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in crystal unit cell volume and
strain leads to stable halide perovskite with high
guanidinium content†

Patricio Serafini, a Andrés F. Gualdrón-Reyes, ab Rafael S. Sánchez, a

Eva M. Barea,a Sofia Masi *a and Iván Mora-Seró *a

Up-to-date studies propose that strain in halide perovskites is one of the key factors that determine

a device's efficiency and stability. Here, we show a systematic approach to characterize the

phenomenon in the standard methylammonium lead iodine (MAPbI3) perovskite system by: (i) the

substitution of some MA by guanidinium (Gu); (ii) the incorporation of PbS quantum dot (QD) additives

and (iii) addition of both Gu and PbS at the same time. We studied the effect of these incorporations on

the film strain and crystal cell unit volume, and on the solar cell device efficiency and stability. Gu cations

and PbS QDs affect the strain, the former due to the relatively large dimensions of Gu, and the latter due

to the lattice matching parameters. With the control of Gu and PbS QD content, higher performance and

longer solar cell stability are obtained. We demonstrated that the presence of Gu and PbS QDs alters the

structure of perovskite, in terms of modification of the unit cell volume and strain. The greater size of Gu

cations produces a MAPbI3 unit cell volume expansion as Gu is incorporated, modifying the strain from

compressive to tensile. PbS QDs aid Gu incorporation, producing a unit cell volume expansion. In the

case of 15% mol Gu incorporation, the addition of PbS QDs modifies strain from compressive to tensile,

limiting the deleterious effect. At the same time the unit cell volume is less affected, increasing the solar

cell stability. Our work shows that the control of compressive strain and the unit cell volume expansion

lead to a 50% increase in T80, the time in which the PCE decreases to 80% of its original value,

increasing the T80 value from 120 to 187 days under air conditions. Moreover it highlights the

importance of exploiting not only the control of the strain induced by internal component, the cation,

but also the strain induced by the external component, the QD, associated instead with critical volume

variation of metastable perovskite unit cell volume.
Introduction

Perovskite based photovoltaics is a recent area of research with
continuous progress and achievements. Since 2009 when the
rst solar cell appeared, the power conversion efficiency (PCE)
has increased from ∼3.8% to ∼25.7%,1 making these devices
attractive in competing against silicon solar cells on the market.
The most common perovskite used is methylammonium lead
iodide (MAPbI3) due to its properties, i.e. bandgap close to the
optimal value for a single-junction architecture2,3 and high
charge carrier mobility,4,5 which made it possible to achieve
high efficiencies6 with a theoretical value of ∼30.5%.7 Despite
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i.es
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their theoretical potential, perovskite materials are far from
perfection and structural improvements are needed to further
enhance the device's performance. Furthermore, the perovskite
decomposition is boosted under ambient conditions,8,9 espe-
cially under illumination.10–12 Current topics of interest are the
use of large cation like formamidinium (FA)13,14 or the use of 2D
perovskites.15 The latter are very promising from the thermal
stability point of view, but not appropriate as active layer for
photovoltaic application, either for the crystal phase instability
or for insulating properties, respectively. However, excellent
performance have been achieved if extra spin-coated thin layer
of bigger organic cation is added in the device architecture16 or
if external additives (PbS QDs) are exploited. In case of PbS QDs
incorporation, it indirectly tune the tolerance factor (t) and
thereby it can stabilize the perovskite black phase of FAPbI3
(refs. 13, 17 and 18) or improve performance as in MAPbI3 based
solar cells.19–21 Guanidinium (Gu) based salt is also used with
the same purpose as spin-coated passivation layer, as a trade-off
between the stability and the conductive properties of the
perovskite.22 By spin-coating GuI on top of the perovskite active
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
layer, PCEs of 18.54% have been obtained with an improved
stability of 30 days in dry and dark conditions,22 still a low value
for practical applications.

On the other hand, since pure Gu perovskite is a 2D perov-
skite with yellow phase, mixed-cation perovskite, with a low
amount of Gu, have been exploited.23 It has been demonstrated
that, the compositional engineering strategy leads only a slight
distortion of 3D structure, which increases the efficiency.24,25

Moreover, it has been reported that with 20 mol% of Gu in the
mixed perovskite, Gu interacts with remaining PbI2 forming, in
consequence, domains of 2D perovskite that could result in an
enhancement of stability.26 On the contrary, at lower amounts
than 20 mol% of Gu, the 2D phase is not formed, and a slight
but signicant red-shi in photoluminescence measurements
is detected, thus indicating the absence of low-dimensional
features in the lm.27 In these conditions, a lattice mismatch,
disorder and a more stressed crystal is formed.28,29 Thus, the
questions remains whether the control of the compressive
strain, conventionally with negative values, could be related to
higher formation energy associated to a decrease of non-
radiative recombination, and therefore increases the effi-
ciency30 in the perovskite with Gu.

A compressive strain along with material and device stabi-
lization is in fact observed in perovskite with t > 1.31 However,
other mechanisms like the surface energy and the chemical
bonds are behind the stabilization of the perovskite.13 Thus, the
role of the strain is only one of the mechanisms recognized
when the stability of a metastable perovskite material is ach-
ieved and the correlation with the optical and electrical prop-
erties of the perovskite materials is still unclear and
controversial. It is worth highlighting that despite a lot of efforts
have been dedicated to the FA and cesium perovskites, Gu-
based derivatives have received signicantly less attention.
The interest in studying the correlation between strain and Gu
content lies in the improved stability and Voc values compared
to bare MA perovskites,32 without using extra layers and 2D
perovskite. As commented above, 5–15mol% of Gumodies the
optoelectronic properties, with a benecial effect on the
photovoltaic conversion, however the crystal mismatch condi-
tions reduce its stability.28 For instance, it is reported that
MAPbI3 solar cells using TiO2 compact layer/TiO2 mesoporous
as electron transporting layer (ETL) have a PCE of 17%.
However, when 14% mol of Gu is used in perovskite a PCE of
19.15% and an improvement in measurements of device
stability for ∼250 h in encapsulated devices under argon is re-
ported.32 The key factor is the optimization of the Gu concen-
tration to achieve higher efficiencies due to longer electron
lifetime and increased recombination resistance.

Thus, in this work, Gu was employed at low concentrations 2,
5, 7, 10 and 15 mol% to retain 3D structure of the MAPI, with
some benets like the inter-correlation structure distortion-
carrier transport,27,32 in order to identify a strategy to improve
the stability and to study the correlation between performance,
optoelectronic properties and strain.

Firstly, we obtained the best results by using only 7 mol% of
Gu, with the highest PL intensity, which results in PCE of
18.3%, in line with the literature32 when direct architecture with
© 2022 The Author(s). Published by the Royal Society of Chemistry
SnO2 as ETL is used. It is worth to note that the stability tests
were carried out under ambient atmosphere (20 °C at 40% RH)
and the samples stored in dark conditions and without encap-
sulation for ∼1 year. The best efficiency and stability were
achieved for samples with 7mol% of Gu PCE= 18.3% and T80=
165 days, where T80 is dened as the time in which the photo-
conversion efficiency reduces to 80% of its original value.
Secondly, by adding PbS QDs to MA-Gu perovskite a quantity of
15 mol% of Gu results in lower performance PCEmean = 14.55%
but better stability, T80 = 187 days, correlated with structural
changes observed.

The strain modication, due to the different variables,
indicates that microstrain values close to 0 led to higher effi-
ciency and stability when QDs are not employed. However, the
combination of mixed cation perovskite and PbS QDs produce
in one side charge transport modication that led to lower PCE.
Though, balanced change in strain and volume led to highest
stability in the case of Gu 15 mol%, with tenure of PCE up to
67% aer 1 year due to transition from positive to a negative
and close to zero strain value and controlled volume expansion.
Results and discussion

MA perovskite lms are prepared by adding to the precursor
solution, different amount of GuI (see Experimental section at
ESI†) to obtain a mixed cation composition MA1−xGuxPbI3.
Hereaer we will refer to the different amount of Gu added to
the perovskite as Gux% where x takes values of 0; 2; 5; 7; 10 and
15. The absorption, the Tauc plot and the second derivative to
determine the bandgap of ∼1.60 eV are shown in Fig. S1A.†
Aslightred-shi in the optical features is observed by increasing
the Gu content up to Gu7% while by exceeding this threshold it
is detected a blue-shi, see Fig. 1A. In addition, PL intensity is
enhanced for Gu7% while by exceeding this threshold the
intensity decreases, see Fig. 1B. However, the trend for the PL
full width half maximum (FWHM) indicates homogeneity
through different quantities of Gu, see Table S1.†27

Morphological analysis by SEM measurements, see Fig.
S1B,† conrms a smooth and homogeneous grain distribution
especially evidenced for the system with Gu7%, see Fig. 1C, in
line with the increased PL intensity. This is also in agreement
with the grain size statistic of the SEM images, where a bigger
mean size is obtained for Gu7%, see Fig. S2.† In addition, the X-
ray diffraction patterns (XRD) for x= 0, 2, 5, 7, 10, 15, 20, 40, 60,
80, 100 Gumol% were performed and shown in Fig. S3.† For the
cases of x < 20 mol% the crystal structure is tetragonal 3D,
dened by the peaks at 14° (110), 20° (112) and its double
values, as shown in Fig. S3.† However for x $ 20 mol%, 2D
peaks begin to be relevant as it is shown by the presence of
a peak below 10°,33–35 which indicates higher distances between
planes and it is related to the effect of the big cation that
produces a cut of structure separating it in two slabs. According
to peak intensity ratio (110)/(220) the sample Gu7% has a higher
crystalline order than the reference without Gu, see Fig. 1D.
This basic characterization would indicate a better lm quality
with Gu7%, with less morphological defects accompanied with
RSC Adv., 2022, 12, 32630–32639 | 32631
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Fig. 1 Steady-state photoluminescence (PL) (A) peak position and (B) intensity of perovskite films using different amount of Gu. (C) Scanning
electron microscopy (SEM) top-view images of MAPbI3 (reference) and perovskite with the highest PL intensity (MA0.93Gu0.07PbI3). (D) X-ray
diffraction (XRD) patterns of reference sample and Gu7%.
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better crystallinity, more appropriate for high photovoltaic
performances.

The architecture used for solar cells fabrication is ITO/SnO2/
perovskite/spiro-OMeTAD/Au and the results obtained are
summarized in Table S2.† Unlike previous reports, instead of
organic n-type material or TiO2 ETL, a compact layer of SnO2

36

was chosen due to its characteristics of band gap, higher
mobility and also due to the easy sintering that requires
temperatures <200 °C.37–39 Using the mentioned structure,
MAPbI3 reference devices resulted in average PCE values of 15.6
± 0.3%, with champion value of 16.1%. On the other side,
photovoltaic devices have been fabricated with different Gu
content producing 3D layers i.e. x = 2, 5, 7, 10 and 15 Gu mol%,
see Table S2† for summary of average photovoltaic parameters
and Fig. S4A† for J–V curves of champion cells. The highest
performance was obtained for Gu7% that has average PCE of
17.4 ± 0.4% with champion value of 18.3%, see Fig. S4B.† The
use of SnO2 as ETL at this Gu concentration, leads to
32632 | RSC Adv., 2022, 12, 32630–32639
successfully reach an efficiency close to the state of art,32 thus
indicating that the ITO/SnO2 does not dramatically affect the
structural and optical properties of the materials. Photovoltaic
parameters of solar cells increased by Gu addition up to 7%.
Although, in several reports it has been observed that Voc
improves when Gu is used as post treatment over perov-
skite,22,40,41 in our case Voc present no signicant variation with
the addition of Gu, see Table S2.† The Jsc calculated from inci-
dent photon to current efficiency (IPCE) for reference and Gu7%
gives 20.90mA cm−2 and 21.6mA cm−2, respectively, which is in
good agreement with the Jsc measured, see Fig. S4C.†

The devices stored at relative humidity (RH) of 40% in dark
without encapsulation have been characterized over a period of
300 days; see Fig. S5,† in order to analyze their long term
stability. Fig. 2A plots the initial photovoltaic values of devices
prepared with x = 0, 7 and 15 Gu mol%. Fig. 2A shows the
evolution of these parameters highlighting the average T80 of
the different samples. The highest T80 of 165 days was observed
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Solar cell parameters of devices fabricated with perovskite active layer with different amount of Gu. (B) Time evolution of non
encapsulated devices in (A) measured during 300 days while kept them in ambient at 30–40% RH, dark conditions and 22 °C. Dashed line
corresponds to value equivalent to 80% of initial PCE. See Fig. S5 and S6† for a more detailed analysis.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

9:
29

:4
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
for Gu7%. Aer∼1 year the PCE is the 64% of the original values
as observed in Fig. 2B and S6.†

In order to exploit further the effect of strain in the stability
of samples containing Gu, PbS QDs have been added. It has
been previously reported that addition of PbS QDs and nano-
platelets18 can increase long term stability of perovskite solar
cells in a broad range of perovskite materials and fabrication
procedures.13,17,18 In order to introduce QDs in perovskite solu-
tion, ligand exchange was performed according to previous
reports to obtain PbS/MAxGu1−xPbI3 at 1 mg ml−1 concentra-
tion of PbS, producing MAxGu1−xPbI3 lms with embedded
QDs.42 MAPbI3 and Gu7% lms show difference in PL intensity
aer the addition of PbS QDs, see Fig. S7A.† For most of the
lms a PL quenching is observed, associated to a possible non-
radiative recombination pathway at the perovskite/PbS inter-
face. This fact hinders the carrier recombination into the
perovskite. Interestingly, the PL intensity for the Gu15%-based
perovskite is preserved aer the addition of PbS QDs. Both,
MAPbI3 and MA1−xGuxPbI3 perovskite, exhibit a blue-shi to
higher band gap aer PbS incorporation, see Fig. S7B, S8 and
Table S3.†

XRD comparative analysis, see Fig. S9A and B† respectively,
exhibit same peaks indicating similar crystalline structure, with
volume variation as commented in depth below. In addition,
same grain size distributions compared to the systems without
QDs have been observed by SEM analysis; see Fig. S9B and S10.†
The crystal size for each mixture is calculated obtaining
maximum value for Gu7%. This indicates that the PbS QDs
structural effects are more prominent in the case of Gu7%, see
Fig. S10B.†
© 2022 The Author(s). Published by the Royal Society of Chemistry
As reported in Table S4,† similar trend in efficiency is
observed with PbS QDs are added. However, QDs cause lower
PCE mainly because of lower photocurrents. When QDs are
added a slight increase of Voc is observed with the increase of Gu
content reaching the maximum average value in Gu15% of
1.05 V, see Table S4.† In particular, the parameters of fresh
devices of the selected cases x = 0; 7 and 15% are reported in
Fig. 3A, while the remaining mixtures are shown in Fig. S11.†
The fresh devices have been stored at 40% RH in dark condi-
tions and measured at different moments over a period of ∼1
year, see Fig. S12.†

Interestingly, unlike the behaviour of devices without QDs
the incorporation of them slightly changes the stability of all the
devices. The incorporation of QDs produces a decrease of T80 for
reference and Gu7% to 86 and 108 days respectively, however, for
Gu15% T80 is impressively improved from 53 to 187 days
(Fig. 3B). Lastly, Gu15% with QDs showed at 300 days a PCE of
67% of the initial value, which is statistically the highest of all
the devices analysed, with or without QDs.

To unveil the role that Gu and QDs addition are taking at
structural level and how it inuences the stability, the strain was
calculated by Williamson–Hall (WH)23 method. The WH slopes
of all mixtures without (W/O) QDs and with (W) QDs are shown
in Fig. S13A,† while the target cases (reference, Gu7% and
Gu15%) are shown in Fig. 4A. It is possible to observe that the
slopes have a negative value mostly associated to the anisotropy
of the tetragonal system. Moreover, the strain increases with the
amount of Gu, due to its bigger dimension thanMA, see Fig. 4B.
Upon QDs incorporation the slopes change, indicating strain
modication.
RSC Adv., 2022, 12, 32630–32639 | 32633
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Fig. 3 (A) Solar cell parameters of perovskite active layer of different Gu amount with embedded PbS QDs and (B) measurements after keeping
them for 300 days at 30–40% R.H. in dark conditions and 22 °C.
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However, the most remarkable case is the one of Gu15% due
to the higher absolute value variation from positive (tensile
strain), to negative strain (compressive),30,43 aer adding PbS
QDs. It is worth to note that Gu15% with QDs have a very similar
strain value, ∼−0.0014, than the best performing system
without QDs which is Gu7% Fig. S13.† Thus, with higher amount
of Gu, the role of the PbS is clear: the expansions seems to
predominate, as indicated by the tensile strain >0, but the
compressive strain coming from the interaction with the PbS
aids in containing the relaxation and increases the stability.

The unit cell volume for each sample with and without QDs,
see Fig. 4C and Experimental section calculation details, can be
also correlated to the strain. Firstly, for samples without QDs, it
was observed a slight increase in the volume up to Gu10% in
parallel to an increase of the strain from negative (compressive)
close to 0 values, namely a strain free system. At higher Gu
concentration (x = 15) the volume increases, and the strain
becomes positive (tensile), see Fig. 4B and C.

Again, Gu7% is a remarkable point because of the efficiency
and basic structural and optical properties commented above,
but also because up to this system the strain value changes,
while the unit cell volume is almost constant. This fact indicates
that at this concentration the structure is at limit of the stability,
with which high performances and stability can be achieved. On
the contrary, upon the PbS incorporation, a linear strain-volume
relation is observed, see Fig. 4C. Thus, as expected the PbS has
effect on the strain and on the unit cell volume.

This point indicates that the PbS aids in the incorporation of
Gu in the structure, without losing the 3D crystal phase. In
32634 | RSC Adv., 2022, 12, 32630–32639
consequence, when QDs are incorporated a compressive strain
is observed for reference, Gu2% and Gu5%, along with a reduc-
tion of the unit cell volume, as a logical consequence. On the
contrary, Gu7% and Gu15% are characterized by a volume
expansion, more prominent in the case of Gu7%, along with
a compressive strain, causing diminishment in its stability
because is not an optimal conguration. In the second case, at
Gu15% is observed the highest variation in strain because in the
presence of the QDs, although an expansion of the volume is
observed, the tensile strain is converted in a compressive strain,
see Fig. 4B. This fact highlights the role of the PbS in tuning the
t of perovskite with big cation, suffering a normal expansion of
their crystal unit cell volume with a relaxation to non-perovskite
phases (i.e. yellow hexagonal/orthorhombic phases). Moreover,
the mechanisms behind the variation of the strain in the
perovskite lattice depend on the kind and quantity of additive/
cation considered. According to this, to reach a balance between
the volume expansion and a compressive strain to preserve the
perovskite crystal phase, external additive like PbS need to be
exploited. Then, QDs will contribute with structural and also
thermodynamic stabilization, due to the surface energy and
chemical bonds in addition to strain.13 Especially for the mixed
cation perovskite with t > 1, this strategy is to be considered, in
order to improve the properties of the material, like the PL (i.e.
here is the highest for the system Gu7% with PbS), the thermal
stability or the Voc, along with improved moisture and ther-
modynamic stability.

In Fig. 4C the weight of QDs perovskite systems relative to
those without (W/O) QDs of strain and volume is reported, in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Williamson–Hall fitting of GuW/OQDs andWQDs. (B) Microstrain vs.Gu% (left) and microstrain vs. unit cell volume obtained for each
Gu% (right). (C) Unit cell volume for each Gu quantityW/OQDs andWQDs (left) andmicrostrain of QDs/(W/OQDs) and unit cell volume of QDs/
(W/O QDs) for each Gu percentage (right) (D) normalized PCE of Gu7% and Gu15% over time for devices W QDs and W/O QDs.
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which they follow a direct relation. For Gu7% and Gu15% with
PbS, there is a maximum and minimum peak related to higher
change in the strain than the system without QDs. It is worth to
note that a minimum value for Gu15% is obtained due to a more
© 2022 The Author(s). Published by the Royal Society of Chemistry
signicant variation in the strain (from tensile to compressive)
obtained by the incorporation of QDs, see Fig. 4C. When
performance of systems was analyzed the corresponding to
Gu15% with QDs resulted in an increase of stability, see Fig. 4D.
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Fig. 5 Microstrain of samples W QDs/(W/O QDs) for each Gu% value of PCE W QDs/PCE W/O QDs (A) for fresh samples and (B) and aged 300
days samples.
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These facts show that the tuning of strain due to QDs could lead
to stable and efficient solar cells.

Clearly, the structural changes in strain and volume will
affect the PCE, the stability and the photovoltaic parame-
ters,30,43,44 as analysed in Fig. 5. Fresh devices with QDs present
lower efficiencies. The sample Gu7%, presents the highest unit
cell volume expansion when QDs are added, see Fig. 4C, and it
has lower PCE values than Gu15% when QDs are incorporated,
see Fig. 5A. Aer ∼1 year the Gu15% with PbS QDs has the
highest efficiency, see Fig. 5B. In fresh devices it is observed that
the difference of the Jsc between system with and without PbS is
more prominent for Gu7% and Gu15% where Jsc with QDs is
lower than the one without QDs, see Fig. S14.† This fact indi-
cates that the introduction of the compressive strain affects the
photovoltaic performances. However, the compressive strain
without an excessive volume expansion, the case of Gu15%,
relatively improves the stability and in turn the photovoltaic
parameters, like the Jsc, see Fig. S14B.†

Lastly the chronoamperometry have been measured at the
maximum power point (mpp) for 3.600 s at 40% of R.H. without
encapsulation for the main cases, x = 0; 7 and 15, see Fig. S15.†
Gu improves the operation stability as the Jmpp decay is slower
Fig. 6 Voc vs. light intensity performed with different filters where the sl
and W QDs (B).

32636 | RSC Adv., 2022, 12, 32630–32639
in comparison to the reference. When QDs were incorporated
there is a general improvement in the current stability.

Beyond the relationship between structural properties and
device performance, optoelectronic properties were also char-
acterized. In Fig. 6 we plot the Voc of the devices versus light
intensity, and we determine the ideality factor (n) that indicates
the recombination behaviour of device,45,46 see Experimental
section for further details. We can observe that in the samples
in which we have different amounts of Gu (without QDs) the
recombination mechanism is different, Fig. 6A. The process
changes depending on the amount of Gu. It is observed that for
the reference sample, without Gu, n has a value of 2.96, so the
recombination mechanism is dominated by a multiple trapping
process. However, by introducing Gu7%, n presents a value of
1.46; so the electronic behaviour is dominated by bulk recom-
bination and exhibits some interface recombination too.
Whereas, if we increase the amount of Gu up to 15%, n = 1.17,
recombination at the interface is the main recombination
pathway. From latter results it is observed that the change in the
recombination mechanism by adding Gu is very signicant.

The same study was carried out with QDs in the perovskite
matrix, see Fig. 6B. The three devices with QDs and different
ope (n) indicates the recombination behavior for devices W/O QDs (A)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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amount of Gu have a similar recombination mechanism,
dominated by a combination of recombination in both the bulk
and the interface, showing that QD addition also affects
recombination mechanism.

By using impedance spectroscopy (IS) under illumination,
the electronic behaviour of the different devices based on their
Gu composition, with or without QDs, was pointed out, see
Experimental section for details. Impedance spectra was tted
using the equivalent circuit previously reported considering
negligible the transport resistance, see Fig. S16A.†47 When Gu is
add (W/O QDs), see Fig. S16B,† an increase of recombination
resistance, Rrec, i.e. a decrease of recombination rate, cause the
increase of Voc observed in Fig. 3A and the change in ideality
factor Fig. 6A. However, when introducing QDs in the structure,
see Fig. S16C,† recombination resistance is very similar in all
structures, especially at higher voltage values when the samples
are more conductive. All this indicates that adding a second
compound to the structure, such as QDs, does not necessarily
imply that the devices are improved by modifying the electronic
mechanism or the strain, but only an improvement in stability
is produced.
Fig. 7 XRD patterns of x = 0, 7 and 15 W QDs and W/O QDs for fresh a

© 2022 The Author(s). Published by the Royal Society of Chemistry
Finally, the PbS QDs has also an effect especially when
a structure close to the 2D is forming, while in the case of lower
amount of Gu, the incorporation inside the 3D structure is not
hindered by the PbS QDs. The use of Gu and QDs stabilizes the
perovskite avoiding or signicantly reducing the presence of
PbI2 peak at 12.6° observed aer sample aging, in Fig. 7 and
S17.†

Thus, we observed very similar strain in Gu7% and Gu15%
with PbS, indicating that other mechanisms different from the
strain, like surface energy and chemical bonds between the
inorganic perovskite portion and the PbS and the control of the
volume expansion confer stability to the system. In fact, in the
case of small quantities of Gu with PbS QDs, the devices long-
term stability has not benets, likely due to unbalance
between volume and strain. On the other hand, right before the
formation of the 2D structure (Gu = 15%) the PbS QDs play
a fundamental role and the complete stabilization of the
structure is achieved. The slightly lower efficiency obtained, due
to introduction of non-radiative recombination path, is then
compensated by the long-term stability attained, with the ulti-
mate goal of exploiting the strain and the structural modica-
tion for stable and efficient solar cells.
nd 20 days aged samples.
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Conclusion

To analyze the effect of strain in the performance of MAPbI3,
addition on Gu cation and PbS QDs are employed. As Gu
amount increases, a better lm morphology with bigger grains,
better crystallinity and photoluminescence are obtained peak-
ing for a 7% of Gu and decreasing for higher content. The
mentioned Gu7% allow us to obtain a champion device with
a PCE = 18.3% with improved stability that result in T80 = 165
days, in comparison with the T80 = 120 days of pure MAPbI3.
Addition of PbS QDs results in a slight decrease of efficiency,
correlated with PL blue-shi, but at the same time in an
improvement of device stability for high Gu content. The unit
cell volume as well as strain is affected due to PbS QD incor-
poration: in the sample with Gu7% a decrease of the strain at
expenses of a relevant relaxation in unit cell volume is observed.
These changes resulted in a reduction of T80 from 165 to 108
days. On the contrary, for Gu15% the highest variation in strain
from tensile to compressive, with slight volume expansion is
achieved. Importantly, this latter fact reects that compressive
strain and controlled unit cell volume expansion is associated
with a better stability with T80 dramatic increases in Gu15% from
53 days to 187 days. Moreover, this study highlights that with
PbS QDs in the system with Gu15%, the same strain value of the
best performing Gu7% without QDs system is obtained. The
strain is one of the mechanisms correlated with the high PCE,
but its effect needs to be clearly addressed, as it can bring to
PCE and stability improvement, as it is shown in this work.
Specically in this work we found that the careful control of the
unit cell volume along a compressive strain close to zero is the
key to obtain stable solar cells.
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M. Grätzel and L. Emsley, J. Am. Chem. Soc., 2018, 140,
3345–3351.

29 T. Kishimoto, A. Suzuki, N. Ueoka and T. Oku, Mater. Proc.,
2021, 4, 55.

30 D.-J. Xue, Y. Hou, S.-C. Liu, M. Wei, B. Chen, Z. Huang, Z. Li,
B. Sun, A. H. Proppe, Y. Dong, M. I. Saidaminov, S. O. Kelley,
J.-S. Hu and E. H. Sargent, Nat. Commun., 2020, 11, 1514.

31 K. Nishimura, D. Hirotani, M. A. Kamarudin, Q. Shen,
T. Toyoda, S. Iikubo, T. Minemoto, K. Yoshino and
S. Hayase, ACS Appl. Mater. Interfaces, 2019, 11, 31105–31110.

32 A. D. Jodlowski, C. Roldán-Carmona, G. Grancini, M. Salado,
M. Ralaiarisoa, S. Ahmad, N. Koch, L. Camacho, G. de
Miguel and M. K. Nazeeruddin, Nat. Energy, 2017, 2, 972–
979.

33 N. Cheng, W. Li, M. Zhang, H. Wu, S. Sun, Z. Zhao, Z. Xiao,
Z. Sun, W. Zi and L. Fang, Curr. Appl. Phys., 2019, 19, 25–30.

34 X. Hou, Y. Hu, H. Liu, A. Mei, X. Li, M. Duan, G. Zhang,
Y. Rong and H. Han, J. Mater. Chem. A, 2017, 5, 73–78.
© 2022 The Author(s). Published by the Royal Society of Chemistry
35 J. Zou, W. Liu, W. Deng, G. Lei, S. Zeng, J. Xiong, H. Gu,
Z. Hu, X. Wang and J. Li, Electrochim. Acta, 2018, 291, 297–
303.

36 P. F. Méndez, S. K. M. Muhammed, E. M. Barea, S. Masi and
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