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lodine vacancies and uncoordinated iodide ions of CsPbls films are mainly responsible for nonradiative
recombination. Here, we report a composition-engineering passivation method that through guanidium
(GA*) and |- forms strong hydrogen bonds to passivate iodine vacancies and reduce defects. Both
experimental and theoretical results confirmed strong chemical interactions between GA' and
uncoordinated |~ in the GA,Cs;_Pbls bulk or at the grain boundary. Moreover, GA* doping could slow
down the crystallization speed of perovskite films during the deposition process. As a result, we
observed GA™ modified films with much lower defect density, larger grain size, and better carrier
extraction and transportation. Upon GA* passivation, the power conversion efficiency (PCE) is boosted

Received 12th March 2022,
Accepted 25th April 2022

DOI: 10.1039/d2tc01008a

Published on 25 April 2022. Downloaded by Technische Universiteit Delft on 7/11/2022 10:37:34 AM.

rsc.li/materials-c

Introduction

Inorganic lead halide perovskites with tunable optoelectronic
properties directly derived from their unique structural
configuration and chemical versatility have emerged as ranking
optoelectronic materials."® Until now, a power conversion
efficiency (PCE) of CsPbl, perovskite solar cells (PSCs) of over
20% has been achieved.”™' Yet, as reported to date, the
minimum open-circuit voltage (Voc) loss of inorganic PSCs is
0.45 V, still higher than that of organic-inorganic hybrid PSCs,
which is caused by the iodine vacancy and uncoordinated
iodide ion induced nonradiative recombination.’>™** Hence,
there is still significant scope for studying how to reduce such
nonradiative recombination.'>"®

To figure out the aforementioned problem, various strate-
gies have been put forward including interface engineering,
composition engineering, and solution engineering.”*°* When
it comes to interface engineering, Liu et al. employed histamine
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from 18.01% to 19.05%, with open-circuit voltage (Voc) enhancement from 1.08 V to 1.14 V.

(HA) as the interface passivation layer on the top of
CsPbl;_,Br,.° HA, a kind of Lewis base, can coordinate with
halide vacancies and undercoordinated lead ions to passivate
perovskite surface defects by forming Lewis base-acid.**?!
However, as reported to date, interface processing may cause
a negative work function shift, which activates halide migration
to exacerbate device instability.?>>* Therefore, it is vital to
develop a one-step passivation approach.>

Guanidium (GA"), a cation that is analogous to HA, is
generally regarded as one of the crucial ions in the formation
of alternating cation (ACI) type inorganic-organic two-
dimensional perovskites.>®*” Additionally, previous studies
found that GA" can improve the crystallization quality of
three-dimensional (3D) perovskites and the photovoltaic (PV)
performance of the corresponding PSCs.>® The approximate
zero dipole moment and three symmetrical amine groups
endow GA" with the ability to improve the PV performance of
3D PSCs.” On the one hand, GA™ can form strong hydrogen
bonds with adjacent iodide ions, which can inhibit the for-
mation of iodine vacancies and passivate incompatible
iodine.® On the other hand, GA* possesses an approximately
zero dipole moment, which has been hypothesized to influence
ionic motion appreciably under bias induction.>® Hence, GA*
holds great promise in the performance optimization of
3D PSCs.

In this work, a GA" optimization strategy was introduced in
CsPbI; PSCs and its influence during perovskite crystallization
has also been systematically analyzed.*® X-Ray diffraction
(XRD), photoluminescence (PL) and absorption spectra verified
the existence of a GA™-based perovskite, indicating successful
film fabrication. Then, density functional theory (DFT) was

This journal is © The Royal Society of Chemistry 2022
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employed to explore the role of GA" during crystal crystal-
lization, and the results reveal that the CsPblI; structure
remains 3D and the average length of Pb-I bonds would be
longer, reducing the overlap of the Pb s-orbitals and I p-
orbitals.*’* Meanwhile, the formation of grain boundaries
and defects was apparently restrained owing to the optimiza-
tion effect of GA" on crystallization kinetics. Consequently, GA*
doped PSCs exhibit a larger grain size and smoother morphol-
ogy, which is beneficial for Vo increase and defect-driven
nonradiative recombination inhibition.>*3> As a result, the
champion PSC achieved a stabilized PCE of 19.05% and a V¢
of 1.14 V.

Results and discussion

To study the role of GA" in the PV performance of PSCs,
perovskites with a composition of GA,Cs;_,PbI; (x = 0%, 1%,
3% and 5%) were deposited on a fluorinated tin dioxide (FTO)/
titanium dioxide (TiO,) substrate. The detailed structures of the
optimized CsPbl; film and the GA" molecule are shown in
Fig. 1(a).>**” The specific structure of PSCs is shown in Fig. S1a
(ESIY). Fig. S1b (ESIt) depicts cross-section SEM images, reveal-
ing dense, compact, and uniform GA,Cs;_,Pbl; films with a
thickness of 500 nm. Then XRD was employed to investigate the
changes in the crystallographic structures.

As illustrated in Fig. 1(b), all kinds of films show two
characteristic peaks of GA,Cs;_,Pbl; positioned at 14.1° and
28.2°, corresponding to the (100) and (200) lattice planes,
respectively.*® With increasing GA", these two characteristic
peaks shift to larger angles, indicating lattice shrinking
induced by hydrogen bonds formed by GA" and halide ions.

(@)

N
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Generally, the lattice size was determined by the synergistic
effect of the contractile force from strong hydrogen bonds and
the expansion force from GA". Thus, the lattice size and GA"
concentration did not conform to a linear relationship.*®
Chemical compositions of the resultant films were studied by
X-ray photoelectron spectroscopy (XPS), and the spectrum of
nitrogen is shown in Fig. 1(c). We can observe that the peak of
N 1S appears only in films (3%), which indicates that GA" was
incorporated into CsPbl; successfully, and is also exhibited in
XRD results. Additionally, the spectra of I 3d, Cs 3d, and Pb 4f
are shown in Fig. S2 (ESI{).*

Then scanning electron microscopy (SEM) was adopted to
further explore the effect of GA" impact on CsPbl; film mor-
phology. The SEM images are shown in Fig. 2(a)-(d), and it is
distinct that all perovskite films have grown with full coverage
on the substrate. Compared with the reference film (0%)
(Fig. 2(a)), Fig. 2(b)~(d) show GA'-treated films at different
concentrations (1%, 3%, and 5%) revealing a larger average
grain size, which also could be extracted intuitively from the
statistical chart of grain size (Fig. 2(e)-(h)). With the increase of
GA', the size of most grains becomes larger. When it comes to
the average grain size, the film (3%) (Fig. 2(g)) has the largest
average grain size with fewer grain boundaries, which is the
result of control of the crystallization kinetics by GA" doping.*'
Moreover, it could be observed that film (3%) morphology is
more uniform and denser with fewer grain boundaries, sug-
gesting a lower defect density, which could reduce defect-driven
nonradiative recombination.*>**

To further investigate the roughness of the resulted films,
atomic force microscopy (AFM) was deployed to measure the
surface roughness of the film (0%) and the film (3%).** As
shown in Fig. 2(i) and (j), film (3%) showed a lower reduction in
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Fig. 1 Composition characterization of the CsPbls films: (a) schematic view of the depth-dependent manipulation strategy, (b) XRD patterns and

(c) surface XPS spectrum of N 1s.
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Fig. 2 Surface morphology characterization of the CsPbls films with different GA* doping: (a)-(d) top-view SEM images:; (e)—(h) statistics of grain sizes;

(i) and (j) AFM images and (k), (1) cross-sectional height images.

the surface roughness of 34.57 nm in contrast to 35.29 nm of
the film (0%). In addition, the flatness of the film was extracted
from Fig. 2(k) and (1). In comparison to the film (0%), the film
(3%) exhibited a smoother section and better film continuity.
Then, DFT calculations were employed to reveal the under-
lying mechanism about the relationship between GA™ substitu-
tion and crystal structures, assuming a X (GA,Cs;_,Pbl;) value
of 12.5% in this process.*’ Initially, we anticipated a negligible
crystal structure change after GA" substitution, as is shown in
Fig. 3(a). Surprisingly, the calculated results revealing an

obvious lattice distortion (Fig. 3(b)) and then resulting in a
volume contraction (from 2111.08 A® to 1994.49 A®), which is
consistent with the results of XRD patterns. The interlayer
structure of GA,Cs; ,Pbl; is shown in Fig. 3(c). The bandgap
value was extracted from Fig. 3(d) and (e). Compared to pure
CsPbl;, the bandgap of GA,Cs;_,PbI; shows obvious enlarge-
ment. It was increased from 1.37 eV to 1.55 €V."® The increase
of the perovskite average bandgap is closely relevant to the
changes of the lattice internal structure.”” The result was also
reflected in the PL spectra (Fig. S3a, ESIt) and absorption
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Fig. 3 Structural characterization and DFT calculations of GA,Cs;_,Pbls structures: (a) ideal doping simulation, (b), (c) practical doping simulation, (d),
(e) DFT calculations of band structures of CsPbls film with and w/o GAIl doping, respectively; (f) average Pb—I bond length and average Pb—I-Pb angle of

CsPbls film with and w/o GAI doping.
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spectra (Fig. S3b, ESIt). As shown in Fig. 3f, average statistics by
measurement showed that the lengths of Pb-I bonds increase
from 3.207 A to 3.214 A. The average Pb-I-Pb angles were 180°
and 170.17° for pure CsPbl; and GA,Cs; ,Pbl;, respectively.
The enlargement of the bandgap was attributed to the elonga-
tion of the Pb-I bond, which can decrease the overlap of Pb s-
orbitals and I p-orbitals, thereby resulting in an enlarged
bandgap.*®*°

The typical J-V curves and other PV parameters are shown in
Fig. 4(a) and Table S1 (ESIt). As can be seen in Fig. 4(a) and Table 1,
the Vo and PCE of the 3% device was 1.14 V and 19.05%, and that
of the reference device was 1.08 V and 18.01%. When the concen-
tration of GAI increased to 5%, the PCE would decrease to 16.88%
despite a higher V¢ in comparison to the original one, which was
owing to the rather low fill factor (FF) which was triggered by the
inferior quality of the GA,Cs;_,Pbl; film.”® To study reproducibility
and regularity more intuitively, ten individual devices were prepared
based on different perovskites as shown in Fig. 4(b), which lists the
PV parameters of the reference devices (0%) and the optimal one
(3%). We can extracted from it that Vo and PCE have a markable
improvement as well. Simultaneously, short-circuit current density
(Jsc) and FF of 3% are pretty much the same as 0%.

In terms of J-V curves, the forward and reverse scanning data of
the reference device and the champion device can be seen in
Fig. S4a, b and Tables S1, S2 (ESIf). We can conclude that the
hysteresis phenomenon was manifested more obviously in GA-
modified devices. About this appearance, previous studies have
found that increased capacitance caused by the accumulation of
excess GA" in GA-treated PSCs increases the capacitance in the low-
frequency region, resulting in current hysteresis. In addition, the
applied bias-induced ionic motion amplified the hysteresis by
shielding the internal electric field at the interface between the
TiO, layer and the GA,Cs;_,Pbl; layers.”"

Fig. 4(c) schematically illustrates the corresponding external
quantum efficiency (EQE) spectra and integrated Jsc of the

View Article Online
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Table1 The photovoltaic parameters of the reference CsPbls PSCs w/wo
GA™* doping under reverse scan directions (extracted from Fig. 4(a))

Device (%) Jsc (mA ecm™?) Voc (V) FF (%) PCE (%)
0 20.70 1.08 80.30 18.01
1 20.73 1.11 79.51 18.36
3 20.70 1.14 80.70 19.05
5 20.80 1.04 77.75 16.88

reference device (0%) and the optimal one (3%). The integrated
Jsc matched well with the practical measurement value with
about 5% deviation. The EQE spectra responded in a wide
range wavelength from 300 nm to 800 nm. In contrast to the 0%
device, the 3% one showed barely any change, which matched
well with the characterization of Js¢ as shown in Fig. S4b (ESIT).

The plots of PCE and Js¢ as a function of time are shown in
Fig. 4(d). The PCE of the resulting devices based on the film
(0%) and the film (3%) stabilized at 17.9% and 19.0%, with Jsc
of 20.3 mA ecm™> and 20.6 mA cm ?, respectively, which
matched the values obtained from the j~V curves well.>> In
addition, all PV parameters of the resulting devices were also
recorded. As can be deduced from Fig. S3c (ESIT), all devices
show a linear relationship of Jsc versus light intensity, indicat-
ing negligible bimolecular recombination; results can be
expressed as Jsc o I“.>® In contrast to the reference device
(0%), the more ideal o value (1.026) suggests a reduced trap
density within the films (3%). Fig. 4(e) showed the relationship
of Voc versus light intensity. According to this equation, the
slope is derived from a straight line that fits linearly to the data:
Voc oc nkT/qIn(l).>* As can be seen that the device with film
(3%) has smaller slope at 1.53 kT/q. Given to the previous
reports, the deviation of value of slope from 1 k7/q manifests
trap-assisted recombination, which is one of main causes for
Voc loss. Hence, a smaller slope indicates a more significant
suppression of trap-assisted recombination, which could lead
to obvious enhancement of V.

D
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Fig. 4 Photovoltaic performance characterization of the CsPbls PSCs with different GA™ doping: (a) J-V curves; (b) statistical Jsc, Voc, FF and PCE for
fifteen independent devices; (c) EQE spectra; (d) /-T curves; (e) light intensity dependence for Voc and (f) stable-state photovoltage attenuation curves.
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The charge-transport properties of the GA" optimized PSCs
were investigated by the stable-state photocurrent decay
(Fig. S3d, ESIt) and the stable-state photovoltage decay
(Fig. 4(f)) measurements. The semblable response of stable-
state photocurrent decay suggested that the doping of GA" had
minimal influence on the charge-transport properties or
charge-collection efficiency, which is in accordance with Jsc of
box-plots (Fig. 4(b)) and EQE (Fig. 4(c)).>® In contrast, the
photovoltage revealed that GA'-treatment enhanced the
charge-carrier lifetime, which also indicated that GA" decreased
the undesired charge-carrier recombination. This further
proved that GA" could inhibit the existence of halide vacancies
and passivate incompatible halide species by strong hydrogen
bonds capability, leading to the significant enhancement of
charge-carrier lifetime.

The aforementioned result could also be extracted from Fig.
S3e (ESIT), which presents the time-resolved PL (TRPL) spectra
of GA,Cs;_,Pbl; films fabricated on FTO/TiO, substrates. The
corresponding curves were fitted by biexponential decay func-
tion [Time (r;) and amplitudes (4;)].>® The average carrier life-
time (tae) was calculated by t.. = ZA;7/ZA7.% It can be
obtained that the film (3%) has a much shorter 7,. of
3.853 ns than the film (0%) (7.189 ns). The significantly
shortened charge-carrier lifetime is mainly attributed to better
carrier extraction of the TiO, layer, which is in accordance with
the results of stable-state photocurrent decay (Fig. S3d, ESIT).

In addition, the dark current could be used to characterize
the trap density (N,), which could be computed by applying
space charge-limited current (SCLC) measurements. The dark
current curves of electron-only devices are shown in Fig. 5(a)
and (b). It can be found that the film (3%) has smaller trap-
filled limit voltage (Vrgr) (0.154 V) in contrast to the film (0%)
(0.179 V), which is attributed to a better morphology and GA"
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passivating effect. The relationship of Vg, and N is according
to N, = 2VrprectoleL?,”” where ¢, is the relative dielectric constant
of GA,Cs;_,Pbls, g, is the vacuum permittivity, L is the thick-
ness of the GA,Cs; ,Pbl; films (Fig. S1b, ESIt), and e is the
elementary electric charge. The calculated trap density of
electron-only devices based on the films (0%) and the films
(3%) are about 6.5 x 10" em™® and 5.8 x 10" cm >, respec-
tively. In addition, the electron mobility could be estimated by
the equation of u = 8JpL3/9e60Vii>,>® where Jp is the current
density. The electron mobility of devices based on the films
(0%) and the films (3%) are 8.08 x 10> ecm > V' 57" and
1.43 x 107% em > V' 71, respectively, which is in accordance
with the reduction of the carrier lifetime as observed in Fig. S3e
(ESIt). Similarly, as shown in Fig. 5(c) and (d), we obtained the
trap density of hole-only devices based on the films (0%) and
the films (3%) to be about 1.2 x 10** em > and 9.5 x 10" em 3,
respectively. And the hole mobility of devices based on the films
(0%) and the films (3%) are 1.61 x 10* em > V' 57! and
1.43 x 10 *em 2V ' s, respectively, which further suggested
that charge carrier transportation could be enhanced after GA"
doping.

To probe contact resistance information at the interface of
GA,Cs,_,Pbl; layer, we performed electrical impedance
spectroscopy (EIS) as can be observed in Fig. 5(e). The equiva-
lent circuit models can be observed in Fig. 5(e) insert, including
recombination capacitance (C..), series resistance (R;), and
shunt resistance (Rgy). The Nyquist plots showed that the
devices with different films exhibit distinct semicircles at low
frequencies.®® Previous studies found that the low-frequency
region represents the recombination process. Hence, a larger
semicircle of devices based on the film (3%) suggested efficient
suppression of recombination by GA™ doping, which is due to
strong hydrogen bonds formed by GA* and halide ions. Fig. 5(f)
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Fig. 5 Defect characterization of the CsPbls PSCs: the dark J-V measurements of (a) and (b) electron-only devices and (c), (d) hole-only devices;

(e) electrical impedance spectroscopy (EIS) data; and (f) capacitance-volta
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showed the Mott-Schottky (M-S) plots of reference devices (0%)
and GA'-treated devices (3%).

The relationship of build-in potential (V},;) and donor den-
sity (N4) can be calculated by the following function:®°

1 2V — V)

c? AZeepeNa

where C, V, A, ¢, ¢ and e denote the depletion layer capacitance,
applied voltage, electrode area, permittivity of vacuum, dielec-
tric constant of the sample and electronic charge. As can be
observed, the V4, value of the reference device (0%) is 0.95 V,
lower than the 3% one (1.03 V), which means that the device
(3%) can extract photogenerated carrier more efficiently. Fig.
S4c (ESIt) displays the stability of result devices, normalized
PCE changes of devices based on the films (0%) and the films
(3%) at different storage times showed that both devices can
keep over 98% of the original value, which can prove that GA"
doping would not reduce the stability of CsPblI;.

Conclusions

In conclusion, we proved that GA" doping is an effective
approach to enhance the PV performance of PSCs. The syner-
gistic effect of GA" and I~ was observed. Hence, the optimized
films showed superior carrier transportation and extraction
ability. Remarkably, optimized PSCs showed reduced loss of
Voc and boosted PCE. The optimal device was obtained for
CsPbI; with 3% GA", with a champion PCE of 19.05% and a V¢
of 1.14 V. In the meantime, the GA'-incorporated device
showed great stability which can maintain 98% of its initial
efficiency after 240 h when stored in the nitrogen atmosphere
glove box.
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