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The relatively easy tunability of perovskites’ energy gap, as well as the synthesis of mixed halide

perovskites, make them highly versatile and compatible with others semiconductor materials to produce

efficient tandem solar cells. However, one of the obstacles holding back the development of this

technology is the poor photostability of perovskite, one of the most critical aspects of mixed halide

formulations. In this work, we use a polymeric additive to improve the photostability of halide

perovskites. We developed a polymer-mediated crystallization (PMC) perovskite that allowed obtaining

solar cells with photovoltaic performances equal to reference perovskites (power conversion efficiency

B17%) but with superior endurance to light exposure, demonstrated by a laser-induced photostability

assessment. Furthermore, by photoluminescence mapping and terahertz spectroscopy we carried out an

in-depth investigation of the photodegradation process, revealing that in PMC perovskite, halogen

segregation effects can still take place but are confined to spatially limited regions of the sample.

Introduction

Metal halide perovskite semiconductors have emerged among
the leading candidates for the next generation of solar cells
thanks to their excellent photovoltaic performance combined

with simple manufacturing processes.1–3 The recent integration
of wide-bandgap perovskite solar cells (PSCs) in perovskite/
perovskite, perovskite/Si, and perovskite/CIGS tandem devices
can in principle result in very high power conversion efficiency
(PCE).4–7 This design indeed can better harness solar energy,
since both the high- and low-energy photons can be comple-
mentarily absorbed by the wide- and low-bandgap top and
bottom subcells, eventually overcoming the Shockley–Queisser
limit.8–11 To be efficiently integrated into a tandem device, the
perovskite top cells should feature a bandgap in the range of
B1.6–1.8 eV, which depends upon the characteristic bandgap
of the bottom subcell. Although widening the bandgap of
perovskite materials through I–Br halogen mixing is rather
simple, there are still significant issues related to the inherent
instability of mixed halide compositions. Besides the combined
effects of moisture and light illumination, which can induce
a rapid chemical and structural modification in perovskite
materials, light-induced halide segregation also happens when
Br content is above 20%.12–19

Several works have studied and proposed methods to
improve mixed halide perovskite stability or suppress halide
segregation. An improvement of the stability against photoin-
duced halide segregation by the compression of MAPb(I1�xBrx)3

film applying external pressure or reducing the cation size has
been demonstrated.20 Regarding the cation site, a higher methyl-
ammonium (MA+) content was revealed to speed up the degrada-
tion, whereas the partial substitution with formamidium (FA+)
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could benefit from an increased energetic barrier for halide
segregation.21 McGehee’s group also developed a more stable
perovskite, suitable for the tandem application, by the suppression
of the phase segregation developing a triple-halide formulation.6

Other approaches to increase photostability reside in the use of
small molecules and polymers as additives. Ethylenediamine inclu-
sion into perovskite precursors was found to be useful to improve
the photovoltaic performance and the material stability,22 as well
as a coating layer of poly(methyl methacrylate) (PMMA) was suc-
cessfully used to the scope.23 For this reason, considering the
importance that perovskite-Si tandem solar cells represent in the
scenario of photovoltaic technology and in light of the problems
related to material stability in terms of photodegradation and phase
segregation, we sought to exploit our experience with the use
of polymers as cooperative agents to control the crystallisation of
perovskite films24–26 to tackle the stability issues. Therefore, we
have selected Gellan Gum as a polymeric not toxic additive to
stabilize the perovskite structure and to improve its photostability.
The choice of this material was driven by our previous studies with
similar polysaccharides where we were able to obtain a better
processability25 and increased thermal stability,24,27,28 exploiting
the capability of these polymers to interact via hydroxyl function-
alities with the perovskite organic cations already in the precursors’
solutions. Moreover, Gellan Gum is a gelling agent and is capable
to modify the perovskite precursors’ solution rheology. The com-
bined effect of enhanced precursors’ ink viscosity and the inter-
action with the organic cation precursors allows to interfere
with the crystallization process and to obtain a compact and
homogenous morphology via a single-step coating, as already
observed for other polysaccharides.29–31 In this work, we exploit
Gellan Gum polysaccharide to obtain mixed halide perovskite
films with a reduced photodegradation without disturbing
the photovoltaic performance. At the same time, an in-depth
investigation was conducted to study the dynamics involved in
the degradation process.

Material development and
device implementation

Considering the proportional bandgap’s blueshift with the
bromine content, several formulations of wide band gap per-
ovskite were developed varying the bromine concentration
in a MAPb(I1�xBrx) perovskite. The values of the optimized
energy gap for efficient Perovskite/Si tandem solar cells can be
obtained with 10–20% of Br,11 while perovskites with higher Br
concentration are generally used as a model to study the
phenomena behind the photoinstability.32

Here, we first produced reference mixed I–Br perovskites
according to literature,33 MAPb(I1�xBrx)3 perovskites with x = 0,
0.1, 0.2, 0.3, 0.4, 1. Then, we realize the same formulations with
the addition of Gellan Gum (chemical structure in Fig. 1a).

Reference perovskites were deposited via antisolvent engi-
neering obtaining perovskite films with a homogenous mor-
phology, except for x = 0.4 that show the presence of some
pinholes. (Fig. 1b–d and Fig. S1, S2, ESI†). At the same time, we

optimized the deposition of MAPb(I1�xBrx)3 via polymer-mediated
crystallization (via PMC), where the use of the polymer as a
rheological modifier allows avoiding the use of the additional
antisolvent dripping step. Based on this approach, we achieved
perovskite films that exhibited a good morphology with bigger
and uniform perovskite grains (Fig. 1e–g and Fig. S3, S4, ESI†) and
suitable crystallographic features, ideal to allow good results in
terms of power conversion efficiency of the complete device.
About the latter, we carried out an X-ray diffractometric (XRD)
analysis on perovskite films to evaluate if a desired crystallization
process took place despite the absence of the antisolvent step,
generally used for proper control of the perovskite crystal growth,
and if the conversion to perovskite phase is completed. XRD
analysis revealed a slightly slower crystallization, from the residual
presence of peaks related to the precursor’s intermediates at
2 Theta = 6.61, 7.21, 9.21. Hence, we protracted the annealing step
from 30 min to 45 min obtaining the complete conversion from
precursors to perovskite (Fig. S5–S7, ESI†).

The absorption spectra of the reference perovskite and that
obtained PMC perovskite were acquired and the optical Energy
Gap (Eg) was calculated by the Tauc plot equation (Fig. 1h–i).
The reference perovskite Eg was also calculated (Fig. S8 and S9,
ESI†). They show the typical proportional blueshift induced by
the increasing Br content. Once we confirmed the good quality
of the perovskite film, we fabricated p–i–n architecture-based
solar cells (see ESI†). The overall photovoltaic parameters
reported in Fig. 1l show that the via PMC approach allows
reaching similar performance to the reference perovskite, also
when varying the I–Br ratio from x = 0 to x = 0.2. The numerical
data of best and average performance are reported in Fig. S10
(ESI†), while the maximum power point and the incident
photon to current efficiency of reference and PMC x = 0.2
perovskite were also analyzed and shown in Fig. S11 (ESI†).
Interestingly, via PMC, in particular devices with x = 0.1 and x =
0.2 perovskite revealed a clear improvement of the Voc values if
compared to the reference perovskite. This result could be
explained by considering the morphology of the PMC perovs-
kite that is characterised by large and compact grains, which is
recognised as one of the essentials factors to achieve higher Voc

values. Morphology that also plays a key role in the photo-
stability of the perovskite material.34 Nonetheless a reduction
of the FF and Jsc can be also noticed via PCM that can be
attributed to the insulating nature of the GG polymers.35

Photostability and halide-segregation

Despite the remarkable performance allowed by perovskite, the
material suffers from stability issues that affect the lifespan of
the entire photovoltaic device. Extrinsic factors, mainly envir-
onmental like oxygen, light, and humidity, as well as intrinsic
factors like ion migration, cause the degradation of the
perovskite.36 In particular, light has a strong impact on mixed
halide perovskites where decomposition of the perovskite takes
place due to the halide segregation phenomenon.37 To study
the photostability of the perovskite, we first measured the
photoluminescence (PL) after light exposure. The samples were
irradiated at a wavelength of 500 nm by a pulsed laser source
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with a frequency of 20 Hz and width of 7 ns with an average
power of 8.4 mW, keeping the exposure on for 2 hours and the
PL measurements were acquired every 20 minutes, exciting
the sample at 430 nm with a power of 2.4 mW. The measure-
ments were carried out illuminating an area of 3 mm2.

The analysis of the photoaging of the x = 0.4 samples (Fig. 2)
showed that the reference perovskite is affected by a strong
blueshift in the PL spectra compared to the PMC perovskite
(unnormalized data in Fig. S12, ESI†). This phenomenon has
never been observed for polycrystalline perovskite films, but
was previously observed for perovskite nanocrystals, albeit
under continuous illumination.38 The authors explained this
blue shift phenomenon by considering that the Pb–Br bond is
shorter and stronger than the Pb–I bond. Thus, upon laser
excitation, the Pb–I bond is disrupted, leading to the formation

of Br-rich domains and thus a blueshifted emission, which is
reversible. In our case, the reported blueshift was only observed
for the reference mixed halide perovskite and it was obtained
upon pulsed laser irradiation. We have found that this process
is not reversible, (see Fig. S13, ESI†) so we have attributed it to a
photodegradation phenomenon, which needs to be further
investigated. The absence of this blue shift in the perovskite
with gellan gum suggests a better stability of the material,
which could be due to a more compact morphology of the
perovskite films via PMC. This better stability is also consistent
with the generally better robustness of the perovskite-polymer
composite to stress factors such as heat, moisture or light.38,39

The incorporation of polysaccharide into perovskite can indeed
mitigate the decomposition of volatile MA cation and iodine
species, limiting further degradation.35

Fig. 1 From perovskite morphology to device integration. (a) Gellan Gum chemical structure. SEM analysis reference MAPb(I1�xBrx)3 perovskite
formulations at Br concentration (b) x = 0, (c) x = 0.1, (d) x = 0.2 and corresponding (e) x = 0, (f) x = 0.1, (g) x = 0.2 perovskite obtained via polymer
mediated crystallization. Scale bar 300 nm. (h–i) Energy gap of each formulation based on the different I : Br ratio determined by applying the Tauc Plot
method (vertical dot lines to facilitate the readability). (l) Statistic comparison of photovoltaic parameters recorded from devices based on reference and
via PMC perovskite with different Br concentrations.
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We then evaluated if the polymer stabilization could positively
also influence the phase segregation. Photoluminescence mea-
surements under continuum light at a wavelength of 385 nm were
carried out acquiring each spectrum after 2.5 s for 130 s. For both
samples, the reference and PMC perovskites, we observed a
redshift in the PL emission (Fig. 3a and b, respectively), which
is related to the well-known halide segregation phenomenon,15,17

leading to I-rich domains. This redshift is reversible (Fig. S14,
ESI†), following halide segregation effects, in opposition to the
irreversible blueshift observed under pulsed laser light, ascribed
to photo-degradation, and inhibited by the Gellan Gum. From the
PL redshift shown in Fig. 3, we concluded that the PMC method is
not able to block the segregation effects. However, we can note a

different ratio of the amplitudes among the long-time redshifted
peaks and the early-time original peaks, in the reference and PMC
cases. The latter case shows a lesser relative enhancement of
the peak in time (Fig. S15, ESI†). This may indicate different
segregation effects in the two materials. For a deeper analysis of
the samples and the modifications induced by light exposure, we
perform a mapping of the photoluminescence.

Hyperspectral photoluminescence maps

We performed a spectrally resolved imaging of the photolumi-
nescence on different samples, after keeping the films exposed
to continuous wave (CW) light for inducing the segregation
effect. The optical images (white light reflection) and single-line

Fig. 3 Laser-induced phase segregation assessment. PL measurements under a continuum light illumination at a wavelength of 385 nm for (a) reference
and (b) via PMC perovskites films. PL spectra were acquired for 130 seconds at steps of 2.5 s.

Fig. 2 Laser-induced photo-instability assessment. Reference and via PMC MAPb(I1�xBrx)3 films at x = 0.4 irradiated with a 500 nm pulsed laser. The PL
spectra acquired at steps of 20 minutes show that the (a) neat perovskite undergoes a deep blueshift of the emission compared to the (b) perovskite
obtained via PMC.
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emission PL maps of the MAPb(I1�xBrx)3 films at x = 0.2 appear
in the first part of Fig. 4, both for the reference (Fig. 4a–c) and
the via PMC perovskite (Fig. 4d–f). When looking at the optical
images, it is possible to see a larger sizing of the structures or
grains in the case of the Gellan Gum adjuvanted fabrication
(compare Fig. 4d with Fig. 4a). Such larger structures are also
visible in the PL map obtained at the emission wavelength close
to that of the original phase (730 nm, corresponding to Fig. 4b
and e). However, at a longer wavelength (770 nm, in Fig. 4c and
f) some spatially confined features appear in the PMC case that
can in principle be associated with more localized segregation.

The trend is even more evident in the case of a Br content
x = 0.4 (Fig. 4g–l). Here we used as a comparison image the

wavelength resolved PL emission, integrated in the 650–800 nm
interval (new panels Fig. 4g and j). In this case, it is possible to
see that the PL emission at the higher wavelength is a footprint
of the localized features of the area morphology, while the
shorter wavelength emission is more delocalized across the
whole area. In fact, we could use more separated observational
wavelengths to compare the different phases. We used the
original peak wavelength as also seen from the spectra of
Fig. 3 to observe a more or less uniform original phase in both
references and via PMC perovskites (680 nm, in Fig. 4h and k).
However, at the longer wavelengths close to the peak of the
segregated phase (760 nm, in Fig. 4i and l), the PMC perovskite
shows highly localized emission (Fig. 4l) with respect to the

Fig. 4 Hyperspectral photoluminescence maps and opticals images. Optical image of reference perovskite at Br concentration of x = 0.2 (a) and
corresponding single-line PL emission at 730 nm and 770 nm (b) and (c). Optical image of PMC perovskite at x = 0.2 (d), and corresponding single-line PL
emission at 730 nm and 770 nm (e) and (f). The optical images are taken under white light reflection, the boundaries of the entrance slit appear as two
dark stripes in the top and bottom parts of panels (a) and (d). Reference perovskite at Br concentration of x = 0.4 (g), (h) and (i) and corresponding PMC
perovskite at x = 0.4 (j)–(l), imaged at a PL emission integrated in the 650–800 nm (g) and (j) and at single-line PL emission of wavelength 680 nm (h) and
(k) and 760 nm (i) and (l). The scale bar is 10 mm across all the panels.
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reference perovskite (Fig. 4i). Upon comparing the PL maps to
the SEM microphotographs of the perovskite films at x = 0.4
(see ESI†), we observed similarly sized structures. From the
hyperspectral maps, we hence deduced that the PMC helps to
have larger and smoother crystalline grains, where the segregation
is also hindered. Furthermore, the residual grain boundaries and
other defects act as localized areas of enhanced segregation. The
reduced area affected by the segregation may be also correlated
with the smaller relative increase of the associated peaks’ intensity
during irradiation in the PMC case in Fig. 3.

Terahertz spectroscopy

To gain further insight into the phase-segregation process in the
perovskite films, we performed a terahertz time-domain spectro-
scopic (THz-TDS) characterization of the reference sample of
MAPb(I1�xBrx)3 with x = 0.4, following the approach proposed in
the literature.40 The real part of the conductivity, retrieved by a
thin-film approximation41 (using an estimated film thickness of
300 nm, based on a previous statistical calibration of the
fabrication protocol), is shown by the blue circles in Fig. 5
(pre-exposure). We repeated the measurement in different posi-
tions of the sample (Fig. 5a and b) and we obtained good
agreement between the spectra and the THz spectrum previously
reported by Motti et al.40 In particular, the frequencies of the two
absorption features are in good agreement with the literature,
while the amplitude value depends on the estimated thickness of
the sample in the specific position. We then exposed the sample
to continuous radiation at a wavelength of 532 nm (average
power of 0.1 W) for 20 minutes and, keeping the 532 nm laser
on, we repeated the THz-TDS characterization. The results
(represented by the green triangles in Fig. 5a) indicate a sig-
nificant increase in absorption at higher frequencies.

Following the same procedure, we repeated the character-
ization in the second position of the sample, and we obtained
the results represented in Fig. 5b, with the same colour code

(blue circles for pre-exposure and green triangles for the
exposed sample). The differences between Fig. 5a and b can
be attributed to a spatial non-uniformity of the perovskite film.
It should be noticed that the 532 nm radiation can photoexcite
charge carriers above the bandgap of the x = 0.4 samples
(1.83 eV according to Fig. 1i and Fig. S9, ESI†) and the THz
measurements are performed in a condition of dynamical
equilibrium set by the cw charge injection together with the
recombination inside the material. Using the rate constants
reported from ref. 40 and representative optical parameters at
532 nm of A. Ishteev et al.,42 we numerically solved the rate
equation with a cw power of 0.1 W over a spot diameter of 5 mm
obtaining a steady-state carrier density of 1 � 1014 cm�3. Given
a mobility of 37 cm2 V�1 s�1,38 this carrier density corresponds
approximately to a DC conductivity of 8 � 10�4 S cm�1. This
contribution cannot explain a photoinduced change of the
order of S cm�1 or larger. Moreover, its effect should be a
higher real part of the conductivity at all the frequencies,
according to the Drude or Drude-Smith models. Instead, in
Fig. 5a the conductivity strongly increases only in a specific
interval between 1.5 and 2.2 THz. In Fig. 5b we even see a
smaller conductivity below 2 THz, while we observe the oppo-
site trend only above 2 THz. We propose instead that the
dominant change comes from the modification of the lattice
as a consequence of the halide segregation phenomenon. This
is indeed a photoinduced modification of the lattice and can
correspond to a different infrared activity and a consequent
change of the response function in the far-IR. In the second
position on the reference sample, we also measured the
response after switching off the 532 nm radiation and waiting
for 30 minutes. The results (corresponding to the orange
diamonds in Fig. 5b) indicate the recovery of the original static
THz response. This means that the observed photo-alteration of
the THz response is a reversible process and corroborates its
relationship with the halide segregation. Nevertheless, a similar

Fig. 5 Terahertz spectroscopy. THz static conductivity spectra (real part). (a) x = 0.4 reference sample (position 1) before (blue circles) and during (green
triangles) the exposure to cw 532 nm radiation. (b) x = 0.4 reference sample (position 2) before (blue circles) and during (green triangles) the exposure
to cw 532 nm. The measurement was repeated after switching off the 532 nm light and leaving the sample for 30 minutes in the dark (orange diamonds).
(c) x = 0.4 PMC sample before (red squares) and during (green triangles) the exposure to cw 532 nm. To compute the conductivity we used the estimated
thickness of 300 nm for the reference sample (a) and (b) and 400 nm for the PMC sample (c).
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change of the static response was not reported in literature,40

where the signature of the halide segregation was instead the
appearance of a signal in a 700 nm pump – THz probe experi-
ment. The reason for the different outcome of our static mea-
surements after the segregation could be the larger area that we
exposed to the 532 nm cw beam. This could open a new route to
investigate the effects of the halide segregation process. We
completed our measurements with an 800 nm pump – THz
probe experiment, but we did not detect any signal after the
exposure to the 532 nm radiation and we attribute this to the
lower pump photon energy. We used the same procedure to
study the x = 0.4 perovskite sample prepared via PMC. In this
case, we did not observe any change induced by the continuous
532 nm radiation, as shown by the two spectra reported in
Fig. 5c. Here the THz conductivity was retrieved using an
estimated thickness of 400 nm for the sample, also in this case
based on a previous statistical calibration of the fabrication
protocol. This suggests that the PMC can prevent the reversible
photo-activated segregation process, related to a change in the
THz response. It is interesting to compare this with the spectral
shift reported in Fig. 3 and the PL maps in Fig. 4. From Fig. 3 we
deduced a quantitative reduction of the shift associated with the
segregation effect in the case of PMC perovskites. Similarly, from
Fig. 4 we can conclude that the segregation is limited to strongly
localized areas in the case of PMC perovskites. This behavior
could be in good agreement with the fact that the observed THz
response (differently from the PL maps) is affected by the volume
fraction of the segregated phase, as it can be understood in the
framework of an effective medium theory.43 Therefore, in the
case of PMC perovskite films, the localized segregation does not
appear in the effective THz response. Under the spot of the THz
probe (diameter B1 mm) the film presents regions with and
without segregation. When the segregation is more uniform,
as in the reference films, the altered lattice contributes to the
THz signal modification. When the segregation is localized in a
small fraction of the total volume, the THz signal mainly probes
an unaltered lattice. This makes an interesting case to rely on a
hybrid approach and integrate different diagnostic techniques,
such as imaging, PL, and THz to study photochemistry in
composite micro- and nanostructured films.

Conclusions

The versatility and compatibility of perovskite for tandem solar
cells is a fundamental asset for fabricating very efficient devices,
whereas the sensitivity to light irradiation itself represents an
issue. We presented an effective approach to mitigate the light-
induced photodegradation of the perovskite without compromis-
ing the photovoltaic performance of the device. To the scope, we
used Gellan Gum to develop a via PMC MAPb(I1�xBrx)3 perovs-
kite, where the polymer adjuvant allows to improve the stability
of the material. At the same time, a comparison of the photo-
voltaic performance reveals no clear differences as compared to a
reference perovskite. The photostability assessment under laser
exposure showed that the irreversible blueshift related to the

degradation of the perovskite is almost avoided in the case of
the via PMC perovskite. Furthermore, we also use PL spectra,
PL mapping, and terahertz spectroscopy to study the halide
segregation process associated with the photoinduced reversible
redshift. Interestingly, while a similar signature of segregation
phenomena is observed in both the spectra of reference and PMC
perovskite, the spatial analysis revealed that the perovskite added
with Gellan Gum presents confinement of the segregation in
localized regions. To this extent, terahertz spectroscopy measure-
ments represent a further complementary technique, able to
probe the difference in the response of the modified lattice in
the case of the reference perovskite, after photo-induced segrega-
tion, and to witness its reversibility. However, such a difference
does not appear in the case of the PMC perovskite, and we ascribe
this to the highly reduced volume fraction of the segregated
phase, as confirmed by the PL mapping analysis. In conclusion,
we propose a new method to obtain a more photostable perovs-
kite via polymer-mediated crystallization, and we provide insight
into the response of the PMC MAPb(I1�xBrx)3 perovskite to the
light. Different imaging and analysis techniques can be used to
assess different properties or different aspects of the same
phenomena. Here, PL hyperspectral mapping and THz-TDS are
combined to track segregation effects. However, they could be
exploited also to tackle structural, diffusive, conduction, and
strength properties, in both bare perovskite films as well as the
promising polymer stabilized ones, and even in their integrating
devices such as tandem solar cells.
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