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Abstract: The fine-tuning of the growth conditions and post-deposition treatments is of fundamental 
importance to improve the efficiency of photovoltaic devices based on all-inorganic metal halide perovskites 
like CsPbBr3. In this work, we used time-resolved terahertz spectroscopy (TRTS) in combination with optical 
characterization techniques, x-ray diffraction (XRD), and scanning electron microscopy (SEM), to probe the 
different properties induced by a low-temperature (180 °C) annealing treatment on evaporated CsPbBr3 thin-
films. We observed a faster build-up and relaxation dynamics in the annealed sample, accompanied by a 
remarkable decrease of the photoluminescence (PL) intensity and minor changes in the photoconductivity 
and XRD measurements as compared to the as-deposited sample. We estimated for both the samples a 
mobility of 𝜇 = (1.7 ± 0.5) ∙ 10! cm2 V-1 s-1. Our results suggest that the lattice reorganization induced by 
low-temperature annealing of evaporated CsPbBr3 could lead to a different charge carrier-phonon coupling 
and to an increased contribution of non-radiative recombination channels. We found that TRTS can be 
effectively used to follow the changes induced by post-deposition thermal annealing of CsPbBr3. 
 
Introduction 
The advances in the knowledge of metal-halide perovskites demand increasing attention for fabrication 
techniques, towards the development of competitive industrial applications and manufacturing strategies. 
The all-inorganic cesium lead bromide (CsPbBr3) stands out in the class of lead-halide perovskites, because 
of its high stability in a humid environment and promising optoelectronic properties [1]. However, the power 
conversion efficiency (PCE) of CsPbBr3 solar cells [2] [3] [4] [5] [6] is still far from the record values reached 
by less stable cells, based on hybrid organic-inorganic [7] or mixed-halide perovskites [8] [9] [10]. The fine 
control of the thin-film morphology and the crystal lattice defects is extremely important to increase the 
efficiency of CsPbBr3-based photovoltaics devices and boost further applications.  

Several fabrication techniques have been explored to obtain polycrystalline and single-crystal 
samples of CsPbBr3 [1] [11]. Vapor-based methods can be easily integrated into the established planar 
processes for the manufacturing of semiconductor technologies. Furthermore, they have proven to give a 
good film morphology, thickness control, and high reproducibility [1] [12]. Thermal annealing is in this case a 
critical step to control the physical properties of the deposited material and ultimately the performance of 
the device.  

Time-resolved terahertz spectroscopy (TRTS) has been employed in recent works to estimate the 
high mobility and diffusion length in colloidal CsPbBr3 nanocrystals (NCs) [13], the optoelectronic and 
vibrational properties of CsPbBr3 NCs films [14], and low-energy excitations in several inorganic and hybrid 
perovskites [15] [16] [17]. TRTS has also been used to point out the polaronic nature of the photoinduced 
charge carriers in lead-halide perovskites and to quantify their formation time [18] [19]. 

In this work, we used TRTS to study the photoinduced charge-carrier ultrafast dynamics in 
evaporated samples of CsPbBr3 with different post-deposition treatments. We report on the faster build-up 
and recombination dynamics, observed on an annealed CsPbBr3 sample, accompanied by minor changes in 
the THz photoconductivity and a remarkable decrease of the photoluminescence intensity as compared to 
the as-deposited sample. 

Our observations highlight how a fine-tuning of the annealing parameters is needed to obtain the 
desired improvement of the material quality and the use of TRTS contributes to the outlining of multiple 
strategies to benchmark different fabrication protocols of CsPbBr3 thin-films. 



 

 
Methods 
Sample synthesis and preparation 
Lead(II) bromide (PbBr2, ≥98%) was purchased from Tokyo Chemical Industry (TCI) and cesium bromide 
(CsBr,99.999%) was purchased from Alfa Aesar. Fused silica substrates were cleaned in acetone and isopropyl 
alcohol (IPA) for 15 min by sonication. The cleaned substrates were treated with oxygen plasma for 10 min 
before any further deposition. Perovskite thin-films were deposited by vacuum thermal evaporation 
(Moorfield) in a chamber installed in a nitrogen-filled glovebox (O2 and H2O < 1 ppm) so that samples and 
source materials can be loaded and unloaded under inert conditions. The precursors were co-evaporated 
from separate sources at a pressure of ~5×10-7 mbar. Initially, the sources were heated to reach the 
evaporation rate set-point (0.25 Å/s), detected using dedicated quartz crystal microbalances, one for each 
source. The evaporation temperature was 260 °C and 400 °C for PbBr2 and CsBr, respectively. After a 
stabilization period of ~5 minutes, the substrate shutter was opened to allow material deposition onto the 
substrates for ~1.5 hours. To maximize the uniformity of the deposition, the sample holder was rotated 
during the deposition. After deposition, the samples were either tested directly, herein referred to as “as-
deposited” or annealed in a nitrogen-filled glovebox at 180 °C for 30 minutes. 
Characterization 
Microstructure: XRD patterns were recorded with a Bruker D8 Advance diffractometer with Bragg–Brentano 
geometry equipped with a Cu K𝛼1 (𝜆 = 1.544060 Å) anode, operating at 40 kV and 40 mA. All the diffraction 
patterns were collected at room temperature, with a step size of 0.05° in symmetric scan reflection mode 
and an integration time of 1 s per point. 
Thickness: Perovskite film thicknesses were measured using a Veeco Dektak 150 surface profilometer. 
Microscopy: SEM images were obtained using a MIRA3 TESCAN microscope with an accelerating voltage of 
5 kV.  
UV-vis absorption: steady-state absorption spectra were measured using a UV/VIS/NIR spectrophotometer 
Lambda 1050 PerkinElmer, in the wavelength range 250-700 nm, with a step size of 1 nm. 
Steady State Photoluminescence: PL spectra were measured following excitation by a 450 nm continuous 
wave laser (Oxxius) with a power density of 100 mW/cm2. PL was collected in reflection mode and focused 
into a fiber coupled to a spectrometer (Ocean Optics Maya Pro 2000). 
Ultrafast THz spectroscopy 
Our terahertz (THz) spectroscopy setup is driven by a Ti:Sapphire amplified laser system, delivering 35-fs 
pulses with a repetition rate of 1 kHz centered at 𝜆 ≈ 790 nm. A pulse energy of approximately 1 mJ is 
delivered to the THz setup and split into three lines devoted to THz generation, THz detection (gate), and 
sample photoexcitation (pump). For this experiment, THz pulses are generated by optical rectification in a 
ZnTe crystal, 1 mm-thick and <110>-oriented. This gives a probe bandwidth between 0.4 THz and 2.1 THz. 
The pump pulse can be obtained either by second harmonic generation or by an optical parametric amplifier 
tunable in the visible range. The pump pulse is focused on the sample with a spot size of ~2.5 mm. The THz 
pulse is directed to the sample by off-axis parabolic mirrors, obtaining a probe spot-size at the sample of ~1 
mm. The transmitted THz pulse is then reconstructed in the time domain by electro-optic sampling (EOS), 
exploiting the interaction of the THz electric field with the gate pulse in a ZnTe detector crystal, with the same 
characteristics of the emitter. The sample is at room temperature and the THz pulses propagate in a chamber 
purged by dry-nitrogen, to avoid THz absorption by water vapor.  

In the pump-probe measurements, the generation and pump beam are simultaneously modulated 
by an optical chopper at two different frequencies. This approach, described in reference [20], allows to 
simultaneously demodulate with a lock-in amplifier both the pump-probe differential signal Δ𝐸 = 𝐸"# −
𝐸"$$ and the pump-off signal 𝐸"$$. For this work we used pump pulses either at 𝜆 ≈ 500 nm, nearly resonant 
with the band-gap of CsPbBr3, or at 𝜆 ≈ 400 nm to photoinject charges in the conduction band. 

We characterize the response of the samples in the probe spectral range by THz time-domain 
spectroscopy (THz-TDS). We measure the electric field of the transmitted probe pulse through the sample 
and the reference substrate. The ratio of the Fourier transforms of the two wave-forms gives a complex 
transmission function 𝑇(𝜔). This can be used to compute the static conductivity through an approximated 
formula, commonly adopted in the THz-TDS analysis of thin-films [21]: 
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where 𝑛% and 𝑛! are the refractive indices of the media surrounding the sample, d is the thickness 

of the thin film and 𝑍& is the impedance of free space. In our case 𝑛% and 𝑛! are the refractive indices of dry-
nitrogen and the fused silica substrate, respectively. 

We study the transient response with two different acquisition modes. The first one is fixing the EOS 
delay at the THz pulse peak and measuring the relative change of the signal as a function of the pump-probe 
delay 𝜏 (‘’1D scan’’ as in reference [22]). This approach gives access to frequency integrated pump-probe 
dynamics [23]. The second mode consists in scanning both the EOS and the pump delay lines, acquiring the 
relative change of the full THz wave-forms (‘’2D scan’’ as in reference [22]). As explained above, we measure 
simultaneously the differential signal ∆𝐸 and the pump-off signal 𝐸"$$. In the case of the 2D scan these are 

Fourier transformed and used to compute the complex transmission function 𝑇∗(𝜔, 𝜏) = ()(+,-)
)!""(+)

+ 1. This 

can be used to retrieve the complex response function of the photoexcited material in the frequency domain. 
This result is usually expressed in terms of photoconductivity ∆σ(ω, 𝜏)	 = −iωε&Δε(ω, 𝜏), where Δε is the 
pump-induced change of the material dielectric function.   

The transient THz response of intrinsic or low-doped semiconductor thin-films is commonly 
evaluated by an approximated analytical formula [21] [24]. This directly relates the photoconductivity to the 
complex transmission function 𝑇∗:  
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where 𝑛% and 𝑛! are the refractive indices of the media surrounding the photoexcited layer of the film, 𝑑$∗ is 
the thickness of the photoexcited layer and 𝑍& is the impedance of free space. In our case 𝑛% and 𝑛! are the 
refractive indices of dry-nitrogen and the non-photoexcited part of the material, respectively. We used a 
photoexcited film thickness of 100 nm, estimated from the optical absorption coefficient at the pump 
wavelength. The validity of the thin-film approximation for a photoexcited layer with complex refractive 
index 𝑛$∗ + 𝑖𝜅$∗ and thickness 𝑑$∗, is quantified by the conditions 𝑛$∗

+
/
𝑑$∗ ≪ 1 and 𝜅$∗

+
/
𝑑$∗ ≪ 1 [24]. We cross-

checked the fulfillment of these conditions by computing 𝑛$∗ + 𝑖𝜅$∗ from Δ𝜎 and the static dielectric function 

measured by THz-TDS. If ()(+,-)
)!""(+)

≪ 1 the equation ( 2 ) can be further simplified as: 
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In the following, we are going to use equation ( 2 ), since it gives a better estimate of the 

photoconductivity spectra compared to equation ( 3 ) [21] [25]. Equation ( 3 ) is nevertheless useful to 
understand the common interpretation of the 1D scans signal as a measurement of the sample 
photoconductivity. More specifically, the relative change of the THz pulse peak and zero-crossing are often 
interpreted as a measurement of the frequency-averaged real and imaginary parts of Δ𝜎(𝜔, 𝑡), respectively. 
This is obviously true when Δ𝜎 in equation ( 3 ) is approximately real and frequency-independent (Drude 
model with 𝜔𝜏 ≪ 1), but for a more general behavior the relation has to be carefully evaluated [23]. We 
checked that the pump-probe dynamics −∆𝐸(𝑡0123 , 𝜏)/𝐸"$$(𝑡0123) obtained from the measured 2D scans, 
follows the same trend of the frequency-integrated real part of Δ𝜎(𝜔, 𝜏) obtained by equation ( 3 ) (see 
supplementary information). The comparison indicates that the pump-probe dynamics is in good 
approximation proportional to the frequency averaged real photoconductivity. Consequently, the estimated 
recombination rate constants can be interpreted as those of the polaronic charge carriers.  
 The build-up of the pump-probe signal can require a formation time larger than the instrumental 
response function (IRF), due to the generation of a population of hot-carriers. The carrier cooling and the 



 

subsequent formation of polarons is considered to be the leading mechanism in the build-up of the transient 
THz response in CsPbBr3 and similar lead-halide perovskites [18] [19]. Following this idea, we fitted the build-
up dynamics using the simplified model proposed in reference [19]. This is based on the solution of a system 
of linear rate equations, which represent a three-level system, where hot-carriers are converted 
progressively into cold-carriers and eventually into polarons. The solution of the rate equations system is: 
 

 𝑛(𝑡) = 𝑛 J
1
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To fit the data, we used equation ( 4 )  convolved with a gaussian function with a full-width at half-maximum 
(FWHM) of 100 fs to take into account the effect of the IRF. This is estimated considering the convolution of 
the pump pulse with the gate pulse, used to sample the THz waveform peak. 

The relaxation dynamics can be fitted using the numerical solution of the following rate equation: 
 

 
𝑑𝑛
𝑑𝑡

= −𝑘%𝑛 − 𝑘!𝑛! − 𝑘7𝑛7 ( 5 ) 

 
where trap-assisted, band-to-band, and Auger recombination channels are considered [15] [16]. Since the 
pump-probe signal can be considered proportional to the polaron density, the parameters extracted by the 
fit of the dimensionless signal can be converted into the recombination rate 𝑘% and the apparent rates 𝑘!𝜙 
and	𝑘7𝜙!, where 𝜙 is referred to as photon-to-carrier branching ratio (see supplementary information and 
reference [16] for more details). 
 
Results and Discussion 

 



 

Figure 1 (a)-(b) X-ray diffraction (XRD) measurements of the as-deposited and annealed samples. The inset in (b) 
highlights the small reduction of the peak at 21.45° in the annealed sample. (c) Optical absorption and 
photoluminescence (PL) of the as-deposited (blue solid line) and annealed (red dashed line) samples. (d)-(e) scanning 
electron microscopy (SEM) images of the as-deposited and annealed samples. 

In Figure 1 we report XRD measurements (a)-(b) and SEM images (d)-(e) of the two samples. The SEM images 
confirm the increased grain size, expected after the annealing process. We estimate a grain size of (63±3) 
nm and (302±13) nm respectively for as-deposited and annealed samples (see supplementary information, 
figure S1). In Figure 1(c) we plot the optical absorbance and the PL spectra. In the visible range, we can see a 
slight decrease in the absorbance after the annealing and a remarkable lowering of the PL intensity. The XRD 
measurements on the two samples (Figure 1(a)-(b)) confirm that the material presents a good crystallinity 
and forms a prevalent CsPbBr3 orthorhombic phase with both the fabrication protocols. However, the small 
changes of relative intensity and shape of the XRD peaks (see the peak at 2𝜃 ≈ 21.45° in Figure 1 (a)-(b)) 
may be also related to a reduced CsPbBr3 volume fraction in favor of different phases [26]. It is possible that 
the morphological reorganization, induced by the low-temperature annealing, is responsible for the 
formation of point and/or extended defects.  

For example, the thermodynamically stable CsPb2Br5 phase has a formation enthalpy similar to that 
of CsPbBr3 [27] and, as pointed out in reference [26], it can add deep recombination centers at the 
CsPbBr3/CsPb2Br5 interface. These can provide non-radiative recombination channels, which quench the 
photoluminescence intensity. We stress here that a different outcome could be obtained annealing at higher 
temperatures [28], since a different amount of thermal energy is delivered to the crystal lattice, and different 
regions of the perovskite phase diagram are explored [11].    

On the other hand, since the annealing temperature is higher than the orthorhombic-to-tetragonal 
phase transition temperature (88 °C [29]), the stress induced in the lattice can lead to the formation of 
vacancies and substitutional defects [11]. These can also act as deep trap states and contribute to non-
radiative recombination channels. 

Figure 2 shows the static conductivity retrieved as described in the methods section. The as-
deposited sample presents an absorption feature superimposed over a broader absorption band at ⁓2 THz, 
compatible with the presence of an IR-active phonons. After the gentle annealing, the static THz response 
reveals a broad feature at ⁓1.7 THz. Moreover, the annealed sample is characterized by a lower absorption 
of our THz probe, as indicated by the lower real part of the conductivity. We conclude that a lattice 
reorganization induced by the annealing is responsible for the different IR activity of the sample. 

 
Figure 2 Real (solid line) and imaginary (dashed line) static conductivity of the as-deposited (a) and annealed (b) 
samples. 
 
 We now focus on the relative change of the transmitted THz pulse peak after the photoexcitation of 
the sample with a 400	nm pump pulse. The first 200 picoseconds of the relaxation dynamics of the as-



 

deposited and annealed samples at three different pump fluences are shown in Figure 3(a) and (b) 
respectively. We report in the insets the build-up and the relaxation up to a pump-probe delay of 20 ps.  
The relaxation dynamics of the annealed sample emerged to be faster compared to the as-deposited one, 
especially at the two highest pump fluences, where the role of many-body recombination processes becomes 
important. A larger grain size is usually expected to give a slower dynamics and a longer diffusion length [28], 
because of the lower concentration of grain boundaries. We consider that the formation of point and/or 
extended defects induced by the annealing process can contribute to recombination channels, dominating 
over the opposite effect of the increased grain size. 

A global fitting of the dynamics is performed using equation ( 5 ) (see supplementary information). 
The monomolecular (trap-assisted) recombination happens on a time-scale much longer than the 
investigated window [13] [17] [30], therefore it does not significantly affect our measurements. 
Consequently, following the approach or reference [17], we fixed a value of 𝑘% = 108	𝑠5%	(compare with 
reference [30] for evaporated CsPbBr3) to obtain an estimate of the apparent rate constants 𝑘!𝜙 and 𝑘7𝜙!. 
The results corresponding to the fit reported in Figure 3 are 𝑘!𝜙 = 2 ∙ 105%&	𝑐𝑚7𝑠5%,	𝑘7𝜙! = 6 ∙
105!9	𝑐𝑚:𝑠5% for the as deposited sample, and 𝑘!𝜙 = 1 ∙ 1058	𝑐𝑚7𝑠5%,	𝑘7𝜙! = 2 ∙ 105!;	𝑐𝑚:𝑠5% for the 
annealed sample. 

 
Figure 3 400 nm pump-THz probe dynamics of the (a) as-deposited and (b) annealed samples. Darker colors correspond 
to higher pump fluence: (a) 44.8	𝜇𝐽/𝑐𝑚! (dark blue diamonds) – 26.5	𝜇𝐽/𝑐𝑚! (blue circles) – 13.9	𝜇𝐽/𝑐𝑚! (light blue 
triangles). (b) 46.9	𝜇𝐽/𝑐𝑚! (red diamonds) - 23.4	𝜇𝐽/𝑐𝑚! (orange circles) - 15.6	𝜇𝐽/𝑐𝑚! (yellow triangles). The black 
solid lines represent the result of a global fit based on a rate equations model. The insets show the build-up and the 
relaxation up to 20 ps. 
 

The faster relaxation observed for the annealed sample corresponds to larger apparent rate 
constants extracted by the fit. The rate constants present a reasonable agreement with those found in 
reference [30] for evaporated thin-films of CsPbBr3 and with the results of reference [17] for spin-coated 
samples of FAPbBr3. 

To reveal the influence of the annealing process on the polaron formation, we exploited pump pulses 
resonant with the band-gap. As reported in Figure 1(c), the 500 nm pump can photoinject free carriers right 
above the conduction band edge, while the 400 nm pump generates hot-carriers with larger excess energy.   

The first picoseconds of the normalized dynamics of the as-deposited and annealed samples acquired 
with the 400 nm and 500 nm are shown in Figure 4. For the as-deposited sample (Figure 4 (a)) the build-up 
dynamics obtained with the 500 nm pump is faster than the one obtained with 400 nm, reflecting the lower 
excess energy of the photogenerated hot-carriers [19].   



 

 
Figure 4 Signal build-up dynamics for the (a) as-deposited and (b) annealed sample with a 500 nm pump (pump fluence: 
14.7	𝜇𝐽/𝑐𝑚! green circles) and a 400 nm pump (pump fluence: 13.9	𝜇𝐽/𝑐𝑚! (a) light blue triangles and 15.6	𝜇𝐽/𝑐𝑚!  
(b) yellow triangles). The black solid lines represent the fits based on a rate equations model (see equation ( 4 )). 
 

Thanks to the fitting procedure based on equation ( 4 ), we estimated a cooling time 𝜏/""4  of 0.27 ps 
at 400 nm with a polaron formation time 𝜏0"4  of 0.35 ps. At 500 nm the build-up can be fitted by the same 
𝜏0"4, but with a 𝜏/""4  shorter than the IRF (tens of fs). In contrast, for the annealed sample (Figure 4(b)), the 
rise time at 400 nm is faster compared to the one of the as-deposited sample and it results to be excess 
energy independent. From the fit at both the excitation wavelengths, we obtained indeed a polaron 
formation time around 0.20 ps and a cooling time of the hot carriers 𝜏𝑐𝑜𝑜𝑙 shorter than the IRF (tens of fs). 

Further insight into the transient THz response is given by the photoconductivity spectra. In Figure 5 
we report the complex photoconductivity (equation ( 2 )) of the as-deposited (a-b-c) and annealed (d-e-f) 
samples at a fixed pump-probe delay, corresponding 3 ps and 2 ps respectively. The pump-probe delay is 
chosen so that it matches that of the maximum signal in the 1D scans (insets of Figure 3). 

The scattering at the grain boundaries in polycrystalline samples can lead to a photoconductivity 
following a Drude-Smith response [31] [32], rather than the simple Drude model. Therefore, we analyzed the 
photoconductivity spectra using the Drude-Smith model (see Figure 5), to obtain an estimate of the carrier 
mobility (as explained in reference [13] for CsPbBr3 nanocrystals). We used an effective mass for the polaronic 
carriers of 𝑚∗ = 3.5 ∙ (0.21 ∙ 𝑚1) [18]. We obtained for both samples a value of 𝜇 = (1.7 ± 0.5) ∙ 10! cm2 
V-1 s-1, where the error is estimated from the uncertainties on the scattering rates, extracted from the Drude-
Smith fit. This indicates that the adopted low-temperature annealing is not leading to an increased mobility. 
Interestingly, the extracted value is slightly larger than values previously reported in the literature [18] [33]. 
This suggests a possible advantage of the physical vapor deposition approach, compared to the different 
growth conditions studied in the cited works. This needs to be confirmed by an independent mobility 
characterization, such as a Hall-effect measurement. Following reference [34], we used a carrier density of n 
= 1014 cm-3, representative of low-level solar illumination, with a total recombination rate 𝑅6"6 = 𝑛!𝑘7 +

𝑛𝑘! + 𝑘% ≈ 𝑘% = 108	s-1 [30], to estimate the diffusion length. The result is 𝐿? = \ ?
@&!&(#)

≈ 0.7	𝜇m,  where 

𝐷 = A3'B
1

 is the diffusion coefficient containing the mobility extracted from the fit of the photoconductivity 
spectra. 

We can observe that peaks in the real part correspond to inflection points in the imaginary part. As 
the photoconductivity is related to the complex dielectric function change by the relation Δσ	 = −iωε&Δε, 
the peaks in the real part of Δσ correspond to peaks in the imaginary part of Δε. The photoconductivity can 
be related to a pump-induced transient absorption of THz radiation, by quasi-free carriers or more generally 
by collective vibrational modes of the system modified by the action of the pump pulse. 
In this case, the transient response of the system is characterized by several absorption features. It is known 
that the THz response of CsPbBr3 and similar lead-halide perovskites can be explained in terms of large 



 

polarons [35] [18]. These emerge due to the coupling between the photogenerated charge carriers and the 
vibrational modes of the soft ionic lattice. This coupling appears as absorption features in the 
photoconductivity spectra. 

The differences observed according to the pump fluence could in fact arise from a dissimilar carrier-
phonon coupling in different regions of the samples. Therefore, these changes could be interestingly 
interpreted as a qualitative evaluation of the sample inhomogeneity.  Nevertheless, the frequency averaged 
dynamics of the two samples present a clear difference at all the pump fluences and the Drude-Smith fitting 
of the photoconductivity is describing only the overall frequency response. Consequently, the quantitative 
results presented in the article are not affected by these changes.  

 
Figure 5 400 nm pump-THz probe measurements. Real (solid line) and imaginary (dashed line) part of the 
photoconductivity of the (a-b-c) as-deposited and (d-e-f) annealed sample, retrieved at a pump-probe delay of 3 ps and 
2 ps respectively. The 400 nm pump fluence are (a) 44.8	𝜇𝐽/𝑐𝑚!, (b) 26.5	𝜇𝐽/𝑐𝑚!, (c) 13.9	𝜇𝐽/𝑐𝑚!, (d) 46.9	𝜇𝐽/𝑐𝑚!, 
(e) 23.4	𝜇𝐽/𝑐𝑚!, (f) 15.6	𝜇𝐽/𝑐𝑚!. The black solid (dashed) lines represent the real (imaginary) part of the Drude-Smith 
conductivity. 
 

In Figure 6 we can follow the evolution of the real part of the photoconductivity spectra as the pump-
probe delay increases for the as-deposited (a)-(b)-(c) and annealed (d)-(e)-(f) samples.  

The frequency behavior does not present remarkable differences between the two samples, 
confirming the polaronic nature of response with both the fabrication processes. We can nevertheless point 
out some minor changes in the shape and relative intensity of the peaks. Furthermore, the time evolution of 
the real photoconductivity reflects the dynamics observed in Figure 3. This suggests that the material 
modifications due to the adopted annealing conditions lead to more efficient cooling of the hot carriers with 
a consequent faster formation time of the polarons and to higher recombination rates in the first hundreds 
of picoseconds after the photoexcitation.   

The quenching of the PL emission and the different behavior probed by frequency-averaged and 
frequency-resolved THz spectroscopy in the first picoseconds after the photoexcitation can be ascribed to 
the different lattice environment created by the annealing process, as previously discussed (see Figure 1 and 
related discussion). This is also supported by the small changes observed in the photoconductivity spectra, 
which reflects the charge carrier-phonon coupling. Moreover, different vibrational modes introduced by the 



 

point defects could imply a different coupling as well with the photoexcited charge carriers and appear as a 
different transient response in the photoconductivity spectra and as a different optical pump-THz probe 
dynamics. 

 
Figure 6 400 nm pump-THz probe measurements. Real part of the photoconductivity retrieved for the (a-b-c) as-
deposited and (d-e-f) annealed sample at different pump-probe delays and pump fluences. (a-b-c) correspond 
respectively to delays of  1-3-25 ps, while (d-e-f) to 1-2-25 ps. Darker colors correspond to higher pump fluence: (a-b-c) 
44.8	𝜇𝐽/𝑐𝑚! (dark blue solid line) – 26.5	𝜇𝐽/𝑐𝑚! (blue dashed line) – 13.9	𝜇𝐽/𝑐𝑚! (light blue dot-dashed line). (d-e-f) 
46.9	𝜇𝐽/𝑐𝑚! (red solid line) - 23.4	𝜇𝐽/𝑐𝑚! (orange dashed line) - 15.6	𝜇𝐽/𝑐𝑚! (yellow dot-dashed line). 

 
 

Conclusion 
In conclusion, we studied the effects of a low-temperature annealing process on CsPbBr3 samples, deposited 
by vacuum thermal evaporation. We employed THz spectroscopy to highlight the different behavior of the 
annealed material compared to the as-deposited one. We completed our observations with optical 
absorption, PL, XRD, and SEM measurements. By 400 nm pump-THz probe measurements we observed faster 
build-up and relaxation dynamics in the annealed sample, accompanied by a remarkable decrease of the PL 
intensity. Small changes are observed in the THz photoconductivity and XRD measurements, indicating only 
a partial reorganization of the material. This is associated with a modification of the morphology of the thin-
film, presenting an increased grain size after the annealing process. We estimated for both the samples a 
mobility of 𝜇 = (1.7 ± 0.5) ∙ 10! cm2 V-1 s-1.   

Further investigations are needed to better understand the effects of different annealing conditions 
on CsPbBr3 evaporated films and to clarify how TRTS can be leveraged to monitor the effects of different 
fabrication protocols. Our outcomes indicate that TRTS can be sensitive to the modifications induced by post-
deposition thermal annealing of CsPbBr3. Furthermore, they suggest that low-temperature annealing of 
evaporated CsPbBr3 could lead to measurable changes of the charge carrier-phonon coupling and to an 
increased contribution of non-radiative recombination channels.    
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