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ABSTRACT. The poor photo stability under ambient conditions of hybrid halide
perovskites has hindered their recently explored promising nonlinear optical properties.
Here, we show how Bi** can partially substitute Pb>* homogenously in the commonly
studied MAPDI3 improving both environmental stability and photo-stability under high
laser irradiation. Bi content around 2 at. % produces thin films where the nonlinear
refractive (n2) and absorptive coefficients (f), that modify the refractive index (An) of
the material with light fluency (I), increase up to factors 4 and 3.5 respectively
compared to undoped MAPbI;. Higher doping inhibits the nonlinear parameters,
however, the samples show higher fluency damage thresholds. Thus, these results show
a roadmap on how MAPbI; can be engineered for practical cost-effective nonlinear
applications, by means of Bi doping including optical limiting devices and multiple-

harmonic generation into optoelectronics devices.
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Beyond the well-known excellent properties of hybrid metal halide perovskite (MHP)
materials in cost effective photovoltaic devices! and optical sources,? also they have
recently been investigated as a potential nonlinear media.> * With higher third order
nonlinear coefficients than silicon,’ these MHPs materials result interesting candidates
as optical modulators,® harmonic generators’ or saturable absorbers,® among other
devices. The high absorption coefficient and high emission efficiency together with
their technological feasibilities, suggest the possibility to combine these functionalities
with nonlinear optical properties for the development of more sophisticated
optoelectronic/photonic devices.” However, the chemical instability and fast degradation

under ambient conditions'® !

prevent their practical applications. This limitation is even
more restrictive in nonlinear devices, where the high irradiation fluencies required to

observe the nonlinear effects result in faster degradation rate.

Within this context, the doping strategy, in particular the partial replacement of the lead
cation in MAPDI;3, has been extensively studied to improve stability among other
properties.'>!* In particular, the strategy of heterovalent doping with bismuth is an
interesting option because it possesses ionic radii similar to that of Pb*"and isoelectronic
configuration.'*!¢ By means of first principle studies, Mosconi et al.!” showed that
bismuth acts as deep electron traps, and that the absorption onset red-shift observed
upon Bi-doping of MAPbI3 is mainly related to Bi defect states, while the perovskite
band gap is essentially unaltered. Also, a recent work by Yavari et al.'® established that
Bi introduces both, shallow and deep electronics states in the bandgap which are
responsible for the increased Shockley-Read-Hall recombination and therefore reduce
the open-circuit voltage and luminescence yields. Besides, almost in parallel, we have
shown that the incorporation up to 5 at. % of Bi** in the MAPbI; perovskite lattice leads

to an enormous increase in photo stability without distorting the crystal structure, '



enabling to use around 1000 times higher laser irradiation intensity and for 6 times
longer, without degrading the sample, which may be very appropriate for the

perovskite-based optoelectronics devices mentioned above.

In this work, we show how Bi doping alters the third-order nonlinear properties of
MAPbI;. First, we thoroughly confirm the homogenous distribution of Bi** in the
perovskite lattice by means of X-Ray diffraction (XRD), nuclear magnetic resonance
(NMR) and X-ray absorption near edge structure (XANES) spectroscopies. We present,
for the first time the XANES Bi L-III edge spectra not reported to date in hybrid
perovskite derivatives. The study of the time evolution of XRD and optical absorption
followed in Bi-doped MAPDbI; thin films demonstrates a stability enhancement with
doping under ambient conditions. Then, the nonlinear optical refraction and absorption
are characterized, revealing an interesting dependence with the composition. Samples
with Bi content of 2 at. %, present an enhancement of the nonlinear optical parameters,
compared to those recorded from the standard MAPDI;. Further doping results in the
inhibition of the nonlinear parameters, although these samples show higher damage
thresholds that could be useful to implement solar concentrators. Therefore, these
results show a roadmap of how MAPDI; can be engineered for practical nonlinear

applications by means of the Bi content.

Structural and morphological study. Bismuth-doped MAPDI; thin films were
synthesised using the method described elsewhere.!” Briefly, MAI, Pbl, and Bil;
precursor were mixed at 60 °C in anhydrous DMF (40 wt. %) with stoichiometry
MA(Pbi-1.5xBixl lo.5x)I3, where [ stands for cation vacancy. Thin films have been
synthesised with nominal at. % Bi of 0 (the reference MAPbI3), 8, 13 and 18. Solutions
were spin coated at 1500 rpm for 45 seconds and baked at 100 °C for one hour on glass
or borosilicate substrates for electrical and optical and non-linear optical properties
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studies, respectively. Final Bi content in the perovskite crystal lattice was found to be
substantially lower than the nominal precursor amount in the feed solution.!> ' Deep
XRD analysis of thin films allowed us to estimate the actual amount of Bi*" inside the
perovskite lattice in a recent work!® (nomenclature and compositions are summarized in
Table S1 of Supplementary Information (SI)), resulting in 0, 2, 4 and 5 at. % Bi
corresponding with samples 0, 8, 13 and 18 nominal at. % Bi respectively. From now

on, samples are named as 0%Bi, 2%Bi, 4%Bi and 5%Bi.

XRD patterns of the 0%Bi-5%Bi thin films can be seen in Figure S1. The structure
corresponds to the tetragonal /4cm space group, considering a polar tetragonal structural
model, where the C—N bonds of the methylammonium cations are fixed parallel to the
c-axis.?’ Note that in the diffractograms of samples 4%Bi-5%Bi reflections
corresponding with hexagonal spurious MA3Bizlo (blue vertical lines in Figure S1) are
detected. An important consequence of bismuth doping was the absence of spurious

Pbl> in the XRD patterns.

We can define an effective or pondered ionic radii for the cation in B position (See SI
for details), 1B, that allows us to estimate the Goldschmidt's tolerance factor ¢ (Table S1)
that approaches /=0.9 with bismuth increasing content, leading in principle to a more

stable material. 222

Bi** addition induces the formation of rod-shaped structures whose aspect ratio
(length/width) decreases with Bi content (SEM images, Figure S2a-c) related to the
reported decrease of the preferential orientation fraction!® that relaxes the growth habits
allowing more rounded shapes. However, despite of this observed different grain sizes,

crystallite size remains at about 90 nm in all samples.



Figure 1 shows the evolution with time of the integrated area, normalized to initial
value, of the MAPDI; [110] reflection at 14.2 deg for 0%Bi-4%Bi thin films under
ambient conditions (293 K, <30%RH) up to 1500 h. Between measurements, samples
are maintained in dark at clean room ambient conditions, i.e. 298K and an average of
<30%RH. For the undoped sample the perovskite phase degrades faster than for those
with bismuth. Results for sample 5%Bi are not shown as this composition presents a

significant fraction of the hexagonal spurious MA;3Bizlo phase (Figure S1).
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Figure 1. Evolution with time of the normalized integrated area of MAPbI; [110]
reflection at 14.2 deg for 0%Bi-4%Bi thin films under ambient conditions (293 K) for

up to 1500 h.

X-ray absorption near edge spectroscopy (XANES) measurements were performed at
the European Synchrotron Radiation Facility (ESRF) for the 0%Bi-5%Bi thin films in
order to confirm the predominant valence of bismuth (see the SI for details). XANES
reports on the coordination environment of the absorbing atom, influenced by bonds
nature, distances and coordination geometry. Figure 2a-b presents the Pb L-III edge
spectra of undoped and Bi doped (0%Bi-5%Bi) samples which are essentially identical
and exhibit weak peaks at 13056, 13063 and 13088 eV (See Figure 2a for normalized

XANES spectra). Similar spectra have been reported by Sharenko et al.?* for MAPbI;
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precursor solution and the three peaks are associated to iodoplumbate Pbls*-like
complexes. The presence of Pb in Pbl, environment can be ruled out since, in this case,
near-edge Pb-LIII consists of two large peaks at 13050 and 13082 eV.2* Therefore, it
seems that doping up to 5 at. % Bi does not induce appreciable modifications into the

Pb coordination sphere in the perovskite lattice.

The XANES Bi L-III edge spectra for 2%Bi-5%Bi samples, not reported to date in lead
halide perovskites derivatives, is shown in Figure 2c, consist in two peaks at around
13443 and 13478 eV, with slightly increasing intensity with Bi content. The similarity
of the measured spectra for 2%Bi-5%Bi samples indicates that Bi environment is
similar in all samples. These edge spectra are compared to a measured Bi>O3 reference
(Bi** standard) peaking at 13440 and 13490 eV. The higher energy of this second peak
in B1203 than in 2%Bi-5%Bi samples is compatible with the fact that Bi-O bond typical
distances (~2.2-2.3 A) in Bi2O3 polymorphs?* are much sorter that those reported for Bi-
I bond length in Bils compound (3-3.12 A% or 3.09 A in MA;3Bizly). Similar energy sift
is observed in standard bismuth oxides samples with different Bi-O lengths (e.g. Bi20O3

(Bi*"), NaBiOs (Bi*") ).2*26 We can assume then a regular replacement of Pb (II) by Bi

(I1I).
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Figure 2. Pb L-III edge X-ray absorption near edge structure (XANES) spectra of the
measured samples. (a) normalized Pb L-III edge of 0%Bi-5%Bi samples, (b) Pb L-III
edge of 0%Bi-5%Bi samples and (c) Bi-LIII edge of 2%Bi-5%Bi samples and Bi,O3

reference.

To further investigate the homogenous presence of Bi, static spin echo solid-state NMR
spectra were recorded for the undoped (0%Bi1) and doped MAPbI; (5%Bi) crystals
grown for this purpose (see SI). 'H NMR spectra of samples 0%Bi and 5%Bi are shown
in Figure 3a. We can observe that doping with Bi does not produce a significant
broadening of the peaks but a displacement downfield, compatible with variations in the
chemical environment of MA cations, while maintaining the crystalline order.?”? We
also present the unreported 2’Bi NMR solid state spectra for Bi-doped MAPbI; in
Figure 3b. Here, the large nuclear quadrupole moment and electric field gradients at the
Bi site lead to peak multiplicity and line shapes, even in the most spherically symmetric
environments. The quadrupolar interaction is important in the sense that electric field
gradients arising from surrounding atoms and bonds are sensitive to even minor
structural changes, providing information on the spherical and axial symmetry.*® The
smaller quadrupolar interaction in sample 5%Bi reflects the higher spherical symmetry
of the electronic charge distribution about the Bi atom compared to those in single-

bismuth-site Bi(NO3)3 reference.
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Figure 3. Static spin echo solid-state NMR spectrum of samples 0%Bi and 5%Bi

crystals showing (a) 'H spectra and (b) 2°Bi spectra of the Bi-doped MAPbI; and the

used reference Bi(NO)s.

Optical absorption. Optical absorption spectra of the 0%Bi-5%Bi thin films deposited
on glass were measured in the 1.5-4 eV range (Figure 4a). These absorbance spectra are
in agreement with those reported results for MAPbI3, which showed an absorption
coefficient around 10° cm'.*! Bismuth addition increases the absorption coefficient
value, o above the band gap. Bi** does not induce changes in the band gap energy, Eg,
compared to standard MAPDI; as it is deduced from optical absorption spectra second
derivatives (Figure S3). The first electronic transition, Eg, is at 1.6 eV + 0.05 eV for all
films (assuming the full width at half-maximum of the second derivative as the error)
and it corresponds with reported values for MAPbI;.3? The extent of the absorption tail
below the band gap (inset of Figure 4a) is intimately associated with the degree of
energetic disorder within the material, which stems from thermal fluctuation of the ions
involved or from defects in the perovskite structure.>* Below Eg, the absorption
coefficient follows an exponential trend, a~awexp(hv/Ey), towards lower photon
energies. The slope of this exponential region is the so-called Urbach energy, Eu.>*

Here, bismuth induces large change in this parameter compared with undoped-MAPbI3
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(see inset of Figure 4a and Figure 4b). This is consistent with the fact that Bi induces

defect states and a significant increase in the sub-band-gap density of states, which are

associated with the extent of the absorption tail below the band gap.'” ”
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Figure 4. (a) Absorption coefficient spectra of 0%Bi-5%Bi thin films. The inset shows
the absorption tail below the band gap. (b) Urbach energies versus Bi content and (c)

Evolution with time of the integrated absorption coefficient (in the 1.4 to 4 eV range).

The evaluation of the changes in absorption coefficient, as thin films degrade in ambient
conditions, confirms the stability improvement by increasing the Bi content as
previously deduced by from XRD results. The integrated area of a in the 1.3-4 eV range
has been calculated and represented in Figure 4c. Clearly, the smaller variation of the
absorption coefficient in doped films indicates that Bi favours the stability under
ambient conditions at RT. For the first 500 hours, o drops 20 % of its original value for
the undoped sample, while this variation is much smaller for doped ones (samples

2%Bi-5%Bi). The evolution of second derivatives of the optical absorption is shown in
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Figure S3. At 1500 h, all samples gradually evolve to Pbl; since only a transition is

present at 2.4-2.5 eV corresponding to the band gap transition of Pbl,.3*

Nonlinear optical properties. The stability of the films under high laser excitation
fluencies also demonstrates an improvement with Bi doping. Figure 5a shows the
normalized transmittance, T, of the ns-pulsed laser beam at 1064 nm as a function of the
excitation fluency (I) for all samples. For excitation fluencies above 0.15-0.2 GW/cm?,
T experiences a strong decrease with I for samples 0%Bi and 2%Bi that can be ascribed
to the degradation of the film with the laser irradiation power.>> 3¢ In fact, we observed
a similar behaviour for other MAPbI; films exposed to similar excitation fluencies.’
However, samples 4%Bi and 5%Bi preserve a flat response up to 0.3-0.4 GW/cm?,
indicating that the increase of the Bi content beyond 2 at. % leads to higher resistance of
the film to the laser damage, which can be correlated with the higher stability of the
perovskite in this case. A more detailed look at the 0-0.2 GW/cm? region (Figure 5b)
reveals that for low excitations (I<0.1 GW/cm?), T shows the characteristic flat response
of any material under linear regime but for intermediate excitations (0.1<I<0.15
GW/cm?), T can show a decrease with the excitation fluency due to the nonlinear
absorption in 0%Bi and 2%Bi samples, as we have recently reported for MAPI films.>
The efficiency of this mechanism depends on the Bi composition and it will be

explained below.
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Figure 5. (a) Transmittance at 1064 nm through the 0%Bi-5%Bi samples as a function
of the excitation fluency. (b) Zoom of the 0-0.2 GW/cm? region for the sake of clarity.
Dashed lines are guides for the eyes. (¢)-(d) Representative Z-scan measurements after
the FFT treatment according the method described in ref . Black and red symbols
correspond to the experimental data obtained from 0%Bi and 2%Bi thin films,
respectively. Solid lines correspond to the fitting. a) Open aperture Z-scan where the
nonlinear absorption (f) is obtained. b) Image Z-scan, the evolution of the normalized
waist (W(z)/W1, W refers to waist for |z| >>z0) of the beam where the nonlinear

refraction (n.) is obtained.

The transmitted light under high excitation fluencies was recorded as a function of the
sample position (Z) in such a way that the intensity of the excitation beam is gradually
increased and decreased by a lens (see experimental section in SI for details). Then,

non-linear absorption coefficient can be obtained by integrating the whole intensity

12



(open aperture Z-scan), while the non-linear refraction can be analyzed by integrating
the transmittance through a finite aperture in the center of the spot (closed aperture Z-
scan).’” For the excitation beam here used (1064 nm focused on 11-13 um) the Rayleigh
length (zo) becomes 350 pum, longer than the thickness of the sample (500 nm), hence
fulfilling the thin sample approximation condition (see SI to see the details of the Z-
scan measurement).’’ In this way, z was ranged between -10-z to 10-zo in order to
analyse the transmitted light for low (z<<z¢) and high (z~z¢) excitation fluencies. In
these conditions, Z-scan set-up provides the estimation of both the refractive (n2) and
absorptive coefficients (), that modify the refractive index (An) of the material with the

intensity of light (I) by:
.2
An=n2-l—l-ﬁ-,82-1 (1)

where / is the operation wavelength. According to Figure Sa, in order to prevent the
degradation of the samples in the characterization of the nonlinear parameters by Z-scan
measurements, the excitation fluency was limited to a value of 0.14 GW/cm?, i.e. below

the damage threshold for samples 0%Bi and 2%Bi.

The open aperture Z-scan analysis for sample 0%Bi, corresponding to standard MAPbI3
(black symbols in Figure 5c) reveals a dip in z=0, which is characteristics of a material
with non-negligible nonlinear absorption (5). A FFT treatment of the Z-scan data was
applied in order to minimize light scattering (or other non-desirable effects) inherent to
the characterization of polycrystalline thin films, as explained elsewhere.® Indeed,
experimental data can be nicely fitted (black line) with 8 ranged between 0.7x10* and
0.9x10* cm/GW, in agreement with results recently published,’ and previous works in

the literature.* Nevertheless, a similar characterization on sample 2%Bi clearly indicates
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a significant enhancement (up to a factor 4) of the nonlinear absorption by a deeper dip

(red symbols in Figure 5c), that can be nicely fitted with  =2.5x10* -4.3x10* cm/GW.

In the same way, closed aperture Z-scan spectra (Figure 5d) in samples 0%Bi-2%Bi
exhibit the characteristic peak-valley curve typical of a material with significant
nonlinear refraction (n2). Then, the sample acts a z-dependent lens, where the waist of
the beam (W(z)) is focused and defocused from the initial width (W1). In this way, the
evolution of the normalized beam width (W/W1) shows the complementary valley-peak
curve, chosen here to increase the accuracy in the determination of the nonlinear
parameters by a FFT treatment.® Here, the absolute value of 7> depends on the peak
valley separation, while the sign changes the peak-valley (72<0) or valley-peak (172>0)
shape of the curve. Clearly sample 2%Bi present a higher nonlinear coefficient (a factor
3.5) than the standard perovskite, sample 0%Bi, as observed in the Figure 5d by a
longer peak-valley distance. Indeed, the fitting in the different samples/measurements
indicates that n,=-[0.4-0.6] cm*/GW and ny=-[0.7-2.7] cm?*/GW for 0%Bi and 2%Bi,
respectively. The negative sign in n; follows the trend determined by the nz-hv/Eg
relationship predicted in a band to band model,*® while the coefficients obtained for the
MAPDI; reference, 0%Bi sample, agree with those reported in the literature under

similar excitation conditions.’

For samples with higher Bi content (4%Bi and 5%B1), however, nonlinear parameters
could not be extracted. Indeed, the same experiment under an excitation fluency of 0.35
GW/cm? did not show nonlinear response either. We speculate that the loss of
crystallinity with the addition of Bi'” could be detrimental to the generation of second-
order effects. Therefore, although Bi content improves sample stability in ambient
conditions, for non-linear applications the incorporation of Bi is limited to 2 at. %. At
this composition, 2 at. % Bi, CH3NH3Pbo g3Bio.0sl3, both the nonlinear coefficients and
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stability are improved. In this way, we suggest that these Bi-doped lead halide
polycrystalline films are potential candidates to boost of a broad range of nonlinear
applications such as optical limiting devices for high intense pulsed beams, where the
material can absorb light without damage, or multiple-harmonic generation, where the
excellent nonlinear refraction can improve the efficiency under high excitation

fluencies.

Finally, it is interesting to compare the nonlinear properties measured with Bi doped
MAPI with other emerging nonlinear materials, such us metal-organic frameworks
(MOF),* Antimonene,* titanium disulphide (TiS2)*! or Mxene (Ti3C,Tx).* First of all,
nonlinear absorption reported from these materials at excitation wavelengths close to
1064 nm under 100 fs excitation pulses ranges between -3.86-10~ cm/GW *? (MXene)
and -3.7-102 cm/GW (MOF),** while B presented here for Bi doped MAPI is found
between 2.5 and 4.3-10* cm/GW under 1 ns pulse width at 1064 nm. Secondly, MAPI
shows a positive 3,indicative of two photon absorption process, which is characteristics
for this family of semiconductors,* while TOF and MXene presents a negative f3, useful
for saturable absorption. In addition, the absolute value of B obtained here is always
higher, even if the scalability of the nonlinear parameters with the pulse width (1 ns/100
fs = 10%) would be taken into account.* Indeed, among these emerging materials, only
TiS: exhibits a giant value of B (-4.3-10* cm/GW), but obtained under much shorter
excitation laser wavelength (400 nm). Concerning the nonlinear refractive index, na,
reported values range between -1.2-10° cm?/GW in MOFs*® and -3.47-10 cm?/GW for
MXene,*! both measured with lasers at 1064 nm and 100 fs pulses. Thus, they also
show negative n; sign characteristic for MAPL? but smaller absolute values (taking into

account, again, the scalability with the pulse width).
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In summary, a thoroughly structural characterization by means of XRD, XANES and
NMR of Bi-doped MAPbI; layers supports that Bi** dopant is homogeneously
distributed replacing Pb** up to 4 at. % into the MAPbI; lattice. These doped samples
present more environmental stability as confirmed from X-ray diffraction patterns and
optical absorbance evolution with time. The photo-stability of the films under high
excitation fluencies also improves with Bi doping. Bi content around 2 at. % produces
an optimum material where both the nonlinear optical coefficients and stability are
improved. These findings pave the way for future use of these Bi-doped lead halide
perovskite films as potential candidates to develop of a broad range of nonlinear optical
applications including optical limiting devices and multiple-harmonic generation into

optoelectronics devices.
Associated content

See supplementary material (Supporting Information) for experimental methods details,

SEM images, XRD patterns and evolution of second derivative of absorption with time.
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