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Grain boundary passivation with triazine-graphdiyne
to improve perovskite solar cell performance

Sigi Chen"”', Qingyan Pan’’, Jiangsheng Li', Chengjie Zhao', Xin Guo’, Yingjie Zhao’ and

Tonggang Jiu'

ABSTRACT
boundaries (GBs) are critical factors that lead to non-radiative

Detrimental defects on perovskite grain

recombination and hysteresis. In this work, triazine-graph-
diyne (Tra-GD), a nitrogen-rich two-dimensional (2D) mate-
rial, was incorporated into the active layer of perovskite to
modify the GBs. Tra-GD was found to distribute evenly over
the bulk of the perovskite and has a strong interaction with the
Pb>* exposed at GBs, which enables it to effectively passivate
GB defects and prevent ion migration. The results of Kelvin
probe force microscopy and photoluminescence studies
proved that the highly conjugated Tra-GD located at GBs
could promote charge extraction and transport. Benefiting
from defect passivation and more efficient carrier transport,
the Tra-GD based device showed less non-radiative re-
combination loss. Consequently, the resultant device pre-
sented negligible hysteresis and yielded a high power
conversion efficiency (PCE) of 20.33% in the MAPbI;-based
perovskite solar cell. This approach was extended to the
FAPDI; system with a PCE of 21.16%. Our Tra-GD passivation
strategy provides a useful approach to effectively improving
the device performance and addressing hysteresis issues.

Keywords: derivate graphdiyne, perovskite solar cells, defects
passivation, negligible hysteresis, grain boundary

INTRODUCTION

Because of the virtues of outstanding light-harvesting
ability, long carrier life time, and high defect tolerance,
perovskite solar cells (PSCs) have been regarded as the
most promising next-generation solar cells, continuously
exceeding the highest certified power conversion effi-
ciency (PCE) by up to 25.2% [1,2]. However, trap-assisted
non-radiative recombination induces serious energy loss

and prevents PSCs from approaching the Shockley-
Queisser limit [3]. The polycrystalline nature of per-
ovskite films generates large grain boundary (GB) areas in
the active layer of a PSC [4-7]. Current research has in-
dicated that detrimental defects that are located in the
GBs not only act as recombination centers, but also
provide channels for ion migration, severely affecting the
performance [8-11].

To alleviate the issues associated with the GBs, nu-
merous additives have been applied to passivate GB de-
fects and significant achievements have been obtained.
However, the natural spontaneous migration that occurs
in perovskite GBs strongly affects the unsustainable ef-
fectiveness of the most commonly used additives [12,13].
A large number of additives also show poor conductivity,
leading to deterioration in the photovoltaic parameters
[14]. Triazine-graphdiyne (Tra-GD) is a kind of two-
dimensional (2D) carbonous material [15,16] that is im-
bued with pyridine-like nitrogen on the highly conjugated
framework [17,18], enabling a tight affinity between the
Tra-GD and the perovskite surface. The 2D structure of
Tra-GD may also restrict its migration in the bulk of a
PSC [19], promising a sustainable passivating effective-
ness. The sp-N, sp-C, and spz—C conjugated structure
endows Tra-GD with excellent conductivity that is ben-
eficial for charge transport [20-22]. Therefore, Tra-GD
has the potential to effectively passivate any GB defects
and reduce non-radiative recombination without sacrifi-
cing conductivity.

In this study, Tra-GD was introduced into a perovskite
active layer to passivate the GB defects for the first time.
Tra-GD was proved to have a strong interaction with
under-coordinated Pb*" at the GB, which enables it to
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effectively passivate GB defects, suppressing the non-ra-
diative recombination. Moreover, highly conjugated Tra-
GD located at the GB promotes electron extraction and
transport. Thus, the as-fabricated perovskite/Tra-GD so-
lar cell provided an optimal PCE of 20.33% in the me-
thylammonium lead iodide (MAPbI;) system, and 21.16%
in the formamidinium lead iodide (FAPbI;) counterpart.
Negligible hysteresis was also observed after modification
with Tra-GD.

EXPERIMENTAL SECTION

Materials

Methylammonijum iodide (MAI), methylammonium
chlorine (MACI), formamidine hydroiodide (FAI), lead
iodide (Pbl,), and 2,2'7,7-tetrakis[N,N-di(4-methoxy-
phenyl)amino]-9,9'-spirobifluorene (Spiro-OMeTAD,
99.8%) were purchased from Xi’an Polymer Light Tech-
nology Corp. (PLT). The stannic oxide (SnO,) colloid
precursor was obtained from Alfa Aesar (tin(IV) oxide,
15 wt% in H,O colloidal dispersion). Potassium salt of
poly[3-(4-carboxylbutyl)thiophene (P3CT-K) was syn-
thesized through the reaction of poly[3-(4-carboxylbutyl)
thiophene (P3CT, M,: 30-40 k, Rieke Metals) with so-
dium hydroxide (KOH, molar ratio 1:1) in H,O at 60°C
under stirring. [6,6]-phenyl-C61-butyric acid methyl ester
(PC61BM) was purchased from Clevious and American
Dye Source Inc and used as received without further
purification. The PC61BM solution was prepared by
dissolving PC61BM into chlorobenzene (CB, Aldrich) at
20 mg mL ' under stirring at 60°C overnight. The as-
synthesized Tra-GD was then sequentially washed in
Imol L™ hydrochloric acid (HCI) solution, deionized
water, and acetone. The Tra-GD was fully dried to obtain
a brown powder product and the Tra-GD mother solu-
tion was prepared by dispersing the Tra-GD powder in N,
N-dimethylformamide (DMF) and sonicating for over a
week. The perovskite/Tra-GD precursor solution was
then prepared by mixing the MAPDI; solution with the
Tra-GD solution.

Fabrication of the device

The indium tin oxide (ITO) glass substrate was cleaned
by successive sonication in detergent, deionized water,
acetone, and isopropyl alcohol for approximately 15 min,
and dried in a flow of nitrogen. The ITO substrates were
then treated with O,-plasma for 10 min. For the fabri-
cation of the MAPbI; device, P3CT-K (2 mg mL ™" in
H,0) was spin-coated onto ITO at 3000 rpm for 60 s.
After thermal annealing in air at 150°C for 15 min, the
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substrates were transferred into a glove box filled with N,
gas. The MAPDI; precursor solution was prepared by
dissolving CH,NH,I and Pbl, (1:1, 1.4 mol L ') in 1 mL
mixed solvent of DMF and dimethyl sulfoxide (DMSO)
(volume ratio 4:1). The perovskite films were fabricated
by using the anti-solvent method at 5000 rpm for 30 s.
The anti-solvent ethyl acetate (EA, 300 uL) was added
onto the substrate 15s after the initiation of the spin
coating. The substrate was then placed on the hotplate at
100 °C for 15 min to form the perovskite films. After the
substrate cooled to room temperature, the PC61BM so-
lution (20 mg mL™" in CB) was spin-coated onto the
perovskite films at 2000 rpm for 30s. The zinc oxide
(ZnO) solution (12 mg mL ™" in trifluoroethanol) was then
spin-coated onto the PC61BM films at 4000 rpm for 30 s,
after which the substrate was transferred into a vacuum
chamber. Thereafter, 100 nm of aluminium was deposited
by thermal evaporation using a metal shadow mask.

For the fabrication of the FAPbI; device, the substrate
was spin coated with a thin layer of SnO, nanoparticle
film (2.67 wt%, diluted with water) at 4000 rpm for 30 s,
and annealed in air at 150°C for 15 min. The FAPbI,
precursor solution was prepared by dissolving
1.59 mol L' FAI and Pbl, in 1 mL mixed solvent of DMF
and DMSO (volume ratio 4:1), after which 30 mol%
MACI was added to stabilize the a-phase of the FAPDL.
The perovskite films were fabricated by using the anti-
solvent method at 4000 rpm for 30s. The anti-solvent
diethyl ether (800 uL) was added to the substrate 10s
after the initiation of the spin coating. The substrate was
then placed on the hotplate at 150°C for 15 min to form
the perovskite films. The hole transfer materials were
deposited by preparing Spiro-OMeTAD (Lumtech) in CB
(90 mgmL ") and mixing with 35.5uL 4-tert-butyl-
pyridine (TBP), 23 uL Li-bis(trifluoromethanesulfonyl)
imide (Li-TFSI) (520 mg mL ™ in acetonitrile), and 5 uL
tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(III)
tris(bis(trifluoromethylsulfonyl)imide) (FK209, Lumtech)
(180 mg mL ' acetonitrile). Finally, 80 nm of silver
counter electrode was deposited onto the substrate by
thermal evaporation.

RESULTS AND DISCUSSION

Characteristics and dispersion of Tra-GD

Tra-GD nanosheets were prepared by liquid/liquid in-
terfacial synthesis as depicted in Fig. 1g, in which 2,4,6-
triethynyl-1,3,5-triazine was used as a monomer to form
uniform ultrathin films via the coupling reaction [16].
Scanning electron microscopy (SEM) and atomic force
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Schematic illustration of the PVSK/Tra-GD hybrid solution.

microscopy (AFM) were then performed to investigate
the morphology of the Tra-GD. Fig. 1a and b show the
flat plane and thin morphology of the Tra-GD films,
presenting a thickness of approximately 2 nm. The results
of the high-resolution transmission electron microscopy
(HRTEM) in Fig. lc verify the orderly lattice fringe of
Tra-GD. Fig. 1d is a partially enlarged view of the lattice
fringe, indicating the periodic topological structure of
Tra-GD. The images in Fig. 1e and f reveal that Tra-GD is
characterized by regularly arranged sp and sp’ hybrid
atoms that are distributed among the honeycomb-like
grids. This highly ordered, conjugated structure enables
efficient charge transport over the entire 2D flat plane
[23].

For the preparation of the hybrid precursor solution
(Fig. 1g), the as-prepared Tra-GD films were dispersed in
DMF with one week of ultrasonic treatment to obtain a
10 mg mL ' Tra-GD/DMEF solution. The Tra-GD solution
was subsequently used to prepare perovskite(PVSK)/Tra-
GD hybrid precursor solutions at different concentra-
tions. After sufficient heating and stirring, the precursor
solutions finally turned clear without any precipitates,
implying that the Tra-GD was adequately dispersed. The
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microscopic state in the schematic illustration (Fig. 1h)
indicates that Tra-GD may have a strong affinity with
plumbate colloid in the precursor solution [24].

Studies of the perovskite/Tra-GD interaction

The MAPDI; films were prepared first (both with and
without Tra-GD) and local Raman-mapping was con-
ducted in order to examine the Tra-GD signals in the
films. As the Raman signals for MAPbI; crystal were
undetectable under the excitation wavelength of 532 nm,
dim and no characteristic signals are present, as seen in
the inset of Fig. 2a. However, obvious red spots are evenly
distributed in the Tra-GD film (Fig. 2b) and two visible
characteristic absorption peaks (G- and Y-bands) of Tra-
GD are demonstrated in the inset, which indicates that
the Tra-GD has been successfully incorporated into the
MAPDI; film with a uniform distribution. Crystalline
properties were characterized via X-ray diffraction
(XRD). Fig. S1 shows that the main diffraction peaks of
MAPDI; for (110), (220), and (330) remain almost un-
changed and no additional diffraction peaks are seen,
indicating there is no change in the lattice parameter.
Thus, we conclude that the Tra-GD is probably on the
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Figure 2 Raman mappings of the MAPDI; film (a) and MAPbI;/Tra-GD hybrid film (b) under 532 nm excitation. The scale bar is 10 um. (c) XPS
spectra of Pbl, and MAPbI; with and without Tra-GD. (d) FTIR spectra of the Tra-GD and Pbl,/Tra-GD hybrid films. (e) Schematic illustration of the
structure of the device (left) and Tra-GD on the GB of an active layer (right).

GBs of the perovskite rather than merged into the
MAPDI,; lattice [25].

To investigate the interaction between Tra-GD and the
perovskite, X-ray photoelectron spectroscopy (XPS) was
performed to examine any possible links between Pb**
and Tra-GD. As shown in Fig. 2¢, the Pb 4f peaks of the
pure MAPDI; are located at 138.9 and 143.4 eV. An ap-
proximately 0.4 eV shift is observed in these signals
(138.2 and 143.1 eV) after the incorporation of Tra-GD.
Similar behavior can be observed in the PbI, samples
before and after the addition of Tra-GD. The shift of the
Pb 4f peaks towards lower binding energies indicates an
increase in the electron cloud density around Pb™',
meaning that Pb>* may have a coordinated interaction
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with Tra-GD [26].

Raman spectra were then applied to analyze the inter-
action between the perovskite and the Tra-GD. The D-
and G-bands in Fig. S2 represent the breathing vibration
and stretching vibration of the triazine ring in Tra-GD,
which are located at 1350 and 1570 cm ', respectively.
After the incorporation of Tra-GD, obvious variations
can be observed in the D- and G-bands, indicating a
strong interaction between the triazine ring in the Tra-
GD and the perovskite [27]. Based on above analysis,
Fourier transform infrared (FTIR) spectroscopy was
performed to focus on the relationship between Pb*" and
the triazine ring of the Tra-GD. As shown in Fig. 2d, the
characteristic peaks of Tra-GD present at 1580, 1435, and

December 2020 | Vol.63 No.12
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1384 cm ' can be assigned to the stretching vibrations of
these triazine rings. After the introduction of Pbl,, the
characteristic peaks are blue-shifted to 1550, 1412, and
1342 cm ', respectively. It is deduced that the Pb>* draws
the negative charges of the N atoms, resulting in a more
balanced charge distribution in the C=N bond of triazine
ring. Owing to the strong interaction between Pb*" and
the triazine ring of Tra-GD, we conclude that the Pb-rich
GBs in the perovskite could form a strong interaction
with Tra-GD and thus ensure a tight contact between the
two materials (as illustrated in Fig. 2e), which could mi-
tigate the migration of surface ions and effectively pas-
sivate any GB defects [5].

Morphology of the prepared perovskite films

The top-view SEM and AFM images were used to analyze
the dose-dependent influence of Tra-GD on crystal
growth (Fig. 3a-h and Fig. S3). As the dosage of Tra-GD
increases from 0 to 2mgmL ', the grain size of the
perovskite is enlarged to the respective average sizes of
240, 284, and 480 nm. In addition, the AFM images show
that the perovskite film becomes smoother and the
roughness is reduced from 15.3 and 15.0, to 9.1 nm, re-
spectively [28-30]. Notably, when the concentration
reaches 4 mg mL ', a negative effect on grain growth is

observed and the average size decreases to 385 nm and
the corresponding roughness is 8.7 nm. The correlation
of grain size with Tra-GD dosage is displayed in the
histograms of Fig. 3i-1, where the size distributions fit the
SEM images well, indicating that a certain amount of Tra-
GD is beneficial to the homogeneous growth of grains.
We hypothesize that the interaction of pyridine-N with
Pb** reduces the crystallization rate [31], leading to uni-
form and enlarged grains. However, an overdose of Tra-
GD limits this process, preventing the crystals from
growing larger. All these findings agree with the results of
the XRD (Fig. S1) and the ultraviolet and visible spec-
trophotometry (UV-Vis) absorption spectra (Fig. S4),
implying that the presence of Tra-GD is conducive to
both grain growth and crystallinity. The enlarged grain
size and better crystallinity that occur following mod-
ification with Tra-GD are beneficial for reducing the
density of the defects in the active layer.

Photovoltaic performance and hysteresis studies

Devices with the structure ITO/P3CT-K/MAPbI; (with or
without Tra-GD)/PC61BM/ZnO/Al were fabricated to
examine the photovoltaic performance. According to the
results of the above morphological analysis, 2 mg mL™" of
Tra-GD was selected as the optimal amount for addition.

Figure 3 Top-view SEM images of the perovskite active layer with various doses of Tra-GD (a) 0 mg mL
"', (e-h) Corresponding AFM morphological images. (i-1) Corresponding grain size distributions.

4 mg mL
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As seen in Table S1, the MAPbI;/Tra-GD based device
produces the best PCE at 20.33%, with an open-circuit
voltage (Vo) of 1.094 V, a short-circuit current (Jsc) of
23.3mA cm >, and a fill factor (FF) of 79.7%, showing an
impressive improvement in comparison with the control
device (PCE: 17.50%). Steady-state output PCE was per-
formed throughout the test, the results of which indicated
that the PVSK/Tra-GD based device could maintain a
constant efficiency for more than 400 s, reflecting the
excellent behavior of the device under long-term testing
conditions. The distributions of PCE, V¢, Jsc and FF are
summarized as box plots in Fig. S5, which indicate that
the Tra-GD based devices exhibit better performances
with notable reproducibility in contrast with the control
devices. As presented in Fig. 4c, the external quantum
efficiency (EQE) curve of the MAPbI;/Tra-GD based
device is higher than its counterpart across the whole
absorption spectrum, indicating a more efficient quantum
conversion capability.

We also studied the stability of the device with or
without Tra-GD. All the devices were stored at room
temperature and the measurements were taken periodi-
cally. As shown in Fig. S6, the Tra-GD based devices
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retain above 90% of the original performance after more
than 1100 h of storage, which is an obvious increase in
performance compared with the control devices. The high
quality of the active layer and the better crystallinity may
account for this improvement in stability. Moreover, this
result also confirms the sustainable effectiveness of the
Tra-GD passivation.

It is notable that the introduction of Tra-GD dramati-
cally alleviates the hysteresis of the device. Fig. 4a shows
the forward-scan and reverse-scan current-voltage
(J-V) curves. The MAPDI;/Tra-GD device shows negli-
gible hysteresis compared with the control device. In
Fig. 4b, different scan rates of 0.6, 2.4, 4.8, 7.2, 9.6 and
120 Vs ' were applied to detect the photocurrent-voltage
relevance. The trend of the J-V curves remains almost
constant even when the voltage sweep rates reach
120 Vs

The alternating-current (AC) mode EQE was measured
under the frequencies of 30, 70, 110, 160, and 210 Hz to
examine the hysteresis of the device [32]. As shown in
Fig. S7, the curves of the control devices suffer from a
notable deviation when the frequency is increased from
30 to 210 Hz. Conversely, the Tra-GD based devices
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Figure 4 (a) Forward and reverse J-V curves for the devices with and without Tra-GD under one-sun (100 mW cm?) illumination. (b) Forward scan
J-V curves of the Tra-GD based device with different scanning rates of 0.6, 2.4, 4.8, 7.2, 9.6 and 12.0 V s . (c) EQE spectra of the device with and
without Tra-GD. (d) Forward and reverse dark J-V curves of the devices with and without Tra-GD.
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maintain an almost stable performance with only a small
amount of hysteresis. To quantify the degree of EQE
hysteresis, the EQE hysteresis index (EHI) [33] is in-
troduced in order to calculate the discrepancy between
the slowest and the fastest alternating-frequency between
30 and 210 Hz, respectively. The value of EHI over the
300-800 nm range is calculated according to Equation
(1),

800

I (EQE301, —EQE2on) dw

EH] =30
EQE;;op,

The EHI value is decreased significantly from 8.66% to
0.49% after incorporating Tra-GD. The almost negligible
hysteresis implies the synchronous response of the cur-
rent and the alternating voltage.

The characteristics of the dark J-V forward and reverse

)

scans [34] were measured to interpret the mechanism
causing hysteresis. The control device (blue curve) shows
severe hysteresis compared with the Tra-GD based device
(Fig. 4d). Based on previous studies [35], the ionic nature
of perovskite allows the easy migration of ions through
the GB, which is the root of hysteresis in perovskite solar
cells. The passivation function of Tra-GD implied that the
ion migration through the GBs was significantly re-
strained [36], meaning that the hysteresis was effectively
suppressed in the Tra-GD based device.

Dynamics and mechanism of charge transport

The carrier dynamics was investigated to clarify the effect
of Tra-GD on charge transport. Fig. 5a and b show the
results of Kelvin probe force microscopy (KPFM) of the
control and the perovskite films with Tra-GD, for which
all samples were prepared on ITO/electron transport
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Figure 5 KPFM surface potential maps of (a) perovskite and (b) perovskite(Tra-GD) films. (c) Surface potential line profiles of the corresponding
perovskite films. (d) TRPL and (e) steady-state PL spectra based on the structure of ITO/HTL/PVSK (with or without Tra-GD)/ETL. Confocal
fluorescence microscopy of (f) control perovskite film and (g) PVSK/Tra-GD film. (h) Schematic illustration of Tra-GD assisting electron transport.
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layer (ETL) substrate. Images representing the corre-
sponding surface topography are shown at the top right
of the diagrams. It should be noted that all the samples
were measured under illumination with light to simulate
a photophysical process. After sufficient light soaking
[10], the PVSK/Tra-GD film shows lower contact po-
tential differences (CPDs) than the control film, implying
the presence of a higher surface work function on the
Tra-GD based film. Hence, it could be inferred that the
Tra-GD facilitates carrier transport, alleviating the accu-
mulation of electrons in trap states on the surface [37] (as
depicted in Fig. 5h). Linear profiles of the CPDs are
plotted in Fig. 5¢ for quantitative comparison. The CPD
value of the PVSK/Tra-GD film is comparatively lower
than that of the control film because of the Tra-GD as-
sisted charge transport.

Time-resolved photoluminescence (TRPL) was also
performed to explore the impact that Tra-GD has on
carrier extraction. Fig. 5d presents the TRPL spectra
based on the device structures ITO/hole transport layer
(HTL)/PVSK (with or without Tra-GD)/ETL. The PVSK/
Tra-GD film shows a faster quenching behavior than the
control. The TRPL spectra are fitted to a biexponential
decay function [38], and the decay lifetimes of the PVSK/
Tra-GD and control films are determined as 3.4 and
16.7 ns, respectively, indicating that Tra-GD is beneficial
to the photogenerated carrier extraction and transport.
Moreover, in Fig. 5e, the steady-state PL spectra of the
PVSK/Tra-GD film shows a faster quenching profile than
the control, which agrees well with the TRPL result. The
visualized carrier quenching dynamics was characterized
by confocal fluorescence microscopy using the samples
prepared on the ITO/HTL substrates. The brightnesses of
the control film in Fig. 5f and g indicate that numerous
carriers undergo radiative recombination on the surface
of the perovskite. Conversely, because of the more effi-
cient carrier transport, the PVSK/Tra-GD hybrid film
appears dim with few emission sites, suggesting that the
carriers have been transferred instead of becoming
quenched in the surface of the perovskite. Based on the
above analysis, we propose there is a charge transport
pathway at the PVSK/Tra-GD junction, facilitating
charge extraction and transport. This conclusion could be
further supported by other studies [39,40]: it appears that
there is a built-in electrical field at the junction that is
regarded beneficial for charge separation and transport
because of the coupling between the 2D material and the
perovskite. Therefore, the Tra-GD not only passivates the
GB defects but also plays a role in regulating the charge
transport, which could account for the considerable im-
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provement in the efficiency of the device.

Photophysical studies
Photophysical studies were performed to reveal the in-
trinsic reasons for the improvement in the performance
of the device. In Fig. 6a, the exciton dissociation prob-
ability (P) was deduced to investigate the exciton dis-
sociation and charge collection ability of the Tra-GD
based device [41]. The P value was obtained from the
ratio of the saturation photocurrent (J,) to the photo-
current (). The correlation between the P value and the
effective voltage (V) is plotted to evaluate the exciton
dissociation ability. It should be noted that the PVSK/
Tra-GD exhibits a higher P value than PVSK. At 0.1V,
the P values for the Tra-GD based device and the control
device are 0.8 and 0.6, respectively. A higher P value is
indicative of more efficient dissociation of excitons in the
Tra-GD based device. The improved carrier transport
dynamics was further characterized by the J-V curve
measurement based on the electron only structure of
ITO/Al/PVSK (with or without Tra-GD)/Al As shown in
Fig. S8, the Tra-GD based device exhibits a higher current
density at the same forward bias, indicating excellent
electron transport capability. This could explain the im-
proved Jsc in the Tra-GD based device. In order to further
investigate the photovoltaic characteristics, a model of a
single heterojunction solar cell was used to analyze the
relationship between the current density and external
voltage. Taking the trap-induced recombination into ac-
count, the model was built as shown in Equation (2),
_dV _ AKgT

dJ e
where e is the electronic charge, Ky is the Boltzmann
constant, and Ry denotes the series resistance. In parti-
cular, the ideality factor (A) delivers important informa-
tion about the recombination mechanism. The linear
relationship between dV/d] and (]SC—])f1 is plotted in
Fig. 6b. Generally, the slope and intercept of the fitting
line determine the value of A and Rg. The Ry of the
control device and the Tra-GD based device are 2.0 and
1.2 O cm ’, respectively. Accordingly, the corresponding
values for A are 2.4 and 1.9. As mentioned in previous
studies [31], a large A is often caused by serious non-
radiative recombination. The Tra-GD based device dis-
plays a smaller A, indicating the alleviated non-radiative
recombination after Tra-GD passivation. Consequently,
the Vo and FF are also greatly improved.

In order to gain insight into the trap density (n,), space
charge limited current (SCLC) measurements were per-
formed, based on the device structure ITO/PC61BM/

(Jsc=J) "+ R, ©)
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GD)/PC61BM/AL (d) The impedance spectra (measured at 0.8 V bias under dark conditions).

PVSK (with or without Tra-GD)/PC61BM/Al [35]. The n,
value is calculated using the equation n=2¢e,Vp/eL’,
where ¢ and ¢, represent the dielectric constants of per-
ovskite and vacuum permittivity, respectively, Vg is the
onset voltage of the trap filled limit, L is the thickness of
the active layer, and e is the electric charge. The dark J-V
curves are fitted in Fig. 6¢, producing Vg values of 0.83
and 0.46 V. Based on the above equation, the n, values of
1.835x10"°cm ° for PVSK and 1.017x10"cm” for
PVSK/Tra-GD films are obtained. The trap density is
significantly suppressed by the enlarged grain size and the
passivation of the defects in the Tra-GD based device,
leading to less recombination and better performance.
Electrochemical impedance spectra (EIS) were also
performed to investigate the recombination of the Tra-
GD based device. Normally, a typical PSC analogy circuit
is composed of series resistance (Rg) and recombination
resistance (R,..), which is in parallel with chemical capa-
citance. The value of R,.. is associated with the diameter
of the Nyquist plot semicircle, and the recombination rate
could be judged by the R, value. The EIS measurement
was performed under dark condition and applied at a

December 2020 | Vol.63 No. 12
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0.8 V bias voltage. The Nyquist plot (Fig. 6d) shows a
bigger semicircle for the Tra-GD based device and the
corresponding R, is 12.9 kQ cm’, which is larger than
the value of control device (8.3 kQ cm®), indicating that
non-radiative recombination is substantially restrained in
the perovskite active layer as a result of the reduction in
the defect density and the more efficient charge transport
after Tra-GD passivation.

Application in FAPbI; based device

The Tra-GD passivation strategy was further extended to
the FAPDI; system. The device was fabricated using the
ITO/SnO,/FAPbI;(with or without Tra-GD)/Spiro-
OMeTAD/MoO;/Ag structure, with the corresponding
schematic illustration presented in Fig. 7a. The optimized
device with Tra-GD exhibits a highest PCE of 21.16%,
with a Ve of 1.132 V, a Js. of 24.37 mA cm *, and an FF
of 76.7%, which is a prominent improvement compared
with the control with a PCE of 18.20%, a V¢ of 1.104 V,
a Jsc of 23.42 mA cm 7, and an FF of 72.9% (Fig. 7b, Table
S1). Fig. 7c describes the negligible hysteresis in the
FAPbI;-based system, in which the Tra-GD passivates the
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perovskite GBs, restricting ion mobility and reducing
hysteresis. As plotted in Fig. 7d, the corresponding EQE
of FAPbI,;/Tra-GD based device is effectively enhanced
compared with the control, which is in agreement with
the improvement in the Js.. The enhanced performance
indicates that the Tra-GD passivation strategy could also
be applied to the FAPDI; system, exerting a pronounced
influence.

CONCLUSIONS

In summary, we introduced the 2D highly conjugated
carbonous material (Tra-GD) into the active layer to
fabricate perovskite/Tra-GD solar cells. The strong in-
teraction between the Pb’* and the Tra-GD enables the
Tra-GD to effectively passivate the GBs of perovskite. The
presence of the Tra-GD also encourages favorable growth
in the perovskite, with enlarged grain sizes and regular
polycrystalline, leading to fewer GB defects. The results of
the KPFM and PL studies proved that the presence of
Tra-GD at GBs promotes charge extraction and transport.
The photophysical studies indicated that Tra-GD effec-
tively reduces non-radiative recombination loss in the
active layer. Consequently, the as-fabricated device suf-
fered only negligible hysteresis and yielded a peak PCE of
20.33%. In addition, when Tra-GD was employed in the
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FAPbI; system, a satisfactory PCE of 21.16% was ob-
tained. This work presents an in-depth understanding of
GB passivation engineering, providing an inspiring
strategy to solve the notorious problems of recombination
and hysteresis in perovskite solar cells.
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