculated to
be 2-5 nm using the Scherrer formula (corresponding XRD pat-
terns shown in Figure $3, Supporting Information),*” which is
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consistent with the TEM result. As literature reported, the
oxygen-containing functional groups on the surface of graphene
have strong effects on crystal growth, leading to the fact that the
nanoparticles decorated on graphene become smaller with more
narrow distribution.”?>?* All these reveal that graphene can
retard the growth of both crystals and QDs.

To investigate the entire synthesis process of 3D G-CulnS,, a
TEM study on morphological changes of the composites at dif-
ferent reaction times of 1, 3, and 6h is captured, respectively
(Figure 2a—c). At the first stage of the reaction within 1h,
CulnS, QDs were well dispersed on the graphene sheet surface.
In this period, ions are trapped from solution by graphene sur-
face defects, leading to the preliminarily formation of CulnS,
QDs.”) When reaching 3h of this reaction, the graphene sheet
became fully covered by those QDs. During this period, ammo-
nium ions release gaseous ammonia at high temperature,
resulting in curling of the parts of graphene sheets and
self-encapsulation which must be thermodynamically driven.
When the reaction time reached 6h, certain graphene sheets
completely curled into a 3D composite structure (Figure 3c) with
CulnS, QDs densely stacked on them. The growth diagram of
the 3D G-CulnS, is found in Figure 1d.

The SEM images of MAPbI; on different substrates are char-
acterized to further study the crystal morphology. The MAPbI;
crystallites on pristine CulnS, substrate were concluded to be

-
-
-

+ Sz.

Trapped

NH,’

3+

¢ S* @ NH,”

Figure 2. Morphology studies for the formation of 3D G-CulnS, composites at different reaction times of a) 1h, b) 3 h, and ) 6 h. d) The schematic

diagram of trapping of Cu®™, In**, S?7, and NH,™, respectively, and follo
The inset of (d) shows the picture illustrating ion-trapping phenomenon.
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w-on hydrothermal process for the formation of 3D G—CulnS; composites.
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Figure 3. Characterization of MAPblI; thin films. a) Top view and b) cross section of SEM images of the MAPblI; crystals on pristine CulnS,. c) Schematic
structure of graphene bridging MAPbI; crystals. d) Top view and e) cross section of SEM images of MAPblI; crystals on 3D G—CulnS,. f) The XPS spectra
of the samples. g) PL spectra of the thin films (ex =475 nm) and h) TRPL (Aex =560 nm, monitored at 775 nm). The inset in (a,b): the MAPbI; size

distribution patterns.

200-400 nm from their images (Figure 3a and S4a, Supporting
Information), while MAPDI; on 3D G-CulnS, substrate presents
grain boundary of 400-700 nm, which is about two times of the
CulnS, substrate-based crystal size (Figure 3d and S4b,c,
Supporting Information). Besides, the cross-section image of
the MAPDI; thin film on 3D G-CulnS, substrate (Figure 3b)
is more compact than that on the counterpart substrate of pris-
tine CulnS, (Figure 3e). The lattice spacing (0.63 nm) of MAPDI;
crystal (100) is almost two times of that of graphene (0.31 nm)
(Figure 3c).”* The lattice matching of graphene and MAPbI;
can suppress stress concentration during crystal growth and
result in high-quality MAPbI; films with lower defect density.!*”!
In addition, the oxy- group (—O-) on the surface of graphene pas-
sivates the excess Pb in MAPbI;, reducing the carrier recombi-
nation at the interface between CulnS, and MAPDI;.

To verify the passivation of Pb, XPS results were recorded to
identify the outermost orbital electron energy of Pb element in
MAPDI;. Through valence bond theory and molecular orbital the-
ory, we know that the increase of external electron cloud density
will lower binding energy of the element that can be reflected in
shifted XPS peaks.” For MAPbI; crystals on pristine Culn$,,
the electrons on 4f orbit of Pb show two XPS peaks locating

Sol. RRL 2023, 7, 2300166 2300166 (4 of 8)

at 143.1 and 138.2 eV, respectively. However, the peak positions
shift to 142.8 and 137.9 eV for MAPDI; on 3D G-CulnS, sug-
gesting a strong interaction between graphene surface groups
and Pb for passivation effects. The absorption spectra of the
MAPDI; thin film on both substrates of native CulnS, and 3D
GCulnS, are acquired (Figure S5, Supporting Information).
Compared with that on pristine CulnS,, the MAPbI; growth on
3D G—CulnS, shows a higher absorption intensity. Besides, their
crystal structures were studied by means of XRD (Figure S6,
Supporting Information), and stronger diffraction peaks of the
MAPDI; crystals on 3D G-CulnS, are found, which imply better
crystallinity in comparison with those of MAPbDI; crystals on the
pristine CulnS, QDs.

The photoluminescence (PL) study on MAPDI; film was per-
formed to confirm the charge transfer process (Figure 3g).
MAPDI; shows a broad band with peak emission at 775 nm,
which is significantly quenched when in contact with CulnS,
QDs, indicating an effective charge transfer process occurring
between the MAPbI; layer and CulnS, QDs.*”) The PL quench-
ing of MAPbIj; is furthermore increased after contacting with 3D
G-CulnS, film, implying a more facilitated charge transfer
behavior at the interface between MAPDI; and 3D G-CulnS,

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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film. To confirm that, TRPL of the thin films is measured
(Figure 3h). As expected, the PL lifetime of MAPDI; is signifi-
cantly reduced as a faster decay when in contact with 3D
G-CulnS$, thin film (Table S1, Supporting Information), indicat-
ing the facilitated electron injection efficiency at the interface
between MAPDI; crystal and 3D G-CulnS, thin film.

The energy bands of CulnS, and 3D G—-CulnS, are measured
by the direct-bandgap method and ultraviolet photoelectron spec-
troscopy (UPS) (Figure S7, Supporting Information). The energy
bandgaps (Eg) of 1.75 and 1.79 eV are found for pristine CulnS,
QDs and 3D G-CulnS,, respectively. The onset of the UPS spec-
tra is applied to determine the distance between Fermi level (E)
and the valence band (Eyg), where (Ez— Eyp) is estimated to be
2.32 eV for pristine CulnS, QDs.”® The Fermi level can be deter-
mined by the D-value between cutoff edge of the UPS spectrum
as 21.22 eV, leading to calculated Ef of —3.45¢€V for pristine
CulnS, QDs. Thus, the conductive band levels (Ecg) and Eyp
of CulnS; QDs are calculated to be —4.07 and —5.77 eV, respec-
tively. For comparison, the Ecg and Eyg of the 3D G—CulnS, are
measured to be -3.98 and -5.77 eV. This result shows the law that
the smaller the QD particle, the wider the E,. The details of
energy band parameters of CulnS, and 3D G-CulnS, are listed
in Table S2, Supporting Information.

Based on the UPS results, the energy-level diagram is given in
Figure 4a. The Ecp value of 3.98 eV for 3D G—CulnS, provides
favorable energy level for electron transport, where the electrons
generated by MAPDI; crystal can be injected into the 3D
G-CulnS, efficiently. The transmittance spectra of 3D
G-CulnS, and G-CulnS, thin films are measured (Figure S8,
Supporting Information). The comparable transmission of
88.2% and 89.5% between 3D G-CulnS, is G-CulnS, which

www.solar-rrl.com

clearly demonstrates that graphene does not affect the optical
transparency of the thin films. The contact angle of MAPDbI; solu-
tion on 3D G—CulnS, thin film is smaller than that of the solu-
tion on the pristine one (CulnS,) (Figure S9, Supporting
Information). Thus, perovskite solution on the 3D G-CulnS,
substrate is more prone to nucleation, leading to a denser and
highly crystalline crystal.’*”!

Solar cells based on 3D G—-Culn$S, and CulnS, QDs were fab-
ricated with their schematic device diagram, as displayed in
Figure S10, Supporting Information. As shown in Figure 4b,
the champion device based on CulnS, QDs shows an open-
circuit voltage (Vo) of 1.09V, a short-circuit current density
(Jso) of 22.5mA cm™?, and a fill factor (FF) of 0.79, leading to
its PCE of 19.5%. Nevertheless, the champion device based on
3D G—CulnS, achieves improved photovoltaic performance with
a Vo of 112V, a Ji. of 24.3 mA cm 2, FF of 0.82, and a conse-
quent PCE of 22.4%. All the device parameters for the 3D
G-CulnS,-based solar cells exhibit noticeable increases, espe-
cially the PCE increases by 14.8% in comparison with the
pristine CulnS, counterpart-based ones. Simultaneously, the
3D G-CulnS,-based solar cells almost have a negligible
hysteresis with its remarkably lower hysteresis factor of 0.035
than that of CulnS,-based ones (0.062) (Table S3, Supporting
Information). Besides, we record their PV performance from
20 devices based on CulnS; and 3D G-CulnS,, respectively, with
their standard deviations reported (Figure S11, Table S4 and S5,
Supporting Information), proving excellent reproducibility of the
devices based on 3D G—CulnS,.

The EQE spectra and the integrated J. of 3D G—CulnS, and
CulnS, QDs-based solar cells are recorded (Figure 4c) to present
their current intensities. Compared with CulnS, QD-based
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device, the EQE value of 3D G-CulnS,-based one increases in
the whole region. The highest EQE of 93.7% and integrated
Jse of 24.1 mA cm™ for 3D G—CulnS,-based solar cell are clearly
presented, respectively, which are reasonably higher than those
of Culn$S, QDs-based ones (90.7% and 22.6 mA cm %), proving
very effectively promoted generation of photocurrent for the for-
mer system.

The steady-state PCE and photocurrent output at the maxi-
mum power point are recorded to confirm the efficiency cham-
pion devices (Figure 4d). Compared with CulnS, QD-based
device, the 3D G-CulnS,-based one shows an improved PCE
and photocurrent output. These results are very close to the mea-
sured values from the J-V curves. In order to consider the carrier
extraction capability of the device in the working state, the pho-
tocurrent and photovoltage decay curves are measured. In
Figure 4e, the photocurrent decay time for 3D G—CulnS,-based
solar cell under short-circuit conditions is reduced to 0.87 ps,
compared with 1.28 ps for pristine CulnS,-based one. The excel-
lent carrier extraction capability of 3D G-CulnS, reduced carrier

www.solar-rrl.com

extraction time by 1.47 times, which benefits the efficient carrier
separation and extraction. In addition, the 3D G-CulnS, solar
cell exhibited a longer electron lifetime of 4.5 ps (Figure S12,
Supporting Information) in comparison to pristine CulnS,
(2.6 ps), indicating a suppressed interfacial nonradiative recom-
bination in 3D G—CulnS,-based solar cells. Generally speaking, a
suppressed charge recombination loss would result in an
increased V.93 The light intensity-dependent V,. measure-
ment is applied to test nonradiative recombination (Figure 4f).

The diode ideal factor (n) is calculated by Equation (1).*?
v, - nKT;n(I) ic )

where T, K, g, and I represent the temperature, Boltzmann
constant, elementary charge, and light intensity, respectively.
The value of linear slope reflects the nonradiative recombination
mechanism in an inverse manner.'***! The linear slope in 3D
G-CulnS,-based device is lower than that in the pristine CulnS,

a 14 b
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Figure 5. a) Dark |-V curves of electron-only devices based on CulnS, and 3-

D G-CulnS,. b) Long-term stability of the pristine CulnS; and 3D G-CulnS,-

based solar cells in air (relative humidity of 25%) at room temperature without encapsulation. c) XRD patterns of the MAPbI; crystal from the pristine
CulnS; and 3D G-CulnS, solar cells in air for 30 days. d) The amplification of (110) peak of MAPbI; crystal in (c). The inset in (a) shows the schematic
device diagram of the electron-only devices based on CulnS; and 3D G—CulnS,. e) The J-V characteristics of devices based on CulnS, and 3D G-CulnS,

before and after LS under AM 1.5 G solar illumination.
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counterpart, suggesting the suppressed trap-assisted nonradia-
tive recombination in 3D G-CulnS,-based solar cells.

The space—charge-limited current (SCLC) method was
adopted to study the trap density of thin films. When the applied
voltage exceeds the trap-filled limit voltage (Vrgy), the current is
significantly enhanced. The trap density (my,p) can be calculated
by Equation (2).34

2880 VTFL
Mirap = T (2)

where L is the thickness of the MAPbI; crystal layer, &, denotes
the vacuum dielectric constant, and e represents the relative
dielectric constant. The electron-only devices were fabricated
(Figure 5a). The -V curves were measured in the dark with
the bias voltage at region from 0 to 3 V. The Vg for the pristine
CulnS, and 3D G-CulnS,-based devices were 0.78 and 0.65V,
respectively. The Vg is proportional to ny.p, as other factors
remained unchanged. Thus, the ny,, in 3D G-Culn$S, based
device is lower than that in its counterpart.

The air stability of pristine CulnS, and 3D G-CulnS,-based
solar cells was evaluated, respectively (Figure 5b). The device
based on 3D G-CulnS, shows better stability than the pristine
CulnS, counterpart, maintaining over 85% of the initial effi-
ciency after 30 days. However, the pristine CulnS,-based coun-
terpart suffers noticeably faster degradation which maintains
only 76% of its original efficiency. The results demonstrates that
3D G-CulnS,-based solar cell possesses excellent long-term sta-
bility. The XRD patterns are recorded to further investigate the
crystal decomposition for the pristine CulnS, and 3D G-CulnS,-
based solar cells in air for 30days (Figure 5c). Obviously, the
MAPDI; thin film on 3D G-CulnS, shows lower intensity of
PbI, peak compared to that on the counterpart, indicating better
crystal stability for MAPDI; crystal growth on 3D G—CulnS, than
that on pristine CulnS,. Generally speaking, the lattice matching
of crystal and 2D materials can reduce the stress concentration
during the preparation process.*® As shown in Figure 5d, the 26
location of (110) peak of MAPDI; crystal on 3D G—CulnS, is
shifted from 14.14° (that of MAPDI; crystal on pristine
CulnS;) to 14.08°, suggesting that the strong interactions
between MAPDI; crystal and 3D G—CulnS, at their interfaces
eliminate the stress during the growth of the MAPbI; crystal.
Finally, the light soaking (LS) effect on device performance
was investigated. As shown in Figure 5e, after about 30 min
LS, the PCE for both of the 3D G-Culn$, and CulnS,-based solar
cells is improved, indicating their excellent LS stability.

3. Conclusion

We presented an effective strategy to improve PSCs by means of
applying a novel passivate ETL layer from newly designed 3D
G-CulnS, composites. The introduction of graphene reduces
the influence of aggregation of CulnS, QDs on the MAPbI; film
formation and passivates the interface between them. The lattice
matching of graphene and MAPDI; inhibits the concentrated
stress generated during the growth of perovskite resulting crystal
films with large grain boundaries. Besides, the surface electron
defect density in 3D G—CulnS, composite is much lower than
that in pristine CulnS, QDs, and the 3D structure enhances
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the electron transport from perovskite film to CulnS, QDs,
which greatly promotes the electron transmission and reduces
the recombination loss. The PL and TRPL study demonstrate
a facilitated electron injection efficiency at the interface between
MAPDI; crystal and 3D G—CulnS, thin film in comparison to the
pristine CulnS, QDs. In addition, 3D G-Culn$, shows excellent
carrier extraction capability of reducing carrier extraction time by
1.47 times than the counterpart. Correspondingly, a high device
Jsc of 24.3mA cm 2 based on 3D G-CulnS, is achieved and a
consequent PCE of 22.4% is obtained. Compared with the pris-
tine CulnS,-based solar cell, the 3D G-CulnS,-based one
increases its PCE by 15%, which also shows a higher long-term
stability, maintaining 85% of its original efficiency in the air
atmosphere for 30 days without encapsulation. This work pro-
vides a new reference for the preparation of highly efficient
PSCs by passivating the bottom of crystal films and promotes
the application and research of graphene-based new materials
in PSCs
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