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Surface modification of all-inorganic halide
perovskite nanorods by a microscale hydrophobic
zeolite for stable and sensitive laser humidity
sensingt
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Perovskite materials are very sensitive to the environment which is beneficial for humidity sensing.
However, the existing illuminating humidity sensor has low luminous efficiency and sensitivity. Besides,
the stability of perovskite materials remains a key issue to be resolved. Compared to luminescence, lasing
is much more sensitive to the surrounding environmental situation. However, humidity sensing based on
perovskite lasing has not been reported so far. In this work, all-inorganic halide perovskite CsPbBrsz nano-
rods with an optical gain coefficient as high as 954 cm™ were designed and fabricated. Moreover, a
microscale hydrophobic zeolite was introduced to modify perovskites for improved stability. It is interest-
ing to note that the hydrophobic zeolite introduces strong scattering which is beneficial for three-dimen-
sional random lasing with a quality (Q) factor of 2263. Through the strategy of using lasing instead of
luminescence, optical stability and sensitive laser humidity sensing were demonstrated, and it exhibits
high sensitivity and good reliability. This work provides a new idea of improved stability of perovskites,
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Introduction

Lead halide perovskites APbX; (A = CH3NH; (MA), Cs, CH
(NH),, (FA); X = Cl, Br, I) possess unique properties such as
long balanced electron-hole diffusion length, large absorption
coefficient, high carrier mobility, and low defect density,
which have been intensively investigated for photovoltaic and
optoelectronic devices."” With the rapid increase of solar cell
efficiency (from 3.8 to 24.02%),>* over the past few years,
other perovskite-based optoelectronic devices have also been
explored, for example, photodetectors,® light-emitting diodes
(LEDs),® and lasers.®® In recent years, perovskites have also
been designed for sensing because of their environmental sen-
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which will promote the practical application of perovskite materials and devices.

sitivity, such as the detection of temperature,” humidity,"
gases,"’ metal ions and explosive species.">'* Among them,
the humidity sensing of perovskites is the most studied by
researchers.

In some specific cases, water will cause serious disasters
such as explosions and fires in certain chemical processes.'*"
Until now, perovskite humidity sensing in an optical or electri-
cal manner has been reported.'®® The luminescence
method has the advantages of high sensitivity and rapid
responsivity, and has been considered as a reliable and power-
ful approach.'”'® However, in most of the cases, those organic
luminescent humidity sensors generally have weak lumine-
scence and low sensitivity. Even for CH;NH;PbBr; with excel-
lent optical properties, the sensitivity is still poor in relative
humidity (RH) above 50%.'%'° However, it is needed to
mention that besides a wide range of sensing, a narrow range
of sensing sometimes is required in special applications, such
as the working environment under high humidity. It is worth
noting that for humans, a small change of humidity in low RH
does not cause discomfort. However, if the environmental RH
is higher than 70%, it will cause our body to secrete excessive
pineal hormone, which makes people listless and easily suffer
from arthralgia syndrome.>°

In addition to enhance the sensitivity of perovskite sensing,
the stability of perovskite materials remains a key issue to be
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resolved.>®'® For example, it has been shown that compared
with traditional materials,> the structural phase transitions of
perovskite materials seriously influence their optoelectronic
device performance.’>** Besides, at high temperatures, perovs-
kite materials show significant weight loss due to thermal
decomposition.>* Furthermore, the environmental instability
of unmodified perovskites has also been reported.”> Many
strategies have been proposed to solve the problems,
such as encapsulating perovskites with organic or inorganic
materials.>>*® However, the surface coating of thick shells will
influence the luminescent performance. Moreover, the perovs-
kite nanomaterials also need good dispersion in order to
achieve high optical performance.”” The crystal doping may
increase the formation energy of perovskites, but it was still
affected by humidity.*® Therefore, reliable perovskite humidity
sensing with high stability and sensitivity is urgent and criti-
cal, especially for high RH.

Compared to luminescence, lasing is much more sensitive
to the surrounding environmental conditions. However, to the
best of our knowledge, humidity sensing based on perovskite
lasing has not been reported. To achieve this goal, two require-
ments need to be fulfilled. First, a perovskite material with a
relatively high gain coefficient is required. Second, the perovs-
kite material must be very stable under high temperature and
intensive light illumination. It is reported that the gain coeffi-
cient of CsPbBr; is around 450 cm™ (the pump intensity is
425 pJ em~? with a 355 nm nanosecond laser),® which is much
higher than other conventional semiconductors. In this work,
all-inorganic halide perovskite CsPbBr; nanorods with the
optical gain coefficient as high as 954 cm™" were designed and
fabricated. Moreover, a microscale hydrophobic zeolite was
used to modify perovskites for improved stability.* It is inter-
esting to note that the hydrophobic zeolite introduces strong
scattering which is beneficial for three-dimensional (3D)
random lasing with a quality (Q) factor of 2263. Through the
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strategy of using lasing instead of luminescence, sensitive
humidity sensing was demonstrated. This work provides a new
idea for improving the stability of perovskites, which will
promote the practical application of perovskite materials and
devices.

Results and discussion

Schematic diagrams of the as-grown CsPbBr; nanorods and
modification by a microscale hydrophobic zeolite are shown in
Fig. 1a and b. Fig. 1a shows the CsPbBr; nanorods with tris(di-
ethylamino)phosphine (TDP) ligands on their surface, which
have strong steric hindrance that is beneficial for the dis-
persion of perovskites,***! as shown in the transmission elec-
tron microscopy (TEM) image of the CsPbBr; nanorods in
Fig. 1c. And the CsPbBr; nanorods show a uniform size of
about 30 nm length and 10 nm width. The water contact angle
of the commercially available SAPO-34 zeolite was measured to
be 96° (Fig. S11),*>™*" implying the hydrophobic properties. As
shown in Fig. 1b, the modified perovskite (P-S34) was obtained
by adding the hydrophobic zeolite powder into the synthesized
CsPbBr; nanorod solution, and then spin-cast on a quartz sub-
strate after well mixing. The zeolite was uniformly distributed
on the substrate with the perovskite coated on it. The surface
tension of the hydrophobic zeolite also helps the dispersion of
perovskites on its surface, which contributes to the improved
performance of the perovskite. Fig. 1d shows the scanning
electron microscopy (SEM) image of the hydrophobic zeolite,
and its size is about 2 um. The TEM images of the modified
perovskite (P-S34) are shown in Fig. S2,f and it can be clearly
seen that the CsPbBr; nanorods are well-dispersed on the
surface of the zeolite. In addition, the SEM images and the
digital pictures of the as-grown and P-S34 samples are shown
in Fig. S3.1 Once again, it can be seen that the composites are
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(a and b) Schematic diagrams of the as-grown CsPbBrz nanorods and the P-S34 sample. (c) TEM image of the as-grown nanorods. (d) SEM

image of the SAPO-34 hydrophobic zeolite. (e) The as-grown and the P-S34 samples of XRD patterns. (f) PL and UV-vis absorption spectra at room

temperature. (g and h) Pseudo-color maps of TDPL spectra.
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well-dispersed on the surface of the substrate. The X-ray
powder diffraction (XRD) patterns of the as-grown and P-S34
samples are shown in Fig. 1e, where the patterns exhibit six
distinct sharp peaks located at 15.2°, 21.5°, 30.6°, 34.3°, 37.7°,
and 43.9°, respectively. They closely coincide with those of
cubic CsPbBr; obtained from the Inorganic Crystal Structure
Database (ICSD 29073), and are assigned to the diffraction of
the (100), (110), (200), (210), (211), and (220) planes, respect-
ively (a broad diffraction peak at 21° comes from the quartz
substrate).’?® 1t is worth noting that the addition of the
hydrophobic zeolite does not change the structure of the
nanorod. In addition, the diffraction peaks of the P-S34
sample are sharper than the as-grown ones, implying a better
crystal quality. This can be ascribed to the hydrophobic pro-
perties offered by the zeolite which give rise to the good dis-
persion and stability of the perovskite nanorod. Fig. 1f shows
the photoluminescence (PL) and UV-vis absorption spectra of
the as-grown and the P-S34 samples at room temperature. The
peaks of the PL and absorption spectra of these two samples
are almost identical (the hydrophobic zeolite has no absorp-
tion and emission in the visible range, which is shown in
Fig. S41). The emission peak of the CsPbBr; nanorod is
located at 514 nm, which is consistent with the previously
reported CsPbBr; nanomaterials.>”*® The narrow line width of
PL (~14 nm) and the small Stokes shift (from the absorption
peak position to the PL peak position is ~8 nm) indicate the
excellent luminous characteristics of the CsPbBr; nanorod.
Fig. 1g and h show pseudo-color maps of temperature-depen-
dent PL spectra of the samples, and the temperature evolution
of the emissions from those two samples is almost the same.
In order to study the optical properties of the as-grown and
the P-S34 samples in-depth, femtosecond transient absorption
(TA) spectroscopy measurement was performed. Optical gain is
one of the most important parameters for the optical material
and is a key figure-of-merit for lasers, which can be monitored
by tracking transient changes in absorption (Aa = a; — a,) at
the band edge after pump excitation, where @, is the absor-
bance after pump excitation and «, is the absorbance value of
the steady-state absorption spectrum obtained from the UV-vis
absorption measurement. The optical gain can be achieved
when negative absorption (Aa + a, < 0) is observed, namely
stimulated emission (SE) surpasses absorption at a given wave-
length, and it can be considered to be state filling or popu-
lation inversion.®***° For TA spectroscopy, the P-S34 sample
was excited by a 355 nm laser with 1 kHz repetition rate and
100 fs pulse width. When the pump fluence exceeds 0.3 pJ
em ™2, negative absorption Aa + a, < 0 can be observed, which
signifies the onset of gain, as clearly depicted in Fig. 2a. It is
worth noting that the optical gain appears in the wavelength
range of 526-542 nm. To gain more insights, temporal
dynamics of the transition of 530 nm in the optical gain
region is shown in Fig. 2b, which is in the form of —Aa/a,
(namely ay — ay/ap) versus time t (g — aj/ay > 1 is the equi-
valent of Aa + @y, < 0, namely the onset of gain). In the first
1.6 ps, —Aal/ay, < 0, namely Aa > 0, is the feature of photo-
induced bleaching, which becomes significant with time, and
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Fig. 2 (a) TA spectra of P-S34 recorded at various pump fluencies. (b)

Decay kinetics of P-S34 that is probed at 530 nm with a pump fluence
of 0.3 pJ cm™2. (c) Schematic diagram of VLS measurement. (d) Lasing
intensity of the P-S34 sample plotted as a function of stripe length.

is probably caused by SE. In 1.6-5.0 ps, —Aa/a, ~ 0, indicating
that the electrons of the excited state from photoinduced
absorption gradually accumulate. After ~5.0 ps, —Aa/a, > 1,
namely Aa < 0, indicating that the phenomenon of population
inversion is gradually appearing.®*° In addition, it maintains a
value higher than 1 until ~560 ps, which is the time interval of
the gain decay lifetimes (z,). Obviously, if it has a longer gain
decay lifetime, it is advantageous for the ASE of materials.
As far as we know, the value of 7, (~560 ps) in our work is
higher than other materials, even other reported perovskite
materials.*°

The value of optical gain can be obtained by the variable
stripe length (VSL) measurement, and the schematic diagram
is shown in Fig. 2c. The P-S34 sample was excited by a 355 nm
pulse laser with 20 Hz repetition rate and 1 ns pulse width.
The power density is 28 pJ em ™2, which is equal to about 1.5
times of 0.3 pJ cm™> under femtosecond excitation due to the
different repetition rates. In the VSL measurement, the laser
was focused to be a stripe through a cylindrical lens (focus
length f= 75 mm) and its length is adjusted by the slit. Fig. 2d
shows the values of the laser emission intensity of the P-S34
sample with different lengths of the stripe (the laser emission
of the P-S34 sample can be found in Fig. 3 and will be
described in detail below). The model describing the stripe-
length-dependent laser intensity was adopted below:*3°~*!

Ale® — 1)
g

1=

(1)

where I, g, and L are the laser intensity, the modal gain, and
the stripe length, respectively. By fitting the measured data to
the model, the modal gain coefficient is then estimated to be
~889 cm™'. The gain coefficient of the as-grown sample is
shown in Fig. S51 as 954 cm™", and this value is among the
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Fig. 3 (a) PL spectra of the P-S34 sample under different pumping den-

sities at room temperature. (b) Emission spectra of P-S34 detected at
two different observation angles, and the inset shows the measurement
configuration. (c) The random lasing threshold of P-S34 for different
excitation areas. (d) Enlarged view of the P-S34 sample and the sche-
matic diagram of quasi-3D random lasing scattering.

largest values obtained for the optical gain of many other
materials.

Fig. 3 shows the PL spectra of the P-S34 sample under
different pumping densities at room temperature. It can be
seen that the sample displays a weak spontaneous emission
under low pumping density. When the pumping density
exceeds a threshold of ~18.8 pJ cm™>, sharp peaks emerge
from the low energy shoulder of the broad spontaneous emis-
sion. It shows the phenomenon of amplified spontaneous
emission of perovskites, which has been reported.>**> When
the pumping density further increases, multiple spikes at
~532 nm with line widths of 0.2-0.3 nm can be detected, the
intensity of which increases rapidly. The Q factors of lasing
modes are in the range of 1773-2660,'>*® as shown in the
inset of Fig. 3a. The PL intensity of these stimulated peaks
with respect to pumping density is given in the inset of
Fig. 3a. Such a nonlinear increase of the integrated intensity is
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a characteristic of lasing. It is known that the lasing action
requires proper optical feedback. To clarify the lasing mecha-
nism of P-S34, angle-dependent PL measurements were
carried out, and the results are plotted in Fig. 3b. It can be
clearly seen that different emission spectra can be recorded
from different directions, which is qualitatively consistent with
the random lasing behavior with coherent feedback.**™® In
addition, for further verification, the dependence of the excitation
area (4q,) on the random lasing threshold (Py, ") under constant
pump power is presented in Fig. 3c. When the excitation area is
increased, the pump threshold needed to create random lasing
decreases. Note that the experimental data are consistent with the
relationship of A**® ~ KPy, ™", where K is a constant, which is the
coherent random laser theory of a 3D random medium.””*® It is
found that the experimental data can be wellfitted with the
formula. Thanks to the strong scattering provided by the hydro-
phobic zeolites, the lasing mechanism of the P-S34 sample dis-
cussed herein can be ascribed to 3D random lasing, as shown in
the schematic diagram of Fig. 3d, and for the as-grown sample,
only the ASE can be seen, as shown in Fig. S6a and b.{

As discussed above, lasing is much more sensitive to the
surrounding environmental situation compared to lumine-
scence. If lasing is used for humidity sensing, good photo-
stability and structural stability of perovskites under high
humidity and heat are the most important issues. Fig. 4a
shows the integrated intensity of ASE and lasing in ambient
environment as a function of the laser shots with 1 ns pulse
width at 355 nm, and the inset is the corresponding spectra.
The excitation power density was maintained at 28 pJ cm™2,
which gives rise to bright emission that can be readily moni-
tored. In the case of the as-grown sample, the ASE intensity
firstly increases by about 1 h under continuous pulsed illumi-
nation (about 1 x 10° shots) and then decreases. It is because
that the surface of perovskite materials can be passivated by
0”” in the presence of water and oxygen under illumination,
which implies that the as-grown sample is unstable to the
environment.”” And for the P-S34 sample, it is observed that
its lasing intensity barely changes over 5 hours (3.6 x 10°
shots), implying that the hydrophobic surface tension can
maintain the hydrophobicity of perovskites and retain their
structural stability. The aging experiment under extreme con-
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(a) The lasing intensity of the as-grown sample and P-S34 sample as a function of the number of laser shots under an excitation intensity of

28 pJ cm2. (b) The emission of the CsPbBrs QDs, as-grown and P-S34 sample after aging experiment (85% RH at 85 °C) for different times.
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ditions (85% RH at 85 °C) also verified this conclusion, as
shown in Fig. 4b. In order to more clearly reflect the stability
of the samples discussed herein, traditional perovskite
quantum dots (QDs) were used for comparison. These samples
were taken out of the aging oven at various time intervals to
measure their emission under the excitation of a He-Cd laser
with a line of 325 nm. It can be seen in Fig. 4b that the PL
intensity of the pristine perovskite QDs drops to 0 after
4 hours. The emission of the as-grown nanorods also
decreased to 33% after 15 hours, while the intensity of the
P-S34 sample is only slightly reduced. This is consistent with
the conclusions drawn from Fig. 4a, which implies that the
P-S34 sample exhibits extreme stability at high temperature
and high humidity.

In order to measure the changes in the lasing of the modi-
fied sample with different humidities, a measurement system
with humidity control, humidity monitoring and a PL collec-
tion, respectively, is used and is shown in Fig. S7, of which
humidity can be controlled in the range of 25%-98%. As
shown in Fig. 5a, the red dots and red stars represent the
intensity of lasing and spontaneous emission (SE) as a func-
tion of increasing RH for the P-S34 sample, while the blue
ones represent the case of reducing RH (they were conducted
in the same sample). It is noted that the SE of the P-S34
sample remains the same in the processes of increase and
decrease of RH. This is because the hydrophobic surface
tension of the modified perovskite prevents the influence of
water molecules. This explanation also accounts for the case of
lasing under low humidity (30%-72%). However, it is interest-
ing to note that the lasing intensity demonstrates a huge
change between 72%-82% RH, with reversible characteristics.
It exhibits high sensitivity (the percentage quenching of the
humidity sensor was 24%/% RH, which is the part of the
initial quenching of the laser to its intensity quenching to
90%).'° It indicates that the moisture may accumulate as a
film of water on the surface of the nanorods when the RH is as
high as 72% (inset of Fig. 5a), which leads to the change of the
surface refractive index. It is known that lasing is sensitive to
the refractive index of the optical path.*>*® Therefore, the
intensity of lasing will decrease with the change of the surface
refractive index. However, this water film is unstable, and the

13364 | Nanoscale, 2020, 12,13360-13367

moisture will evaporate if the humidity decreases to 30%.
Besides, the hydrophobic tension may also contribute to the
effect. Thus the intensity of lasing will recover. To verify this
phenomenon, a planar heating device was used in this experi-
ment to accelerate the evaporation of moisture, and the
spectra are shown in Fig. 5b, where the inset is the schematic
diagram of the evaporation of moisture on the surface of nano-
rods after heating. It can be seen that the lasing intensity is
very weak under 88% RH, but its intensity recovered when the
P-S34 sample was heated to 35 °C. In addition, the lasing
intensity remains the same when the temperature is main-
tained at 35 °C. Reversible conversion of the laser humidity
sensing of the modified sample exposed to 30 and 90% RH is
shown in Fig. S8.1 It can be seen that the laser intensity
remains above 97% after 10 cycles, which indicates good
reliability. The SEM and XRD pictures of the P-S34 sample after
multiple cycles are shown in Fig. S9.1 The insets of Fig. S9af are
the digital pictures of the P-S34 sample without and with ultra-
violet light illumination, respectively. It is found that after
characterization with multiple cycles, the surface morphology
and optical performance of the modified sample are identical,
and it can be seen that the P-S34 sample still maintains good
quality, which implies the good stability of the material.

Experimental
Materials

Chemicals such as PbBr,, oleic acid (OA), oleylamine (OAm)
and hydrobromic acid (HBr, 48%) were purchased from
Aldrich, and cesium stearate (Csst), dodecane and tris(diethyl-
amino)phosphine (TDP) were purchased from Aladdin. While
indium(m) acetate (In(OAc);) was purchased from Alfa Aesar,
other common reagents, such as ethyl acetate, alcohol, hexane
and diethyl ether were purchased from Beijing Chemical
Reagent Ltd, China. They were all used without further
purification.

Synthesis of CsPbBr; nanorods

12.5 ml OAm and 8.56 mL HBr solution were mixed in 100 ml
ethanol to generate OAmBr. After the reaction solution was

This journal is © The Royal Society of Chemistry 2020
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purified and vacuum dried at room temperature, the white
OAmBr powder was obtained. 0.0690 g PbBr, and 0.0652 g
OAmBr were mixed in 5 ml dodecane to complete dissolution
under 80 °C, and then increased to 180 °C after 0.5 ml OA and
0.5 ml OAm were injected. 0.07828 g Csst and 3 ml dodecane
were heated to 140 °C, and then quickly injected into the reac-
tion solution to generate CsPbBr; crude solution. 0.1458 g In
(OAc);, 1 ml OAm and 9 ml dodecane were mixed and dried
under 80 °C for 10 min to generate In(OAm);. 10 ml In(OAm);
solution and 6 ml CsPbBr; crude solution without purification
were mixed under flowing nitrogen for 10 min. Then 0.14 ml
TDP was injected into the solution and was heated to 50 °C at
the rate of 10 °C min~". After the solution turned colorless, the
temperature was further increased to 100 °C. After the reaction
solution was purified and centrifuged, the stable CsPbBr;
nanorod solution was obtained, and related growth mecha-
nisms have been published.*”

Synthesis of zeolite-CsPbBr; nanorod composites

5 mg hydrophobic zeolite SAPO-34 powder was added into the
synthesized CsPbBr; nanorod solution. The resulting solution
was stirred for 10 min to make sure the sample was completely
mixed. Afterward, the mixture was spin-cast on the quartz sub-
strate at 2000 revolutions per minute (rpm) for 30 s in air fol-
lowed by 500 rpm for 5 s. This procedure was repeated 2-3
times to build up the thickness of 100-400 nm of CsPbBr;
nanorod films and 2-3 pm zeolite-CsPbBr; nanorod layer.

Structure characterization

The crystal structures of the CsPbBr; nanorods and zeolite-
CsPbBr; nanorod samples (P-S34) were characterized by X-ray
powder diffraction (XRD) on a Bruker D8 Discover X-ray diffrac-
tion system. Field emission scanning electron microscopy
(FESEM) (Hitachi S-4800) was used to measure the microstruc-
tures of the SAPO-34 zeolite powder, and transmission electron
microscopy (TEM) with an FEI Tecnai G2 F20 microscope oper-
ated at 200 kV was used to observe the size and shape of the
CsPbBr; nanorods.

Optical characterization

UV-vis absorption spectra were recorded at room temperature
on an ultraviolet and visible spectrophotometer. Steady-state
PL spectra were recorded using a Shamrock spectrometer
(model no. SR-750-D1-R) and detected using a Newton CCD
(model no. DU920P-BU). The temperature dependent PL
(TDPL) was obtained using a Horiba iHR550 spectrometer,
and the samples were placed in a vacuum chamber and
excited at 447 nm working with a 1200 g mm™" grating. The
power of the excitation laser is 0.2 mW, and the spot size is
~0.002 cm®. The temperature was controlled by a closed-cycle
helium cryostat at 10-300 K. For TA spectroscopy, pump pulses
are at 355 nm (Astrella Ultrafast Ti: Sapphire Amplifier,
Coherent, 800 nm, 1 kHz, 100 fs, and the OPerA Solo is
Ultrafast Optical Parametric Amplifier, Coherent) and the spot
size is ~0.002 cm?®. The samples were excited by a 355 nm
pulse laser (CryLas FTSS355-300-STA) at 20 Hz repetition rate
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and 1 ns pulse width at room temperature for gain measure-
ment (variable stripe length (VSL) measurements) and laser
characterization. In the VSL measurement, the excitation beam
(power density is 28 pJ cm™?) is focused to be a strip line by a
cylindrical lens (focus length f= 75 mm) whose length is con-
trolled by an adjustable slit. The slit width (maximum) is
6 mm and slit width adjustment per revolution is 0.5 mm with
a total of 20 scales.

Aging

The samples were placed in an oven that can be kept at a con-
stant temperature and humidity, and the temperature was
maintained at 85 °C and 85% RH. The PL of the samples was
measured every half hour and a He-Cd laser with a line of
325 nm as the excitation source was used to perform PL
measurements. The aging test lasts for 15 hours.

Conclusions

In conclusion, all-inorganic halide perovskite CsPbBr; nano-
rods with an optical gain coefficient as high as 954 cm™" were
designed and fabricated. Moreover, a microscale hydrophobic
zeolite was introduced to modify perovskites for improved
stability and the induced strong scattering is beneficial for 3D
random lasing with a Q factor of 2263. The photostability and
the ageing test under the extreme conditions of high humidity
and high temperature (85% RH at 85 °C) indicated that the
stability of the P-S34 sample has been significantly improved.
Through the strategies of using lasing instead of lumine-
scence, sensitive laser humidity sensing was demonstrated,
which exhibits high sensitivity and good reliability. This work
provides a new idea of improved stability of perovskites, which
will promote the practical application of perovskite materials
and devices.
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