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Ultrasonic vibration imposed on the substrate of a drying perovskite solution film has been previously 

proposed as a nearly annealing-free method to improve film quality and thus the photovoltaic 

performance for perovskite solar cells. However, an in-depth understanding of the underlying 

mechanism of the improved film quality via ultrasonic vibration is still lacking. In this work, we study 

the effects of substrate vibration post treatment on the carrier lifetime and mobility in triple cation 

perovskite films. With 80 s of annealing-free vibration, the perovskite film demonstrates much 

stronger photoluminescence intensity and much longer carrier lifetime up to 2.634 μs, 2 orders of 

magnitude longer than that of the thermal annealed films. Optical pump terahertz probe spectroscopy 

reveals that the charge-carrier mobility increases to 121 ± 44 cm
2
V

-1
s

-1
 when subject to 80 s vibration 

followed by annealing. Such mobility is about 80 ±  40 cm
2
V

-1
s

-1
 higher than that of other 

polycrystalline organic-inorganic hybrid perovskite thin films of similar composition. The diffusion 

length is improved to nearly 1.5 times. The new understanding on the vibration-induced charge carrier 

transport properties paves the way for the application of ultrasonic vibration towards the performance 

improvement of perovskite-based electronic devices. 

1. Introduction 

In the past decade, we have witnessed an intensive growth of interest in metal halide perovskites 

(MHPs). The general chemical formula of MHPs is ABX3, where A stands for cations like 

methylammonium (MA, or CH3NH3), B stands for divalent metallic cations (Sn, Pb or Ti), and X stands 

for halide anions such as iodide (I), bromide (Br), or chloride (Cl). Since 2009 when Miyasaka et al.[1] 

first applied MHP to solar cells and realized a power conversion efficiency (PCE) of 3.8%, rapid 

improvements in PCE (currently up to 25.5%[2]) have been achieved. Because of the tunable optical 

and electronic properties of MHPs combined with facile processing procedures,[3] applications of 

MHPs are no longer limited to solar cells, but have quickly extended to light emitting diodes,[4,5] 

photodetectors,[6-9] amplified spontaneous emission of lasers[10-13], field-effect transistors[14,15], etc. 
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Among all possible combinations in the category of perovskite materials, triple-cation perovskites, 

consisting of cesium (Cs+), methylammonium (MA+) and formamidinium (FA+) cations at A-site in the 

ABX3 structure have gained tremendous attention. Saliba et al.[16] demonstrated that triple-cation 

perovskites show outstanding stability in photovoltaic devices and reproducibility during fabrication 

process. By introducing a small amount of Cs+ in MHPs, the unstable yellow phase is effectively 

suppressed,[16] allowing the formation of a more stable black perovskite phase, which resists against 

humidity and temperature. The performance of solar cells employing the triple-cation perovskites 

has improved rapidly in the last five years.[17-20] Zhou et al.[20] has obtained an outstanding PCE of 

21.46 % by simultaneously passivating both anion and cation vacancies in the perovskite layer, and 

the device preserves 90 % of the original PCE after 1000 h of operation. Recently, tandem devices 

combining triple cation perovskites and c-Si have reached PCE of >25 %.[21] 

To fabricate solar cells with desirable performance, it is of vital importance to make high quality 

perovskite films by controlling the crystallization process. By doing so, the non-radiative 

recombination is suppressed. Such positive effects have been reported by Gao et al. in the relevant 

morphology studies on porphyrin-based organic photovoltaics.[22,23] In this regard, multiple strategies 

have been developed. The traditional methods to control crystallization require a final step by 

annealing and drying the liquid films at temperatures ranging from 70 to 150 oC, to form a solid 

film.[24-28] Despite the simplicity of this method, annealing tends to yield films with rough surface and 

pores, and defects in the crystalline structure.[29] An alternative approach is to partially or fully 

replace annealing with ultrasonic vibration with nanoscale amplitudes imposed on the thin liquid 

films during drying. Relevant theoretical studies on waves and vibration imposed on liquids are 

traced back to 1837 by Faraday.[30] The theory of thin liquid film evolution induced by vibration was 

gradually established by Kumar[31,32], Matar[33], Shklyaev[34,35], Bestehorn[36], Khan[37], etc. Ultrasonic 

vibration has been imposed on perovskite thin films to obtain enhanced solar cell PCE.[38-40] Zabihi et 

al. manufactured flexible perovskite solar cells using ultrasonic vibration and achieved a champion 

PCE of 17.38 %, which is competitive among the reported performance of flexible devices.[40] It was 

proposed that[41] the disturbance wave generated in the vibrating process could circulate the fluid 

particles throughout the liquid film, resulting in mixing of liquid solution in microscale and thus 

forming a uniform and homogeneous solid film upon drying. Compared to traditional high-
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temperature annealing that requires long duration, ultrasonic vibration has a better control of the 

evaporation rate.[42] The effect of acoustic vibration depends on the vibration power (waves 

amplitude), frequency, and duration.[43] Controlled imposed vibrations could create micromotions in 

the wet film and improve the uniformity and homogeneity of the ensuing solid film, both passive and 

active thin film coatings.[43] A systematic study was carried out to find optimum power and 

frequency of ultrasonic vibration on the perovskite films.[38] Ultrasonic vibration plays a crucial role in 

controlling the crystal size, growth rate as well as improving the photovoltaic performance of such 

active thin films. In addition, Eslamian et al. have employed ultrasonic vibration as a completely 

annealing-free approach for perovskite solar cells.[42] Because ultrasonic vibration has the potential 

to make the fabrication process annealing-free, the cost of manufacturing is expected to be 

decreased. Another study has showed that P3HT:PCBM (poly(3-hexylthiophene) (P3HT) and phenyl-

C61-butyric acid methyl ester (PCBM)) polymer solar cells made with ultrasonic vibration on the 

spun-on PEDOT:PSS layer become highly reproducible, which is another important step towards 

commercialization of the technology.[44] These studies have proved the feasibility for this method to 

be extended to mass production of solution-processed solar cells.  

Although the aforementioned works have offered explanations on the effects of ultrasonic vibration 

on the film microstructure based on the theories of fluid mechanics, in-depth research on the 

vibration-induced properties of the photogenerated charge carriers that controls the photovoltaic 

performance of perovskite solar cells are still limited. Xiong et al. reported that with annealing-free 

ultrasonic vibration, the charge-carrier lifetime of (FAPbI3)0.85(MAPbI3)0.15 perovskite films was 

prolonged to 51.23 ns, about 20 ns longer compared with the thermal annealed films.[39] In this 

research, we study the influence of ultrasonic vibration time on charge carrier lifetime, mobility, and 

diffusion length in triple cation perovskite films. Photoluminescence and time-resolved 

photoluminescence are used to study the recombination of charge carriers in low charge carrier 

density scenarios, and optical pump terahertz probe (OPTP) spectroscopy is used to study the 

behavior of charge carriers in the regime of high charge carrier density within hundreds of 

picoseconds. The charge carrier mobility is extracted using Drude-Smith model. We show that the 

films treated with ultrasonic vibration exhibit improved charge-carrier lifetime, diffusion length as 

well as mobility under distinct charge carrier densities. 
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2. Results and Discussion 

All perovskite films are prepared on z-cut quartz substrates for characterizations, and the detailed 

sample preparation procedures are described in Experimental Section. The nominal composition of 

our thin films is Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3.  For convenience, we name these samples Vib-x, 

where “Vib” denotes “vibration” and x represents the time of ultrasonic vibration in seconds. After 

vibration, all Vib-x films were annealed for 45 minutes to evaporate the remaining solvents. For 

example, Vib-0 refers to thin film post treated with annealing for 45 minutes. For comparison, 

another set of thin films were post-treated with vibration for 80 s and no annealing afterwards 

(denoted as “annealing-free vibration”). The thicknesses for all thin films are 280±10 nm, as 

determined in Figure S1. From the ultraviolet-visible absorption spectra in Figure S2, the band gaps 

of Vib-0 to 100 are found to be between 1.64 to 1.66 eV shown in Figure S3, consistent with a 

previous report.[3] 

Steady-state photoluminescence (PL) is applied to study the optical emission process. As shown in 

Figure 1a, the PL intensity is significantly enhanced with increasing the vibration time, and reaches a 

maximum at 80 s. To demonstrate the potential of vibration on the photoluminescence of 

perovskites, Figure S4a compares the PL intensity of the films treated by annealing-free vibration 

and pure annealing, showing an enhanced emission of more than 2 orders of magnitude for the 

annealing-free vibration film. It is noticeable that the line shapes of all curves are visibly asymmetric. 

Therefore, we fitted each curve with two individual Gaussian functions. Example fit for Vib-0 

specimen is shown in the inset of Figure 1a, and all fitted PL spectra are shown in Figure S5. All fitting 

scenarios have a goodness exceeding 99.8%. We assign these two Gaussian functions as the 

contributions from emissions of free excitons at lower wavelength (pink) and trap states at higher 

wavelength (green),[45] because emission involving trap states within the band gap is expected to 

have lower energy comparing to band-to-band transition from free excitons. The peak areas 

representing the PL intensity contributed by these two processes are shown as a function of the 

vibration time in the inset of Figure 1b. We observe an up to 35-fold increase for Vib-80 compared to 

Vib-0 in the emission from free excitons (pink), and around 10-fold increase in the emission from 
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trap states (green). Such increase indicates that with substrate vibration post-treatment, the process 

of carrier recombination has been effectively suppressed. To demonstrate the impact of vibration on 

the contribution from trap states within all emitted photons, we plot the area ratio of the green 

peaks to the overall PL spectra, as shown in Figure 1b, as a function of the vibration time. When the 

ultrasonic vibration is applied, the contribution from trap states has decreased from 42.4 % for Vib-0 

to around 30 %, and such level remains relatively steady between Vib-20 and Vib-100. As a result of 

the enhanced contribution from free excitons, the PL spectra in Figure 1a shows a blue-shift in the 

peak from ~763 nm for to ~754 nm when vibration is imposed. It is worth noting that the thin film 

processed with annealing-free vibration only shows the contribution from free excitons, as only one 

Gaussian curve centered at 742 nm fits the peak well with the fitting goodness R2 of 99.9%, as shown 

in Figure S4b. The area under the Gaussian curve in Figure S4b and the contribution of trap states 

are both demonstrated in Figure 1b as open circle. Therefore, for the annealing-free vibration film, 

the contribution from trap states is almost zero. This outstanding PL intensity demonstrates the 

potential of vibration to eliminate defects in the crystalline lattice, which are generated in the 

conventional annealing process. Our previous work have shown the crystallization of perovskites 

with uniform grain size within two-minute vibration.[42] We note that since the signals collected are 

those escaped from the sample surface, the level of trap states determined from PL merely comes 

from the top surface, which cannot be equalized to the level of entire perovskite layer. The accurate 

determination of the density of trap states requires further study. 
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Figure 1. (a) Steady-state PL spectra of perovskite films prepared with vibration time from 0 to 100 s 

followed by 45 minutes thermal annealing. Inset: PL spectra of Vib-0 fitted by two Gaussian 

functions. The pink region denotes the emission of free excitons, the green region denotes the 

emission of trap states, while the red curve denotes the fitted result consisting of both Gaussian 

functions. (b) The contribution of emission from trap states versus vibration time. Inset: emission 

from free excitons (pink area) and from trap states (green area) versus vibration time. Closed circles: 

Vib-0 to Vib-100; open circles: annealing-free vibration. (c). Normalized TRPL spectra of films. The 

red line refers to the fitted exponential decay curve for Vib-0, while cyan line refers to the fitted 

exponential decay curve for Vib-80. (d) Bar chart of average lifetime including contribution from 

      and    for different vibration time. 
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Figure 1c displays the time-resolved photoluminescence (TRPL) spectra for thin films prepared at 

various vibration times. The photoluminescence decay of another thin film treated with annealing-

free vibration for 80 s also included, shown as a grey curve. The normalized intensity, as a function of 

time elapse, is described by a triexponential function. All fitting curves show goodness R2 over 98%, 

and compared with biexponential function, the triple-term shows better accuracy and reduced 

standard error.[46] The average carrier lifetime is defined as                    . The 

contributions of   ,    and    (that is,     ,      and     ) are plotted in Figure 1d for different 

vibration times, and the fitting details are listed in Table S1 in Supporting Information. 

Here we attribute the slow-decay component (  ) to radiative recombination from bulk perovskite, 

which dominates the contribution for the total lifetime. The two fast-decay components (   and   ) 

represent extrinsic trap assisted and lattice periphery confined recombination, respectively.[5,46] As 

shown in Figure 1d, because of the increase in contribution of    from 15.65 ns for Vib-0 to 66.59 ns 

for Vib-80, the average carrier lifetime increased from 20.42 ns to a maximum of 72.77 ns, which is 

nearly 4 times, while the variation of contributions of    and    are both within 4 ns for all samples. 

Notably, the carrier lifetime for thin film treated with annealing-free vibration is 2.634 μs, 2 orders 

of magnitude longer than other films. The carrier lifetime in microsecond range is competitive 

among the previous reported triple cation perovskite thin films.[47,48] Moreover, the contributions of 

   and    are almost negligible. According to the electron-hole radiative recombination and the 

effective PL lifetime equations under low illumination condition,[49] the improved lifetime is 

correlated with the decreased carrier-trapping rate, which strongly depends on the quality of the 

thin film. Figure 1c indicates that the carrier trapping for thin film processed with annealing-free 

vibration is successfully suppressed. We also note that vibration time longer than 100 s introduces 

detrimental effects (section 11 in Supporting Information), confirming that under the current 

processing condition, the longest charge-carrier lifetime was obtained using the vibration time of 80 

s. Measuring the PL quantum efficiency will further establish the widespread utility of the substrate 

vibration post treatment for the solution-processed perovskite electronic devices. Based on our 

observations, we propose that optimizing the post-treatment process by developing annealing-free 
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vibration or followed by a gentle annealing process may further extend the carrier lifetime, and 

deserves extensive studies in the future. 

To investigate the effects of vibration on carrier mobility and diffusion length, we further measured 

the transient THz photoconductivity for Vib-0 and Vib-80 after photoexcitation at 400 nm. Although 

the annealing-free vibration film shows superior charge-carrier lifetime, previous studies have 

shown that solvent remains in the film even after three minutes of ultrasonic vibration.[42] Since the 

remaining solvent reduces the film conductivity greatly and forms intermediate phases with 

perovskite, we chose the annealed films Vib-0 and Vib-80 for the THz photoconductivity 

measurement. In Figure 2, four distinct excitation fluences are selected, ranging from 28.33 to 

113.32 μJcm-2. The transient conductivity is probed by a THz radiation pulse as a function of pump-

probe time delay, and the conductivity is originated from photoexcited charge carriers. Comparing 

Figure 2a and 2b, we find that with 80 s vibration applied, the initial conductivity starts off at the first 

picoseconds almost doubled for each fluence, and the overall decay rate for Vib-80 decreases, as 

revealed by the slope difference from both subfigures at the same fluence. A full introduction of the 

recombination model and the fitting details for the recombination rates of charge carriers are 

provided in section 7 in Supporting Information. The three recombination rate constants   ,     

and    
 , representing monomolecular, bimolecular and Auger recombination rates, respectively, 

are obtained from a global fit for all fluences. The latter two terms represent the lower limits to the 

actual rates of recombination, where   is the photon-to-charge branching ratio. As shown in Table 

1, the three recombination terms are all decreasing for Vib-80, indicating that all recombination 

processes among charge carriers are getting effectively suppressed as vibration is applied. Since the 

value of carrier density at 5 ps pump-probe delay is determined at the highest fluence, the fitting is 

performed for the data obtained at the highest fluence. 
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Figure 2. THz conductivity transients under 4 different fluences and fitting curves for the highest 

fluence for (a) Vib-0 and (b) Vib-80.  

 

 

 

Table 1. Monomolecular (  ), bimolecular (   ) and Auger (   
 ) recombination rates, fitted from 

the charge carrier recombination model of thin films processed with different ultrasonic vibration 

times. 

 

Vibration time (s)    (10
6 

s
-1

)     (10
-10 

cm
3
s

-1
)    

  (10
-28 

cm
6
s

-1
) 

0 13.892±0.195 9.379±1.454 100.8±7.561 
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80 8.131±0.053 5.626±1.062 33.59±1.666 

 

To further determine the charge-carrier mobility, we conducted a time-domain spectroscopy (TDS) 

analysis at a fixed pump-probe delay time. TDS provides frequency-resolved complex conductivity 

spectra, as demonstrated in Figure 3.  

 

 

Figure 3. THz conductivity spectra of (a) Vib-0 and (b) Vib-80 at a pump-probe delay of 5 ps after 

excitation at 400 nm with a fluence of 113.32 μJ cm-2. 

 

Here we set the delay time as 5 ps and the fluence as 113.32 μJ cm-2. The experimental details for 

the TDS measurement and data analysis for photoconductivity are included in Supporting 

Information. According to the Kramers-Kronig relations,[50] the real and imaginary parts of the 

photoconductivity   (    ) can be derived through Fourier transform. As observed in Figure 3, for 

Vib-0 and Vib-80, both the real and imaginary parts of the photoconductivity slightly increase with 

frequency. All spectra are well-described by the Drude-Smith model.[51-54] This model describes the 
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conduction of free charge carriers under long-range localization condition, with an equation shown 

below: 

 ̃  ( )  
    

   
      

(  
 

      
)  ( )  

 

where    is the permittivity of vacuum,    indicates the frequency of plasma, and    represents the 

momentum relaxation time.   is the localization degree parameter that describes the probability of a 

carrier maintaining its velocity during scattering. The value of   varies between -1 and 0, where 

    denotes full momentum randomized scattering (so Equation 1 becomes the classic Drude 

formula),[55] while a negative   means that the charge carrier undergoes preferential backscattering, 

i.e., localization, for example, when reaching the edge of a local potential well.[50] The mobility is 

calculated by the relation        *, where   is the elementary charge and  * is the carrier 

effective mass.[56] Here we assume the carrier effective mass  *         based on previous 

experiments and theoretical calculations for materials with similar compositions.[55,57,58] The 

frequency of plasma can be further described by a function of the density of charge carriers  : 

   √
   

   
 
 ( )  

 

where   is the elementary charge. The real part of the electrical conductivity     is shown as: 

    
     
  

(   ) ( )  

 

The fitting details are listed in Table 2, while the results of charge-carrier mobility are presented in 

Figure 4a. 
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Table 2. Plasma frequency (  ), momentum relaxation time (  ), localization degree ( ), charge-

carrier density ( ), real-part electroconductivity (   ) and mobility fitted to the data of electrical 

conductivity of thin films processed with different vibration times. 

Vibration time 

(s) 

   (10
14 

Hz) 

   (fs)     (10
17

 

cm
-3

) 

    (10
3
 

Sm
-1

) 

Mobility (cm
2
V

-

1
s

-1
) 

0 3.00±0.66 12.6±

4.2 

-0.86±

0.04 

9.85±2.61 1.40±0.14 88.8±25.2 

80 3.42±0.13 17.1±

3.1 

-0.87±

0.06 

11.8±4.25 2.27±0.13 121±43.8 
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Figure 4. (a) Charge-carrier mobility and (b) charge carrier diffusion lengths as a function of charge 

carrier concentration for Vib-0 and Vib-80 films. 

 

In Table 2, the momentum relaxation time    for Vib-80 is slightly higher than Vib-0, indicating 

reduced trap density. As for the charge carrier density  , our results agree with the range of 

previous data, and with such level for charge carrier density, the bimolecular and Auger 

recombination processes begin to contribute to the majority of total decay rate.[59] According to the 

relation of carrier mobility provided before, we infer that       (   ). The calculated carrier 

mobility increases from 89 ± 25 cm2V-1s-1 for Vib-0, to 121 ± 44 cm2V-1s-1 for Vib-80. A comparison of 

carrier mobility for the organic, inorganic and hybrid perovskites with similar composition is 

summarized in Table S3. The mobility for Vib-0 measured in this work falls within the range between 

organic and inorganic perovskite thin films, and is reasonable for samples probed on a short length 

scale.[57] Notably, the carrier mobility of Vib-80 exceeds that of other polycrystalline organic-

inorganic hybrid perovskite thin films of similar composition by approximately 80 ± 40 cm2V-1s-1.[60-63] 

From the results of charge carrier density and fitting of THz conductivity transient, we can further 

obtain the diffusion length for both films. The calculation details are included in Supporting 
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Information. As shown in Figure 4b, the diffusion length is improved by nearly 1.5 times under 

various charge-carrier concentrations. The improved carrier lifetime, mobility and diffusion length 

contribute to the enhancement in device performance. For example, the incident-photon-to-current 

conversion efficiency of perovskite solar cells was improved up to 90% between 350 and 750 nm 

subjected to ultrasonic vibration post treatment.
[39] 

In the foregoing sections, we have shown that ultrasonic vibration has multiple positive effects on 

the properties of perovskite films. Firstly, the density of trap states is reduced with proper vibration 

duration. Based on the studies from the PL spectroscopy, we propose a model demonstrated in 

Figure 5. When the ultrasonic vibration is applied, the intensity of trap state emission is effectively 

suppressed. This positive effect is also revealed by the extension of carrier lifetime for the TRPL and 

THz conductivity transients under different excitation fluences, as well as the slight increase in the 

momentum relaxation time   . According to the X-ray diffractograms (XRD) in Figure S7 in 

Supporting Information, the films with vibration show an accumulation of residual PbI2, which can 

reduce trap states and thus suppress charge-carrier recombination rate, as reported elsewhere.[64-66] 

In addition, we note that the carrier lifetime up to microseconds was found in the films with pure 

ultrasonic vibration without annealing, whereas further annealing of 45 minutes creates defects and 

significantly reduces the carrier lifetime. Ultrasonic vibration can generate local heating in the film. 

The temperature of perovskite thin film surface increased up to 40°C after 3-minute vibration;*42+ 

while for the annealing process at 100°C the surface temperature was found to be up to 78°C.*67+ The 

heat generated during annealing process is much higher in comparison with annealing-free 

ultrasonic vibration. Our results indicate that ultrasonic vibration post treatment can prevent the defect 

formation in the perovskite films during the high-temperature annealing process. Therefore, 

developing an annealing-free or gentle annealing procedures based on ultrasonic vibration at different 

frequency and amplitude may enhance the device performance.  
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Figure 5. Proposed band diagram and emissions affected by ultrasonic substrate vibration post 

treatment. After the application of ultrasonic vibration, the trap states is suppressed, thus reducing 

the trap states emission.  

 

Secondly, the mobility of Vib-80 is higher than Vib-0. The carrier mobility is determined by both 

extrinsic and intrinsic factors. The extrinsic factors include material imperfections such as grain 

boundaries and impurities. As demonstrated in Figure S8, comparing Vib-80 with Vib-0, the variation 

in average grain size is within their standard deviation. Therefore, it is likely that the intrinsic factors, 

originate from the interactions between charge carriers and lattice or phonons, play a more 

important role in the increased mobility. Theoretical and experimental studies have shown that a 

critical factor that limits the charge-carrier mobility for MHPs at room temperature is the Fröhlich 

coupling with longitudinal-optical phonons.[68-70] The XRD patterns in Figure S7 reveal shifts in peak 

positions, implying possible difference in phonon modes or frequencies when different vibration 

times are imposed. Such peak shifts may originate from the increase of FA+/MA+ or Br-/I- ratios as a 

result of ion migration,[39,71,72] or changes in the interplanar distances induced by compressive 

strain.[73] The increase in compressive strain could be one of the reasons that changes the grain size 

when the vibration time is increased to 100 s, as shown in Figure S8. Further research on vibration-

induced effects on the electron-phonon coupling is expected to unravel more details of composition 

and crystal structure changes induced by ultrasonic vibration, thus offer a better understanding of 

the factors that limit the charge-carrier mobility. 
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3. Conclusion 

In summary, we have studied the effects of ultrasonic substrate vibration post treatment on the carrier 

lifetime and mobility of triple cation perovskite thin films. Comparing to the thermal annealed films, 

the average carrier lifetime increases up to 2 orders of magnitude for the films subjected to 80 s of 

annealing-free vibration, indicating a decrease in carrier trapping rate, while defects are created during 

the post annealing procedure. Under post annealing condition, OPTP spectroscopy reveals that the 

charge carrier mobility for the films treated with 80 s of ultrasonic vibration reaches 121 ± 44 cm
2
V

-

1
s

-1
, about 80 ± 40 cm

2
V

-1
s

-1
 higher than other polycrystalline organic-inorganic hybrid perovskite thin 

films of similar composition. The films treated with vibration also showed longer charge-carrier 

diffusion length. Our results suggest that through the ultrasonic vibration post treatment, the charge-

carrier recombination in perovskite crystals is effectively suppressed, leading to a significantly 

improved charge-carrier lifetime. This work will motivate further development on an annealing-free 

or gentle annealing procedure for the perovskite films based on ultrasonic vibration, aiming at 

significantly improving the performance of perovskite electronic devices.
 
 

4. Experimental Section 

Materials: Materials used in this paper include zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 99 %, 

Sinopharm Chemical Reagent Co., Ltd.), methylammonium iodide (CH3NH3I, 99.5 %, Xi’an Polymer 

Light Technology Corp.), lead iodide (PbI2, 99.9 %, Xi’an Polymer Light Technology Corp.), lead 

bromide (PbBr2, 99.9 %, Xi’an Polymer Light Technology Corp.), formamidinium iodide (CHNH2NH2I, 

98 %, Xi’an Polymer Light Technology Corp.), cesium iodide (CsI, 98 %, Xi’an Polymer Light 

Technology Corp.), chlorobenzene (CB, 99.9 %, Sigma-Aldrich), 2-methyl imidazole (2-mIm, 99 %, 

Sigma-Aldrich), dimethylformamide (DMF, 99.8 %, Sigma-Aldrich), and dimethyl sulfoxide (DMSO, 

99.9 %, Sigma-Aldrich). 

Sample Preparation: All glassware including brown bottles, z-cut quartz and fluorine-doped tin oxide 

(FTO) glass substrates were placed in an ultrasonic cleaner, processed by detergent, ethanol (99.9 %) 

and acetone (99.9 %) sequentially, and cleaned for 15 min. After that, the bottles were placed on a 
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heater setting at 100 °C so as to evaporate the remaining acetone. In the meantime, the substrates 

were processed under UV light for 20 min to further clear up the acetone around them. 

To study the charge carrier lifetime, triple cation perovskite films were deposited on z-cut quartz 

substrates sized 1 cm ×1 cm without any electron or hole transport layer. Prior to the deposition of 

perovskite films on quartz substrates, we applied ZIF-8, where ZIF stands for zeolitic imidazolate 

frameworks, to improve the crystallinity of grains. This strategy has been proved effective by Shen et 

al.[74] To synthesis ZIF-8, a methanolic solution of 2-mIm (0.660 g in 15 ml of methanol) was added to 

a methanolic solution of zinc nitrate (0.297 g in 15 ml of methanol), followed by stirring at room 

temperature. After synthesis, the solution was spun on the surface of quartz glass at 1500 rpm for 30 

s. All samples were dried at 50 °C for 10 min. 

To prepare the precursor solution for triple cation perovskite, 0.25 g of PbI2 was dissolved in 0.3615 

ml of the mixed solvent system consisting of DMF and DMSO with volume ratio of 1:4 (denoted as 

solution A), another 0.25 g of PbBr2 was dissolved in 0.454 ml of mixed solvent system with the same 

volume ratio (solution B). Solutions A and B were heated at 180 ℃ for 10 min, and cooled to room 

temperature before used in the next step. 0.025 g of FAI was dissolved in 0.117 ml of solution A 

(denoted as solution C), and another 0.025 g of MABr was dissolved in 0.176 ml of solution B 

(denoted as solution D). 0.200 g of CsI was dissolved in 0.5132 ml of DMSO (named as solution E). 

100 μL of C, 20 μL of D and 4μL of E were finally fully mixed together, and heated at 55 ℃ for 12 h, 

forming the final precursor solution. The spin-coating procedure of triple cation perovskite films was 

based on a previous work.[3] The prepared Cs/FA/MA perovskite solution was spun on the ZIF-8 layer 

for 10 s at 1000 rpm, and then 20 s at 5000 rpm. 250 μL of CB, acting as antisolvent, was dropped on 

the film 15 s after the second step of spin coating had started. The liquid perovskite films were 

placed on a disk-shape Langevin ultrasonic transducer, housed by a steel box, at various processing 

times (0, 20, 40, 60, 80 and 100 s). Following our previous work,[38] we applied the vibration 

frequency of 40 kHz and the transducer power of 40 W, generating an ultrasonic vibration amplitude 

of about 7 nm. For convenience, we name these samples Vib-x, where “Vib” stands for word 

“vibration” and x stands for the time (s) of ultrasonic vibration. Finally, all samples were thermal 

annealed at 100 oC for an time of 45 min according to a previous study.[75] For comparison, one set of 

thin films were post-treated with 80 s vibration, and not annealed, denoted as “annealing-free 
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vibration”. The nominal stoichiometric composition of the thin films is 

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3, given that the only variable parameter is the vibration time and 

the amount of reactants consumed to make precursor is unchanged. We note that it is possible that 

the film composition may change after vibration, which requires further study. The annealing post 

treatment is carried out in order to eliminate the influence of residual solvents, DMF and DMSO, 

which still remain in the film after vibration.[42] These solvents will form intermediate phases with 

perovskites. Removing the solvent helps nuclei growth under favorable thermodynamic conditions, 

and can increase the film conductivity.[42]  

Characterization: XRD patterns of the perovskite thin films were recorded on a Bruker D8 advanced 

diffractometer, applying Cu Kα radiation at a scan rate of 0.1 ° s-1 from 5 ° to 70 °. Confocal laser 

scanning microscope (CLSM, LMS700, Zeiss, Germany) was applied to obtain the thickness of the 

perovskite thin film. The morphology of the perovskite film was observed by a field-effect scanning 

electron microscope (FE-SEM, Zeiss Ultra Plus, Germany) in the Advanced Electronic Materials and 

Devices (AEMD) Center at Shanghai Jiao Tong University. The SEM images were analyzed using 

ImageJ software to estimate the grain size distribution. UV-Vis absorption spectra were recorded by 

a UV/Vis/NIR spectrophotometer (Lambda 950), over the range of 300-1100 nm. Steady PL and TRPL 

were measured with an FLS1000 photoluminescence spectroscopy instrument with 405 nm as the 

excitation wavelength. A time-correlated single-photon-counting (TCSPC) module was used to 

analyze the TRPL results of the perovskite films probed at 753 nm, where the preset photon count 

was 2000. For the PL and TRPL measurements, the scan slit and the fixed slit were set to 8 and 7 μm, 

respectively, unless specified otherwise. 

The OPTP spectra was obtained by a regenerative Ti:sapphire amplifier system, producing 2 mJ 

pulses, duration of 120 fs, repetition rate of 1 kHz and central wavelength of 400 nm. The laser was 

split into three beams: two of them were for terahertz generation and detection, and the third one 

with much higher intensity was used as pump pulse. THz pulses were generated from the 

femtosecond (fs) laser pulses by optical rectification in a 1 mm thick ZnTe(110) crystal. A pair of off-

axis parabolic mirrors was used to collimate and focus the emitted THz radiation onto the top of the 

test samples. After propagation through the sample, another pair of off-axis parabolic mirrors were 

used to collimate and focus the diverging THz radiation onto another 1 mm thick ZnTe(110) crystal. 
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The sampling beam was scanned using an optical delay stage. The THz field was detected by free-

space electrooptic sampling. The pump beam was scanned using a second optical delay stage that 

enabled the variation of the time delay of the THz probe pulse with respect to the optical excitation 

pulse. The pump beam and THz beam were overlapped on the surface of the sample. A lock-in 

amplifier phase locked to an optical chopper modulating either the THz generation arm or the pump 

beam arm at a frequency of 500 Hz was used to collect the signal. The spot size of pump and THz 

beams were 10 and 3 mm, respectively. All measurements were completed at a temperature of 293 

K and relative humidity of less than 18 %. 
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Through ultrasonic vibration imposed on as-spun films at proper power and duration, the charge 

carrier mobility in the perovskite layer increases to 121±44 cm2V-1s-1, about 80±40 cm2V-1s-1 higher 

than other polycrystalline hybrid perovskite films of similar composition. Ultrasonic vibration post 

treatment effectively suppresses the overall charge carrier trapping rate in the perovskite layer. 
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