
 
 

Photoluminescence properties of ultrathin CsPbCl3 nanowires on
mica substrate

Yan Gao1, 2, Liyun Zhao2, 3, Qiuyu Shang2, 3, Chun Li2, Zhen Liu2, Qi Li1, Xina Wang1, †, and Qing Zhang2, 3, †

1Hubei Collaborative Innovation Center for Advanced Organic Chemical Materials, Hubei Key Laboratory of Ferro & Piezoelectric Materials and
Devices, Faculty of Physics and Electronic Science, Hubei University, Wuhan 430062, China
2Department of Materials Science and Engineering, College of Engineering, Peking University, Beijing 100871, China
3Research Center for Wide Gap Semiconductor, Peking University, Beijing 100871, China

 

Abstract: Fabricating high-quality cesium lead chloride (CsPbCl3) perovskite nanowires (NWs) with dimension below 10 nm is not
only of interests in fundamental physics, but also holds the great promise for optoelectronic applications. Herein, ultrathin CsPb-
Cl3 NWs with height of ~7 nm, have been achieved via vapor phase deposition method. Power and temperature-dependent pho-
toluminescence (PL) spectroscopy is performed to explore the emission properties of the CsPbCl3 NWs. Strong free exciton re-
combination is observed at ~3.02 eV as the temperature (T) is 78−294 K with binding energy of ~ 37.5 meV. With the decreasing
of T, the PL peaks exhibit a first blueshift by 2 meV for T ~ 294−190 K and then a redshift by 4 meV for T ~ 190−78 K. The
exciton–optical phonon interaction plays a major role in the linewidth broadening of the PL spectra with average optical phonon
energy of ~48.0 meV and the interaction coefficient of 203.9 meV. These findings advance the fabrication of low dimensional
CsPbCl3 perovskite and provide insights into the photophysics of the CsPbCl3 perovskite.
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1.  Introduction

Lead halide perovskites hold great promises in the field of
optoelectronic devices, due to their excellent optical and elec-
trical properties including high optical gain, stable excitonic lu-
minescence,  fast  carrier  mobility  and  high  fluorescence
quantum efficiency[1–6]. Among the family of perovskites, all-in-
organic lead hailed perovskites (CsPbX3, X = Cl, Br, I) have attrac-
ted much attention due to their relatively better thermal stabil-
ity[7, 8].  Up till  now, tremendous efforts have been devoted to
cesium  lead  bromine  (CsPbBr3)  perovskite  and  great  suc-
cesses  have  been  obtained  in  the  fields  of  light-emitting  di-
odes  (LEDs),  lasers,  photodetectors  and  solar  cells,  etc.[9–13].
The  chloride  counterpart,  cesium  lead  chloride  (CsPbCl3),  a
wide bandgap semiconductor, has also demonstrated outstand-
ing optoelectronic responses[14–16]. For example, CsPbCl3 nano-
crystal  photodetector  exhibits  a  high  detective  sensitivity  up
to 2 × 1013 Jones, ultraviolet response exceeding 106 A/W and
a  good  ambient  stability  lasting  for  2400  h  with  degradation
less  than 10%[17].  One dimensional  nanowire (NW) of  CsPbCl3
is promising for the blue color micro-LED and laser, etc. For ex-
ample, the strong lasing action at 424 nm has been observed
in  single-crystal  CsPbCl3 NWs  at  room  temperature[8, 18].
However,  most  of  these  works  focus  on the NWs with  height
of  several  hundred  nanometers.  The  emission  properties  and
fabrication  of  CsPbCl3 NWs  in  quantum  confinement  regime

are still inadequate.
In  this  work,  ultrathin  CsPbCl3 NW  arrays  on  mica  sub-

strate are achieved by chemical vapor deposition (CVD) meth-
od.  Power-  and  temperature-dependent  photoluminescence
(PL) spectroscopy is carried out to investigate emission dynam-
ics  of  the  as-prepared  CsPbCl3 NWs.  Strong  PL  peak  is  ob-
served at ~ 3.02 eV with full width at half maximum (FWHM) of
~ 58 meV owing to the free exciton (FX) recombination. With
temperature decreasing from 294 to 77 K, the PL peak shows a
first blueshift  and then redshift  at a transition temperature of
~ 190 K. The temperature dependence of intensity and FWHM
of FX peak is  fitted by Arrhenius  equation and Boson models
with an exciton binding energy and average optical phonon en-
ergy of ~ 37.5 and ~ 48.0 meV, respectively.  These results ad-
vance the understanding of exciton properties of CsPbCl3.

2.  Experiment details

In this work, the atomically-flat muscovite mica KAl2(AlSi3
O10)(OH)2 was used as growth substrate[8]. The mixed CsCl and
PbCl2 powders (99.99%, purchased from Sigma Aldrich) of ~ 1 :
1  molar  ratio  were  used as  precursors.  The growth temperat-
ure and duration time are set as ~ 620 °C and 15 min, respect-
ively.  The  whole  growth  proceeding  was  accompanied  by
high purity carrier gas N2 with flow rate of ~ 30 sccm. The mor-
phologies  and  structures  are  characterized  by  scanning  elec-
tron  microscopy  (SEM),  atomic  force  microscopy  (AFM)  and
X-ray diffraction (XRD). For steady-state PL spectroscopy meas-
urement  of  CsPbCl3 NWs,  the  360  nm  continuous-wave  laser
was used as excitation source and focused onto NWs by a 10 ×
objective (NA = 0.25). The PL signal was collected by a reflect-
ive symmetry with the same objective and analyzed by a mono-
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chromator  equipped  with  a  liquid  nitrogen  cooled  charge
coupled  detector.  For  low  temperature  PL  spectroscopy,  the

mica deposited with NWs was put into a continuous-flow mi-
cro-cryostat with liquid nitrogen.
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Fig. 1. (Color online) The structure and morphology characterization of ultrathin CsPbCl3 nanowires (NWs) epitaxial on mica. (a) Scanning elec-
tron microscopy (SEM) image of the ultrathin CsPbCl3 NWs grown on (001)-mica by chemical vapor deposition method. (b) Atomic force micro-
scopy (AFM) image of the CsPbCl3 NWs, scale bar: 100 nm. (c) Corresponding data of CsPbCl3 NWs height extracted from (b). (d) X-ray diffraction
pattern of the CsPbCl3 NWs on mica (red line) and mica (black line).
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Fig. 2. (Color online) Photoluminescence (PL) emission spectra of thin (height: ~ 7 nm; upper panel) and thick (height: ~ 8 μm; lower panel) CsPb-
Cl3 NWs on mica at (a) 294 K and (b) 78 K, respectively. Solid and dashed lines: Lorentzian function fitting curves; open circles: experimental data.
The excitation power density Pex of ~ 1.2 kW/cm2.
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3.  Results and discussions

The  SEM  image  (Fig.  1(a))  shows  that  the  as-grown  NWs
are  well  arranged  along  the  [010]  direction  of  the  mica  sub-
strate. The NW length varies from tens to several hundreds of
nanometers. The AFM image (Fig. 1(b)) shows that the NWs ex-
hibit  homogenous  morphology  along  the  long  axis  of  NWs,
suggesting  the  good  crystallinity  of  the  as-grown  NWs.  The
heights of the two representative NWs (Fig. 1(c)) are ~ 6.6 and
7.4 nm, respectively, much smaller than that reported in the pre-
vious works[19]. XRD with Cu radiation source (Kα1, λ = 1.5406 Å)
was conducted to study the crystal phase of the CsPbCl3 NWs
at 294 K (Fig. 1(d)). Four strong diffraction peaks are observed
at  16.0°,  22.6°,  32.1°  and  39.5°,  corresponding  to  the  (100),
(101), (200) and (112) faces, respectively, suggesting the tetra-
gonal-phase  of  CsPbCl3 perovskite  (JCPDS  no.  18-0366)[20].
In  addition,  the  diffraction  peaks  at  17.8°,  26.8°,  36.0°,  45.4°,
55.2°  can be attributed to (002),  (004),  (006),  (008)  and (0010)
faces  of  mica[21].  Since  there  is  a  large  lattice  mismatch
between  the  (100)-face  CsPbCl3 and  mica  (001)  (dmica  (100) =
5.189 Å, dmica (010) =  8.995 Å,  JCPDS no.  06-0623; dCsPbCl3(100) =
dCsPbCl3(010) = 5.584 Å, dCsPbCl3(001) = 5.623 Å, JCPDS no. 18-0366),
the growth dynamics of CsPbCl3 NWs on mica is driven by an in-
commensurate  epitaxy  mechanism[19].  Two  potential  incom-
mensurate  epitaxy  models  are  considered:  (1)  CsPbCl3 [010]  ‖
mica [010] and CsPbCl3 [001] ‖ mica [100], and the correspond-
ing  lattice  mismatch  factor f,  expressed  as f =  (1  − dsample/

dsubstrate)  ×  100%,  is  ~  0.67%  (8dCsPbCl3(010) ≈  5dmica(010))  and
~  2.47  %  (9dCsPbCl3(001) ≈  10dmica(100));  (2)  CsPbCl3 [001]  ‖ mica
[010] and CsPbCl3 [010] ‖ mica [100],  and the corresponding f
are  ~  −0.02%  (8dCsPbCl3(001) ≈  5dmica(010))  and  ~  3.15%
(9dCsPbCl3(010) ≈ 10dmica(100))[11, 19]. The second model has lower lat-
tice match and hence is energetically preferred.

Fig. 2 shows PL spectra of CsPbCl3 NWs under the excita-
tion of 360 nm continuous-wave laser at 294 and 78 K, respect-
ively.  At  294  K,  two  peaks  can  be  resolved  for  both  the  as-
grown  CsPbCl3 thin  NW  (height:  ~  7  nm  with  a  ~  ±2.0  nm;
Fig. 2(a), upper panel) and the bulk-like wire (thick NW, height:
~ 8 μm; Fig. 2(a), lower panel). The high and low-energy peak
can be well fitted by Lorentzian functions (solid black curves).
For  the  thin  NW,  the  high-energy  peak  locates  at  ~  3.023  eV
(FWHM, ~ 58 meV) and dominates the whole PL spectroscopy,
which  is  primarily  attributed  to  FX  emission  considering  the
high  exciton  binding  energy  of  the  CsPbCl3[22-24].  A  low-en-
ergy peak at ~ 2.953 eV, indicated as X-band, is observed with
lower  intensity  and  larger  FWHM  (~174  meV).  It  should  be
noted  that  the  as-measured  FX  emission  energy  of  the  thin
NWs can vary in the range of ~ 3.020–3.028 eV at 294 K owing
to  the  fluctuation  the  NW  dimension  across  the  mica  sub-
strate.  The  FX  and  X-band  emission  of  the  bulk-like  CsPbCl3
wire locate at ~ 2.993 and 2.945 eV, respectively; both of them
are  smaller  than  that  of  the  thin  NWs,  suggesting  the  exist-
ence of  quantum confinement effect  in  the thin NWs.  Similar
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Fig. 3. (Color online) (a) Power-dependent emission spectra of thin CsPbCl3 NWs on mica at 294 K with Pex from ~ 0.3 to 61.1 kW/cm2. Scatters: ex-
perimental data points; red and blue dot lines are the fitting curves of the FX and X-band emission by Lorentzian function, respectively. (b) Integ-
rated PL intensity as a function of Pex extracted from (a). Red scatters and blue scatters: integrated PL peak intensity of FX and X-band as a func-
tion of Pex, respectively; black scatters: the integrated PL intensity of NWs; solid lines: fitting curves.
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phenomena  are  observed  at  78  K  (Fig.  2(b)).  The  FX  and  X-
band emission band locate at  ~ 3.021 and ~ 2.967 eV for  the
thin NW, respectively, which are higher than that of the bulk-
like wire (FX: ~ 3.001 eV; X-band: ~ 2.973 eV). Moreover, the X-
band  emission  is  easier  to  be  resolved  at  78  K  compared  to
294 K, indicating that the binding energy of the associated ex-
citons is smaller than that of the FX.

Power-dependent PL spectroscopy is performed to further
study the origin of PL peaks in the thin NW at 294 K (Fig. 3(a)).
As  the  excitation  power  density Pex increases  from  ~  0.3  to
61.1 kW/cm2, the FX emission primarily dominates the PL spec-
troscopy, suggesting that FX recombination is the major radiat-
ive transition channel for the thin NW. The integrated PL intens-
ity IP versus Pex is extracted which can be well fitted by the equa-
tion of IP–Pex

α (Fig. 3(b))[25]. As the power law α < 1, the radiat-
ive  transition process  involves  an impurity,  such as  donor-ac-
ceptor pair recombination; for 1 < α < 2, it usually belongs to ex-
citonic  transition  process  (free-  or  bound-exciton  emission);
for α ≈ 2, it is for electron-hole bimolecular recombination[25, 26].
For the FX emission, the power law α is ~ 1.05, which is good
consistent  with  the  recombination  of  FX.  The  power  law α is
1.38 for the X-band emission, which is larger than the FX and
also  suggesting  an  excitonic  emission.  Considering  that  the
binding  energy  of  the  exciton  associated  with  the  X-band  is
lower than the FX, we attributed the X-band emission to the re-
combination of trions or other types of bound excitons, which
would be studied in the further works[25, 27].  Nevertheless, α is

nearly  ~  1.00  for  the  overall  PL  spectroscopy  (black  scatters),
confirming that FX recombination is the main radiative trans-
ition channel of the ultrathin NWs.

Fig. 4(a) shows the PL spectra of the ultrathin NWs as a func-
tion  of  temperature.  The  FX  and  X-band  can  be  resolved
among the temperature of 78–294 K. Owing to the research in-
terest,  we will  focus on the temperature dependent behavior
of  FX emission.  As  temperature  decreases  from 294 to  190 K,
the FX peak energy blueshifts  from ~ 3.023 to ~ 3.025 eV (by
~ 2 meV, Fig. 4(b), pink scatters). While, as the temperature fur-
ther decreases from 190 to 78 K, the PL peak exhibits redshift
from ~ 3.025 to ~ 3.021 eV (by ~ 4 meV). Similar phenomenon
has been observed in the PL spectroscopy of the nanocrystals
and is attributed to two possible reasons[13, 22, 24, 28, 29]. The first
possible  explanation  to  the  abnormal  temperature-depend-
ent PL energy is the competition of lattice thermal expansion
and exciton-phonon interaction[11, 13, 29]. The valence band max-
imum (VBM) state of CsPbCl3 perovskite derives from the hybrid-
ization of 3p orbit of Cl atom and 6s orbit of Pb atom. With the
decreasing of the temperature, the interaction of two orbits en-
hances owing to lattice thermal shrink, hence the band gap be-
comes  narrower  and  the  emission  peak  redshifts[30].  At  the
meantime,  as  temperature  decreases,  electron–phonon  (EP)
scattering  is  lower,  leading  to  the  blueshift  of  the  emission
peak[31]. Here, when the temperature is 294–190 K, the EP scat-
tering is high and predominant, resulting in the blueshift of PL
peak; when the temperature is 190–78 K, the EP interaction be-
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Fig. 4. (Color online) (a) Temperature-dependent PL spectra of CsPbCl3 NWs on mica in the range of 294 − 78 K. The red and blue dot lines are the
fitting curves of the FX and X-band by Lorentzian function, respectively. Scatters: experimental data point; Pex: ~ 1.2 kW/cm2. (b) Corresponding
integrated PL intensity (blue scatters) and center peak energy (pink scatters) of FX as a function of temperature (solid red line, fitting curve). (c)
FWHM of FX emission peak (blue scatters, experimental data points; red line, fitting curve). The Γin, ΓAC and ΓOC represent the contribution of in-
homogeneous broadening, acoustic phonon and optical phonon for FWHM broaden. Solid line, Γin + ΓAC + ΓOC; dashed dot line, Γin + ΓOC; dot line,
Γin + ΓAC. The fitting result show that the temperature-dependent FWHM broaden is mainly contributed from the optical phonon.
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1+AeEb/kbT

eEop/kbT −1

comes  weaker  and  lattice  thermal  shrink  dominates,  which
causes the redshift of PL peak. Secondly, it has been reported
that a low symmetry structure phase transition of CsPbCl3 may
occur at ~ 180−200 K, which is good consistent with the as-ob-
served transition behavior of PL wavelength at ~ 190 K[22, 24, 28].
Fig. 4(b) also shows the integrated PL intensity of FX as a func-
tion of temperature (blue scatters). It can be fitted by Arrheni-
us equation I(T)  = I0/( ),  where I0 and kb represent
the  PL  intensity  at  0  K,  the  Boltzmann  constant,  respectiv-
ely[32]. An exciton binding energy Eb of ~ 37.5 meV is acquired
that  is  larger  than  thermal  energy  ~  26  meV  at  294  K,  which
manifests the stable existence of exciton state at 294 K. Slight
derivation  between  the  experiment  and  fitting  results  is  ob-
served as temperature is below 190 K, which may be due to 1)
the inevitable fitting errors of PL intensity derived from the spec-
tra (Fig. 4(a)), or 2) the phase transition at ~ 190 K that corres-
ponds  to  the  transition  point  of  temperature-dependent  PL
wavelength.  By  fitting  the  experimental  data  in  the  range  of
190−294 K, the Eb is ~ 36.6 meV, which is still comparable to ~
37.5  meV. Fig.  4(c) presents  the  FWHM of  FX  as  a  function of
temperature (black scatters), which can be well expressed by Bo-
son model: Γ(T) = Γin + σapT + Γop/( )[32]. The inhomo-
geneous  broadening  contribution Γin is  25.1  ±  3.5  meV.  The
acoustic phonon interaction coefficient σap is ~ 8.8 ± 3.4 μeV/K,
and optical  phonon interaction coefficient Γop is  203.9  ± 42.0
meV. The optical phonon energy Eop is ~ 48.0 ± 4.1 meV, which
is comparable with previous results and may corresponds to a
high  longitudinal  optical  phonon  energy  (~  46.5  meV)[28, 33].
Moreover, it can be noted that the linewidth broadening con-
tributed from the acoustic phonons is much lower than the op-
tical phonons (Fig. 4(c)), suggesting that the optical phonon in-
teraction plays a major role.

4.  Conclusion

In  conclusion,  single-crystal  all-inorganic  CsPbCl3 ultrath-
in  NW  arrays  have  been  synthesized  via  CVD  method  in  this
work.  Systematic  optical  spectroscopy  study  reveals  that  the
FX emission with binding energy of 37.5 meV is the major radi-
ation recombination channel. With the decreasing of temperat-
ure, the FX emission peak shows a first blueshift and then red-
shift with a transition temperature of ~ 190 K, possibly owing
to the phase transition or the competition of lattice expansion
and exciton–phonon scattering. We also demonstrate that the
linewidth  broadening  of  FX  emission  is  mainly  contributed
from the exciton-optical phonon interaction with average phon-
on  energy  of  48.0  meV  and  the  coupling  coefficient  of 203.9
meV. These results  advance the understanding of  exciton dy-
namics and fabrication of CsPbCl3 perovskite NWs.
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