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a b s t r a c t

The kinetic of low-temperature carrier and lattice of lead-halide perovskite is yet to be fully understood.

In this work, we investigate the steady-state photoluminescences (PLs) of CsPbI3 at the environmental

temperature (Te) ranging from 20K to 300K, and observed anomalous behaviors at cryogenic tempera-

tures: The carrier temperature (Tc) of pure CsPbI3 exhibits a negative correlation with Te, accompanied

by an expansion in Urbach tails of absorption spectra (Abs.) and excessive red-shifts at peak energy of

PLs. These phenomena are also observed in those samples containing a certain amount of Cs4PbI6, but to

a lesser extent and occurs at lower temperatures. It is attributed to the intensified hot phonon bottleneck

effect (HPB) in CsPbI3 at cryogenic Te, which hinders the energy transfer from hot carriers, via longi-

tudinal optics (LO) phonons to longitudinal acoustic (LA) phonons, to the ambient. For samples under

continuous-wave laser excitation, in specific, the barrier induced by the enhanced HPB at low Te pre-

vents the effective thermalization among carriers, LO and LA phonons, which, therefore, form thermally

isolated ensembles with different temperatures. At cryogenic Te range, the elevated temperatures of car-

rier and LO phonon expand the high-energy side of PLs and the low-energy tail of Abs., respectively. For

those samples in which the CsPbI3 is mixed with Cs4PbI6, the interfacial LO-LO interaction across them

provides a bypass for heat dissipation, mitigating the heat accumulation in LO-phonons of CsPbI3. The

results suggest that a strong HPB effect may break the thermal equilibrium among different branches of

phonons in the lattice under certain extreme conditions.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The lead halide perovskite (LHP) APbX3 (A=Cs+, MA+ and FA+;
X=Cl–, Br–, and I–) has attracted attentions from various fields

of optoelectronics [1–3]. The band-edge properties of LHP remains

a hot topic with many problems remaining unclear, especially at

cryogenic temperatures [4]. The band edge determines the peak

photon energy of photoluminescence (PL), as well as absorption

spectra (Abs.), in carrier recombination, while the interactions be-

tween carrier and lattice alter the band edge and, as a conse-

quence, shapes of PLs and Abs. Therefore, information in PLs and

Abs. are key to understanding the carrier and lattice dynamics.

The processes of carrier excitation/injection and recombination in-

cludes the following steps in succession: (i) Generation of carri-
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ers; (ii) Relaxation until the Maxwell-Boltzmann distribution with

a certain carrier temperature Tc is established; (iii) Scattering with

lattice and cooling to band-edge; (iv) Recombination. From Stage

ii to Stage iii, Tc can be significantly higher than the tempera-

ture of lattice (Tl). Therefore, the carrier at these stages is usu-

ally called “hot carrier” (HC); and the Stage iii the “HC cooling”.

It has been proven that the speed of HC relaxation is highly af-

fected by the interaction between excitons and phonons. There are

two routes of electron–phonon interaction through which the en-

ergy is transferred to the lattice. At room temperature interactions

between electron and lattice are dominated by Fröhlich interaction,

which is the interaction between electrons and longitudinal optics

(LO) phonons, while at low temperature (<30K), it turns into inter-

actions between electron and longitudinal acoustic (LA) phonons

of deformation-potential and piezoelectric interactions [5,6]. In the

transient absorption spectroscopy (TAS), a transient redistribution
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of phonons among different states occurs right after excitation as

it absorbs energy from HCs, but soon this excessive amount of en-

ergy is transferred from LO phonons to LA phonons. The energy

dissipation rate in lattice depends on the density of state (DOS) of

phonon, as high phonon DOS facilitates the downwards flow of en-

ergy from higher energy levels to lower ones, while the low DOS

would result in hot phonons accumulation at LO branch, namely

the hot phonon bottleneck (HPB) effect. The leading cause of HPB

effect in APbX3 is the energy gap between LO and LA phonons [7–

12].

In literature, the HPB effect was commonly observed in TAS,

which provides a full map of carrier kinetics with femto-second

resolution, in a manner of monitoring the change in absorption of

material after it being excited. It reveals a slow decrease in Tc [7].

Despite the fact that the TAS becomes a typical method of investi-

gating the HC cooling and HPB effect, the change in absorption do

not in general reflect the dynamics in radiative recombination, i.e.,

time-resolved and steady-state photoluminescences (PLs). But the

luminescence property is the ultimate goal of the entire investiga-

tion and the basis on which photonics engineering is conducted.

A very recent report by Lim et al. proposed a research on model-

ing the steady-state PLs of a set of iodine perovskite, from which

they extract Tc and demonstrate exceptionally low thermalization

coefficients in these materials [13]. In some earlier reports con-

cerning electron–phonon interactions, steady-state PLs have been

studied in theory [5,14,15], and therefore, are employed as an in-

dicator of carrier dynamics [9,16–18]. The temperature-dependent

steady-state PLs are also employed in the application of thermom-

etry [19].

Since recently, there have been reports on optically activated

A4PbX6 [20–22], which was later identified as possessing a sort of

APbX3@A4PbX6 core-shell structure. In this structure, the A4PbX6,

where the PbX6
4+ octahedrons are detached to each other with

Cs+ ions scattered in between, encapsulates the APbX3 QDs, form-

ing a structure similar to the raisin bread (APbX3: raisin, A4PbX6:

bread) [21,22]. The APbX3 QDs inside are responsible for the lu-

mination. It was found that there exist large discrepancies in the

TAS behaviors between CsPbBr3@Cs4PbBr6 complexes and CsPbBr3
QDs [11,20,23,24], which witness apparent contrasts. One group re-

ported slower HC cooling in CsPbBr3@Cs4PbBr6 compared with in

CsPbBr3 [24], whereas others reported the opposite [11,23]. How-

ever, the discrepancy actually is caused by the different excita-

tion conditions. The former used the 310-nm laser which induces

strong polaron density, while the latter two employed 400-nm ex-

citation sources, of which the photon energy is not sufficient to

excite Cs4PbBr6, thus no high electron–phonon interaction was in-

duced. Despite these discrepancies, these works agreed on the fact

that the contribution from LO phonons in Cs4PbBr6 shells and

the phonon–phonon interaction across the CsPbBr3@Cs4PbBr6 in-

terfaces provide additional routes for the heat dissipated from HC.

Therefore, comparisons between APbX3@A4PbX6 and APbX3 would

provide a new aspect for studying the HBP effect.

Hitherto, one problem concerning the thermodynamics during

hot carrier relaxation under steady-state excitation have been ig-

nored. Under steady light excitation, as mentioned above, after the

heat dissipating into LO phonons, the successive heat flow to the

acoustic phonons is hindered by the HPB effect between LO and

acoustic phonons. Is it possible that the LO phonons’ temperature

raises as a result of heat accumulation? If it is the case, the lat-

tice should be separated into two sub-ensembles of LO phonons

and acoustic phonons, each establishing a quasi-thermal equilib-

rium with different temperatures.

In this letter, we propose a research on the dynamics of carrier

and lattice in temperature ranging from RT to cryogenic tempera-

ture. By analyzing the steady-state PLs on SiO2 encapsulated CsPbI3
QDs and CsPbI3@Cs4PbI6 complex, and key parameters extracted,

we observed that a strong HPB effect in CsPbI3 QDs, in conjunc-

tion with high-density excitation, breaks the thermal equilibrium

between LO and LA phonons of the lattice cryogenic temperature

range, leading to anomalous behaviors on PLs at cryogenic tem-

peratures. For CsPbI3@Cs4PbI6 complex, on the contrary, the HPB

effect was largely mitigated.

The samples under investigation are perovskite QDs encap-

sulated in all-inorganic SiO2 particles, fabricated in a high-

temperature solid-state sintering process reported in our previous

work [25]. In this work, we chose two samples, the first one con-

tains mainly CsPbI3 with a trace of Cs4PbI6 and is denoted as S-

113; the second one contains mainly Cs4PbI6 with a trace of CsPbI3
and is denoted as S-113∗. The detail of fabrication is introduced in

Supporting information. The components of these two samples are

demonstrated by the XRD data (Fig. S2 in Supporting information).

The data collected for S-113 and S-113∗ are respectively dominated

with characteristic peaks of CsPbI3 and Cs4PbI6. For S-113, there

is a peak of Cs4PbI6 observed around 12°, indicating the trace of

Cs4PbI6. The reason that no characteristics peaks of CsPbI3 is ob-

served in the XRD of S-113∗ is ascribed to its low mole ratio that

falls below the detection limit of XRD. In spite of that, the ∼700-

nm peaks in PL (Fig. S1 in Supporting information) reveal the exis-

tence of CsPbI3 in S-113∗ and definitely in S-113. Also illustrated in

Fig. S1 are the PLEs and Abs., where the fingerprint 368-nm peaks

in Abs. spectra of both samples indicate the existence of Cs4PbI6.

Here the SiO2 shell functions as a rigid mechanical protection for

the QDs inside from encroaching of water steam and oxygen. Also,

the pressure exerted by the SiO2 shell on the QDs, which estimated

to fall around 0.5GPa, prevents the degradation to yellow phase

[26].

The temperature-dependent PLs of the two samples are illus-

trated in Fig. 1. In general, PLs of both of the samples exhibit red-

shift in peak energy with shrinkage in line-width as the environ-

mental temperature (Te) decreases. When Te becomes lower than

60K, two shoulder peaks emerge in the PLs of CsPbI3 (Fig. S5 in

Supporting information), while the PLs of Cs4PbI6 exhibit a single

peak as the Te goes all the way down to 20K. The integrated PL in-

tensities of the two samples increases with the decreasing Te (Fig.

S3 in Supporting information), although the peak intensity of S-113

decreases dramatically when multiple peaks emerge when Te goes

below 50K (Fig. S4 in Supporting information).

We extracted the carrier temperature (Tc) by fitting the expo-

nential high-energy tail of these PLs (Fig. S6 in Supporting infor-

mation) [9]. As shown in Fig. 2a, the plots of Tc against Te, it turns

out that the Tc are much higher than Te. As Te decreases from

300K, the Tc of two samples decreases initially, but after reach re-

spective minima, both of them increase at low-Te range, starting

from 120K and 50K for S-113 and S-113∗, respectively.
With the information of Tc, we also obtained the Abs. from

PLs, according to the method introduced by Bhattacharya et al.

[13,27]. As illustrated in Fig. S7 (Supporting information), the Abs.

exhibits a slide below the band-edge, which is called the Urbach

tail [18,28]. By linear fitting, we obtained the Urbach energy (EU)

from the slope of the Urbach tail. which is plotted against Te in Fig.

2b. Note that due to the emergence of multi-peaks, the fitting of

Abs. under Te =50K may not render the correct EU, thus they are

plotted in grey. In Fig. 2b, it is evident that, in contrast to the pre-

vious literature which reported a monotonous correlation between

EU and Te, the EU of these two sample decrease as Te goes down,

after showing minimum at 110K and 70K for S-113 and S-113∗, re-
spectively, they increase as Te continues going downwards.

According to Cody’s theory [28], the Urbach tail is a revelation

of lattice disorder and can be measured by the Urbach energy EU.

The lattice disorder may have multiple origins, such as Fröhlich

interaction between excitons and LO phonons [6], crystalline de-

fects [29], and halide composition [4]. The first category strongly
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Fig. 1. Temperature-dependent PLs of (a) CsPbI3 and (b) Cs4PbI6. The Te at which each PL is captured is mark on the right.

Fig. 2. (a) Carrier temperature Tc and (b) Urbach energy of both samples at differ-

ent environmental temperatures.

depends on lattice temperature, which is the temperature of LO

phonons (TLO); the latter two are temperature independent [30].

The EU can therefore be expressed of TLO-dependent term plus TLO-

independent term as in Eq. 1.

EU(TLO,X ) = θ

σ0

[
1 + X

2
+ 1

e
(

A
TLO

)
− 1

]

(1)

In Eq. 1, the fitting parameters of θ and σ 0 being the Einstein

temperature and steepness index, respectively; The θ denotes char-

acteristic temperature in the Einstein model below which the ther-

mal excitations of the phonons start to "freeze out". The σ 0 rep-

resents an order unity [28]; the X in the first term indicates the

temperature-independent contribution from defects, and the sec-

ond term exhibits a monotonic increase with TLO, corresponding

to the exciton-LO interaction. Therefore, could the anomalous in-

crease in EU indicate a raise in TLO with decreasing Te? It is plau-

sible, once one gets involved the anomalous increase in Tc and the

HPB effect in TAS. As mentioned previously, the HBP effect prevent

the heat transfer from HC via LO and acoustic phonons to the am-

bient. Under CW excitation, HCs continuously absorb energy from

the laser while transferring it to LO phonons, which should suc-

cessively dissipate heat to acoustic phonons. The scarce DOS be-

tween LO branch and acoustic branch create a gap that hinders

heat down-transfer. On the one hand, the HPB effect causes the

storage of heat in LO phonons, raising TLO, further resulting in ex-

cessively high Tc; On the other hand, as the heat flow from LO to

acoustic phonon is partially blocked, the latter is cooled down by

the ambient as Te decreases and the gap between acoustic and LO

branches is further enlarged.

One could also note a lesser decoupling among Tc, TLO and

Te in S113∗. This is due to the LO-LO interaction between CsPbI3
and Cs4PbI6 on the interface [11]. The first-principle calcula-

tion indicates that the DOS of phonon of the heterojunction of

CsPbI3–Cs4PbI6 is far higher than that of CsPbI3 (Fig. S8 in Sup-

porting information), which greatly mitigates the HPB effect and

the decoupling among Tc, TLO and Te as well. The increase in Tc
and EU cannot be a result of inefficient cooling, due to the follow-

ing reasons. In Figs. 1 and 3, it is evident that the peak energy of

Fig. 3. Fitting of Eq. 2 on the plots of peak energy vs. Te of S-113 and S-113∗ . (a)
S-113∗ and (b) S-113 with all data involved in fitting; (c) S-113, the data captured

under 50K are excluded for fitting. The blue and dash lines illustrate the contribu-

tions of acoustic phonons and LO phonons, respectively.

PLs are monotonously decrease as Te goes down. If under very low

temperature, e.g., Te < 50K, the heat fails to be conducted into the

ambient, the whole temperature of the sample should be elevated

since the excitation laser is continuously conveying the energy. In

this case, the peak energy should increase with the deceasing Te.

The PL integral intensities of both samples, shown in Fig. S3 exhibit

monotonous increase with decreasing temperature. If the heat dis-

sipation fails at low Te < 50K, it should have decreased. Such cases

were never observed in our experiment. Therefore, the heat trans-

fer from sample to ambient is always normal.

The HBP effect in CW excitation prevents the thermalization

among HCs, LO phonons and acoustic phonons, which in conse-

quence form ensembles that are no longer in thermal equilibrium

with each other. Inside each ensemble, however, thermal equilib-

rium is established. Therefore, these ensembles have their own

temperatures, which are different from other’s. As the heat dissipa-

tion from lattice to ambient via interaction with acoustic phonons

is always efficient, the temperature of acoustic phonons could be

regarded as the same with Te. This assumption can be further ver-

ified by fitting the plot of peak energy against Te, with a modified

version of the model introduced by Göbel and Saran et al. [14,17]

which gives the modifications on PL peak energy from exciton-

LO and exciton-acoustic phonons. We change the temperatures in-

3
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volved in this model into TLO and Te, specific ones corresponding

to LO phonons and acoustic phonons, as shown in Eq. 2.

(2)

The first term E0 in Eq. 2 is the intrinsic band-gap at 0K. The

second (red dashes, Fig. 3) is the modification via exciton-LA cou-

pling which expands the band-gap as Te increases. The third term

(blue dashes, Fig. 3) is exciton-LO coupling, which shrinks the

band-gap, canceling the expansion induced by the second term as

Te increases. Due to the small energy of LA phonons, at elevated

temperature the condition of kT >> h̄ωac is always fulfilled. The

second term is therefore reduced to linearity.

Firstly, we assume Te = TLO, by fitting the data of peak-energy

vs. Te of both samples by Eq. 2, we obtain curves in Fig. 3a for S-

113∗ and Fig. 3b for S-113. Both fittings go well and the parameters

are listed in Table S2 (Supporting information). However, we found

that these fittings yield different peak energy Ep0 at 0K − 1.703 eV

and 1.692 eV for S-113∗ and S-113, respectively. It is unreasonable

as in these two samples the emitting centers are both CsPbI3 QDs.

Noting that the PLs of S-113 feature multi-peak at Te < 50K re-

gion, we fit the data of S-113 collected above 50K, and yielded

Ep0 =1.702 eV, which is very close to 1.703 eV of S-113∗, as illus-

trated by the black line in Fig. 3c. We attribute this discrepancy to

the intensified HPB effect at Te < 50K region, as has been men-

tioned previously. At this region from 50K, the true TLO is larger

than Te. This causes severer exciton-LO interaction that would nar-

row the bandgap, which is the reason that the peak energy data

collected under 50K are all lower than the theoretical prediction

by those above 50K. It also indicates the break of thermal equilib-

rium, or its origin, the HBP effect, only come into effect at Te <

50K region for S-113. When Te > 50K, one could expect a thermal

equilibrium over the whole QDs. With this model in mind, the na-

ture of the high-energy peak in PLs under 50K of S-113 may be

the anti-Stokes replica of the main peak, as the elevated TLO and

Tc facilitate the phonon emission and absorption by excitons.

We note that the SiO2 shell in the sample only serves as the

protections for NCs, and do not apparently play any roles in the

process of excitation and recombination. However, the anomalous

expansion in Urbach tail below 50K with decreasing Te has not

been observed in literature, where no rigid encapsulation with

high pressure was applied. We therefore proposed that it is the

pressure on the QDs that altered the lattice vibration which leads

to the enhanced bottleneck effect. After all the pressure is so large

that the NC appears in sphere shape rather than the normally cu-

bic ones as it does when there is no confinement.

In summary, the HPB effect is intensified at cryogenic temper-

atures for CsPbI3 QDs. Its manifestations can be observed in the

steady-state PL under CW excitation as anomalous expansion in

both high and low energy tails, and even the emergence of mul-

tiple peaks alongside the main one, with decreasing Te. These are

all ascribed to the temperature gradient over quasi-ensembles of

carrier, LO phonons and acoustic phonons, induced by the HPB

effect.
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