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ARTICLE INFO ABSTRACT

Keywords: The realization of terahertz (THz) detectors using organic-inorganic hybrid perovskite (OHP) materials presents a
All-inorganic perovskite thin film challenge because of the high real conductivities and broad THz absorption spectra required. The control of
1-CsPbl, phonon vibration modes in OHPs depends on the control of defect states such as the defect-incorporated
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perovskite structure and the §/a-mixed interfacial structure observed in MAPbI3 and §/a-mixed FAPbIs,
respectively. Difficulties with defect control in particular materials may amplify relative risk factors and invite
strong resistance to commercialization. As an alternative to OHPs, the all-inorganic perovskite material CsPblz
(lacking the hydrophobic organic cations that generate structural defects) constitutes a good candidate for THz
detectors. We investigated the phonon vibration modes of thin films of the all-inorganic perovskite y-CsPbls
containing no atomic or chemical defect states. We observed the three expected major phonon vibration modes at
0.9, 1.5, and 1.8 THz that originate from the transverse I-Pb-I frame, the Cs-I-Cs optical vibration, and the
longitudinal I-Pb-I frame, respectively, finding good agreement with theoretical simulations. Significantly, the
real conductivity of these all-inorganic perovskite thin films ranged from approximately 10-40 S/cm across a
broad frequency range of 0.5-3.0 THz, demonstrating the material’s considerable potential for application as a
THz-band detector.

1. Introduction demonstrated strong potential as THz detectors [7-13]. Sensitive room

temperature detection of THz is still challenging constrained by the THz

The investigation of terahertz (THz)-based applications using
organic-inorganic hybrid perovskite (OHP) materials has received
considerable attention recently, founded on an understanding of the
origins of phonon vibration modes among organic cations, metal cat-
ions, and halogen anions [1-6]. Initial expectations were that OHP
materials would accommodate phonon energies in the required range of
0.5-3.0 THz by virtue of their perovskite structures’ lattice vibrations (in
the 1-100 THz range) and their molecular libration/rotation frequencies
(0.3 and 2 THz, respectively). Additionally, these materials

* Corresponding author.

photon energy which is lower than the thermal energy of room tem-
perature. Several 2D materials including graphene, MoSs 19, BizTe3 and
black phosphorous, are successfully demonstrated as a room tempera-
ture THz detector but these devices are required complicated fabrication
methods such as defect engineering, heterojunction or homojunction
structure of 2D material and antenna coupling to improve their perfor-
mance [14,15]. Perovskite materials can be used to THz detector by it-
self using the photothermoelectric effect [16,17].

The practical realization of THz detectors using OHP thin films
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demands easy fabrication, material stability, high real conductivity, and
a broad absorption spectrum [1,2]. A primary requirement for device
realization is the control of structural defect states in OHP thin films,
such as MAPbI3 and /a-mixed FAPDI; hybrid perovskites, originating
from molecular defect-incorporated perovskite structures and unusual
interfacial phonon vibrations, respectively [2-5]. The absence of effec-
tive defect control can generate a level of relative risk that becomes a
major obstacle to commercial application. In order to overcome the
difficulties associated with defect control, all-inorganic perovskite ma-
terials such as cesium lead iodide (CsPblg) have been proposed as
promising candidates for THz detectors [18]. These materials lack the
hydrophobic organic cations that cause structural defects in OHP ma-
terials because of the effects of moisture, oxygen, UV light, and heat. No
substantial investigation of the THz absorption properties of
all-inorganic perovskite thin films has yet been published.

In solar-cell applications using all-inorganic perovskite materials,
significant power conversion efficiencies as high as 19.03% have been
detected [19]. However, CsPbls thin films have critical issues, such as
rapid structural degradation from a, f5, and y-phase to §-phase structures,
inhomogeneous film morphology, and high surface defect density [20].
These findings pose challenges to the application of CsPbljs thin films as
THz detectors. These challenges may be mitigated by preparing a
well-organized thin film without defect structures in the grains or in the
grain boundaries to confirm the THz absorption properties of the ma-
terial [21,22].

In this study, we fabricated y-CsPbls thin films at different post-
annealing temperatures while changing annealing times to acquire a
variety of grain sizes. We applied basic characterization methods to
confirm the defect states in the atomic and chemical structures. No
defect states were observed. We observed THz absorption occurring over
a wide frequency range (0.5-3.0 THz) and with high real conductivity
(~40 S/cm at 1.8 THz) without any dependence on the grain size in the
formed y-CsPbls thin films, which is consistent with our theoretical
calculations. Additionally, we also observed strong THz absorption after
structural degradation from the y-to the &S-phase. (For details on
5-CsPbls, see Appendix A).

2. Material and methods

Materials used in our experiments include Pbly (99.99%, Xi’an
Polymer Light Technology, Xi’an, China), CsI (99.99%, Alfa Aesar), N,N-
dimethylformamide (DMF; 99.8%, Sigma-Aldrich), hydrogen iodide
(57%, Aladdin Industrial Corporation), ethanol (AR, General-Reagent),
chlorobenzene (CB; 99.8%, Sigma-Aldrich), and poly[bis(4-phenyl)
(2,4,6-trimethylphenyl)amine] (PTAA, MN17000; Xi’an Polymer Light
Technology). The materials were used as received, without any purifi-
cation. DMAPbDI; crystals (DMA™ = dimethylammonium, (CH3),NH3)
were prepared by dissolving 6.915 g of Pbl, and 5.4 ml hydroiodic acid
in 15 ml DMF to form a mixed solution. The solution was heated at
120 °C in a chlorobenzene vapor environment in the air for 10 h. The
solvent was evaporated, and chlorobenzene was diffused into the solu-
tion to reduce the solubility of DMAPDI3;. Needle-like crystals of
DMAPbDI; gradually appeared. The needle-like crystals were washed
several times with ethanol to remove the residual solvent. Finally, the
DMAPbI; crystals were dried at 70 °C in a vacuum oven for 24 h.

The sapphire and high-doped Si(100) substrates were cleaned
sequentially with deionized water and acetone by ultrasonication for 10
min. Subsequently, the substrates were rinsed in heated acetone for 1
min and treated with UV-ozone for 30 min. The CsPblz precursor was
prepared by dissolving 0.9 mmol DMAPbI3 and 0.9 mmol CsI in 1 ml
DMF, and then stirred at 60 °C for 12 h. The CsPbl; films were fabricated
by spin-coating the precursor solution on the substrates at 3000 rpm for
30 s and then annealing at 180 °C for 12 min (A), 195 °C for 8 min (B),
and 210 °C for 4 min (C), respectively, to form three samples with
different grain sizes. Finally, the PTAA layer (using a 1.25 mg/ml con-
centration in CB) was deposited on the formed films by spin-coating at
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2000 rpm for 1 min [1,2].

We performed basic characterizations such as X-ray diffraction
(XRD), scanning electron microscopy (SEM), and X-ray photoelectron
spectroscopy (XPS) to confirm the atomic structure, surface
morphology, and chemical states of the prepared films. XRD patterns
were obtained using a diffractometer (D2 PHASER Desktop XRD, Bruker,
Billerica, MA, USA) with Cu Ka radiation. The UV-visible absorption
spectra were measured using a spectrometer (Lambda 750; PerkinElmer,
Waltham, MA, USA). The morphologies were characterized using SEM
(FEI Helios G4 UC, Thermo Fisher Scientific, Waltham, MA, USA). XPS
was performed using a PHOIBOS 150 analyzer (SPECS, Berlin, Germany)
with monochromatic Al Ka (1486.6 eV) radiation as the X-ray source.

We employed terahertz time-domain spectroscopy (THz-TDS) to
characterize the phonon modes of the y- and §-CsPbls thin films in the
range from 0.2 to 3 THz. We used a typical THz-TDS system based on a
femtosecond (fs) laser which employs an 800 nm central wavelength Ti:
sapphire (Tsunami, Spectra-physics, Milpitas, CA, USA) using an 80 fs
pulse-width. THz pulses were generated on the surface of a p-InAs wafer
via transient current and detected via photoconductive antenna sam-
pling [23]. The generated THz pulses were focused on the sample using
TPX lenses, and the THz path was covered and filled with dry air to
eliminate water vapor absorption.

The transmitted THz signals through the sample E;gnp(t) B and the
sapphire substrate reference Eyference (t) are taken in the time domain and
converted into frequency domain by fast Fourier transformation Fig. S1
(a, b). The transmission spectra |T(w)| is shown in Fig. S1(c). One
measurement lasted 30 min, with no degradation observed in the sam-
ples with the PTAA protective layer. No significant absorption of the
THz-wave on the PTAA film was observed [1,2]. (Fig. S1(d)).

3. Theoretical calculations

To understand the underlying physics of the observed THz absorp-
tion of y- and 5-CsPbls, we performed first-principles calculations based
on density functional theory [24], as implemented in the Vienna ab initio
simulation package (VASP) [25,26]. We used projector-augmented
wave pseudopotentials [27,28] to describe the valence electrons and
employed the revised Perdew-Burke-Ernzerhof exchange-correlation
functional for solids [29]. The wave functions were expanded on a
plane-wave basis with a kinetic energy cutoff of 500 eV, and the Bril-
louin zone was sampled using 9 x 9 x 7 and 9 x 5 x 2 k-point meshes for
y- and 5-CsPbls, respectively.

The phonon dispersion relations were calculated using the finite
displacement method [30]. We used 2 x 2 x 2 and 3 x 2 x 1 supercell
structures for y- and 5-CsPbls, respectively, and the corresponding
reduced Brillouin zone was sampled only at the I point. The THz ab-
sorption spectra were calculated using the THz absorption intensity

Ityz(v), which is defined as [31].
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where v is the phonon mode index, Zy is the Born effective charge tensor,
N is the total number of atoms, my, is the mass of the nth atom, and i and j
denote the Cartesian coordinates. A Lorentzian convolution with a width
of 5 THz was used to resemble a realistic frequency dependence.

4. Results and discussion

We performed XRD measurements to confirm the atomic structures
of the formed samples under different annealing conditions (A, B, and C)
and observed only the clear y-phase in all the samples [19,32] (Fig. 1a).
None of the samples contained any other atomic phase. The formed
samples showed clear grains on the surface with a dark black color,
which made it difficult to distinguish each sample (Fig. 1b-d). We
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Fig. 1. a XRD results and surface morphologies for each different annealing
condition b-d. SEM photographs of grains. e Distributions of grain sizes. The
grain size in each treatment is increased from 300 to 450 nm in average. All
samples were confirmed to contain only the y-phase.

calculated the grain sizes in all the samples and confirmed average grain
sizes of 275 + 61 nm, 349 + 46 nm, and 483 + 71 nm for samples A, B,
and C, respectively (Fig. 1e). The average grain sizes of samples A and B
differed by approximately 70 nm, and those of samples B and C differed
by approximately 130 nm.

The optical measurements obtained with the UV-Vis spectrometer
indicated the same optical bandgap of 1.72 eV for all the samples [19,
32] (Fig. 2a). Furthermore, we confirmed that no defect state was
indicated by the XPS measurements in any of the core-level spectra (such
as Cs 3d, Pb 4f, and I 3d) (Fig. 2b-d). Although we observed small peaks
in the C 1s, N 1s, and O 1s core-level spectra (Fig. S2), there were no
significant chemical bonds to Cs, Pb, or I (Fig. 2b-d). We attributed the
small peaks of C, N, and O to physisorption on the surface during the
sample transfer from the glovebox to the vacuum chamber for the XPS
measurement.

We confirmed two important results through the basic character-
ization. First, the thin films that were formed displayed a single crystal-
like atomic phase. Second, there were no atomic/chemical defects in the
grains or their boundaries. This resulted in different formation behaviors
compared to MAPbI;3 and §/a-mixed FAPbI; hybrid perovskite thin films
[1,2]. The organic-inorganic hybrid perovskite thin films, such as
MAPDI3 and §/a-mixed FAPbIs, exhibit significant phonon vibration
modes originating from the defect-incorporated perovskite structure and
from two different phase interfaces, respectively [1,2]. In previous re-
ports, the atomic and chemical states at the grain boundaries were the
primary factors controlling the phonon vibration modes of the struc-
tures. However, for the all-inorganic perovskite thin films consisting of
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y-CsPbl3, we did not observe any structural defects that induced
defect-incorporated phonon modes in the measurement ranges of XRD,
UV-Vis., and XPS [1,5,33,34]. Consequently, the phonon vibration
modes of y-CsPbls can be predicted on the basis of their excellent match
with simulations.

To observe the phonon vibration modes of y-CsPbls, we performed
THz-TDS, which delivered accurate complex conductivities that enabled
the exploration of the rotational and vibrational resonance of the mol-
ecules [1,2,5,33]. We obtained time-domain THz spectra transmitted
through the y-CsPbls perovskite film on the substrate for the THz-TDS
analysis. In addition, a fast Fourier transformation yielded the magni-
tude and phase difference of the complex transmission amplitude of the
sample. The real THz conductivities of the films were extracted using an
analytical formula including multiple reflections [35,36] (Fig. 3a).

~ Ewmple (a)) Zﬁ(ﬁsub + 1) |:_l(ﬁ _C l)wL:| ° FP((D) (2)

T = =
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1

Do () (52 s e[ 22

where 7 is the refractive index of the perovskite film, ny;, is the refractive
index of the sapphire substrate, L is the film thickness, c is the speed of
light in vacuum. FP(w) is the Fabry-Perot effect term which is presented
the summation of multiple reflections. THz conductivity ¢(w) are con-

FP(w)=

verted by the relation of 5(w) = iweo(1 — °).

The obtained conductivity spectrum was fitted with the Lorentz
harmonic oscillator (LHO) model (Equation (2)) to gain insight into the
phonon absorption behavior [36]:
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where wgj, Qj, and y; are the resonance frequency, oscillator strength,
and scattering rate, respectively, of the jth oscillator. The peaks at the
real conductivities appeared at the resonant frequencies of the phonon
modes. However, in this case, it was difficult to evaluate the conduc-
tivity spectrum quantitatively without employing a fitting procedure
because the absorption peaks were broadened and overlapped. We used
three main Lorentzian oscillators and two minor oscillators to fit sam-
ples A, B, and C. (The resonance frequencies, oscillator strengths, and
scattering rates derived from samples A, B, and C are summarized in
Table S1.) We confirmed that the correlations between the resonance
frequencies and oscillator strengths were similar for all the samples, for
a variety of grain sizes. (Fig. 3b) The real conductivities of samples A, B,
and C and the contributions of the individual Lorentzian oscillators are
plotted in Fig. 3c—e. Three strong absorption peaks are observed near
0.9, 1.5, and 1.8 THz in all three y-CsPbl3 samples (A, B, and C) without
any obvious dependence on grain size. This result is consistent with our
assumption in the basic characterizations, and it confirms the different
formation behavior of y-CsPbly in comparison with MAPbI3 and
&/a-FAPDI3 hybrid perovskite thin films.

Furthermore, the self-degradation of y-CsPbls into §-CsPbls is well
established [32]. We confirmed this self-degradation in our samples
without the PTAA protection layer and repeated the XRD experiment
[32] (Fig. S3). §6-CsPblz and Pbl, were observed in all the samples
(Fig. S3). We confirmed the absence of THz-wave absorption of Pbl,
which was stated in our previous reports [2,3,5,33,34]. THz-TDS mea-
surements were repeated with the degraded samples in the §-phase
(Fig. S4). The structural phase transition from y-CsPbls to §-CsPbls
directly influenced the real conductivity of THz radiation. The positions
of the main peaks of 5-CsPbls at 0.9, 1.4, and 1.8 THz in the real con-
ductivities were similar to those of y-CsPbls (Fig. 3 and S4). However,
the conductivity spectrum of §-CsPbls appeared much sharper,
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rendering the resonant frequency immediately recognizable (Fig. S4a).
The strengths of the minor peaks at 2.1 and 2.7 THz were substantially
enhanced to values comparable with those of the main peaks, and an
additional peak emerged at 2.5 THz (Fig. S4b-d). Further details about
the Lorentzian parameters for §-CsPbls appear in Appendix A (Table S2).

To understand the origin of the strong THz absorption of y-CsPbls, we
performed first-principles calculations based on density functional the-
ory. Our experimental observations unambiguously revealed consistent
THz absorption spectra regardless of the grain size of y-CsPbls, implying
that there were no strong interface- or defect-related phonon vibrations
in our samples. A direct inference is that the observed strong THz ab-
sorption probably originated from the bulk phonon vibrations of CsPbls.
To validate our hypothesis, we investigated the phonon properties of the
bulk y-CsPbls. The equilibrium lattice constants of y-CsPbl3 were
calculated as a = 8.366 10\, b=28.952 10\, and c =12.392 f\, which were in
good agreement with previous reports [37]. Based on this structure, we
calculated the phonon dispersion relation using the finite displacement
(FD) method, as shown in Fig. 4a. Although the FD method often fails to
describe the room-temperature phases of organic-inorganic hybrid pe-
rovskites [1,2], we obtained a clear phonon dispersion relation without
any imaginary phonon modes, which confirms that the FD method is an
appropriate approach for describing the vibrational properties of

]/-CSPbIg_

The THz absorption spectrum of y-CsPbl3 was calculated, based on
the calculated phonon band structures combined with the material’s
Born effective charge tensors, as shown in Fig. 4b. The overall shape of
the calculated absorption spectrum was very similar to that of the
experimentally measured spectrum. Furthermore, the calculated ab-
sorption peaks near 0.7, 1.6-1.8, and 2.0 THz can be associated with the
experimentally observed peaks at 0.9, 1.5, and 1.8 THz. Therefore, we
confirmed that the observed THz absorption spectrum originated purely
from y-CsPbls. For a more concrete understanding, we also investigated
real-space vibrations of the corresponding absorption peaks at 0.72,
1.76, and 2.03 THz, as shown in Fig. 4c—e. We found that the first and
third peaks approximately corresponded to the transverse and longitu-
dinal optical vibration modes of the [-Pb-I frames, whereas the Cs-I-Cs
optical vibration along the in-plane direction (along a or b lattice vec-
tors) led to the second peak. Moreover, the asymmetrical crystal struc-
ture of y-CsPbl3 leads to complicated extra vibration modes near these
three main phonon modes. For example, the absorption peak near 1.6
THz corresponds to the Cs-I-Cs optical vibration along the out-of-plane
direction (along the c lattice vector), which has a lower vibration fre-
quency than its in-plane counterpart. Therefore, the broad THz spectra
observed in the experiments are not only typical of thermal or non-ideal
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vectors, respectively. In (b), blue arrows highlight frequencies of the three phonon modes described in c-e.

broadening but are also a consequence of intrinsic symmetry.

Following self-degradation, y-CsPbl; undergoes a further degrada-
tion process and eventually transforms into its 5-phase, which has a THz
absorption spectrum that is clearly distinguishable from that of y-CsPbls
(Fig. S4). To understand the THz absorption properties of §-CsPbls, we
calculated its phonon band structures and THz absorption spectra, as
shown in Fig. S5 (a) and (b). In the § phase, the strongest absorption
occurs near 1.8 THz, which is a slightly lower frequency than that of the
v phase. In higher-frequency regions, 5-CsPbls exhibits a few more ab-
sorption peaks in the range of 2.5-3.0 THz, whereas y-CsPbls does not
show efficient absorption in that frequency domain. To determine the
origin of the phonon modes with the higher frequencies, we represented
the real-space atomic vibrations of the main phonon modes of §-CsPbls,
as shown in Fig. S6. During the phase transition from the y-to the
S-phase, the octahedral Pb-I structure is broken, and a 1D chain-like
Pb-I structure emerges. As a result, 5-CsPbls contains quasi-one-
dimensional Pb-I chain structures, which are bonded parallel to each
other with the help of Cs cations. Consequently, the phonon frequency of
the vibration along the 1D chain direction is significantly different from
that along the perpendicular directions of the chain. As shown in
Figs. S6, the strongest THz absorption feature near 1.8 THz originates
from the optical vibration along the chain, whereas the higher-
frequency modes correspond to orthogonal vibrational modes.
Furthermore, similar to the y-phase, our calculated THz spectra show
very good agreement with the experimentally measured absorption
spectrum. These results unambiguously confirm that the observed THz
spectra of 5-CsPbl3 originate purely from bulk phonon vibrations and not
from the interface or defects.

5. Conclusion

We investigated the phonon vibration modes of all-inorganic
perovskite thin films composed of y-CsPbls and determined the integ-
rity at the grain boundary, producing clear evidence that no structural
defects that induce defect-incorporated phonon modes. Three major
phonon vibration modes were observed at 0.9, 1.5, and 1.8 THz, origi-
nating from the transverse I-Pb-I frame, the Cs-I-Cs optical vibration,
and the longitudinal I-Pb-I frame, respectively, in good agreement with
theoretical simulations. The real conductivity of this all-inorganic
perovskite thin film occupied the range of approximately 10-40 S/cm
across a broad spectral range of 0.5-3.0 THz, implying attractive po-
tential as a THz detector application. To realize a THz detector using a
perovskite material, we strongly recommend using a multilayer tech-
nique utilizing both organic-inorganic hybrid and all-inorganic perov-
skite materials to cover more high real high conductivity and board THz
range.
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