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As a van der Waals (vdW) layered semiconductor material, lead iodide (PbI2) possessing a direct 
bandgap with strong photoluminescence emission in visible range has gained wide attention in 
applications of photonic and optoelectronic devices. Here, upconversion photoluminescence (UPL) 
in exfoliated PbI2 flakes is demonstrated at room temperature and elevated temperatures. The 
linear power dependence of UPL emission with 532 nm excitation suggests the one-photon involved 
multiphonon-assisted UPL emission process, which is revealed by the temperature-dependent UPL 
emission measurement. Meanwhile, the nonlinear power dependence of UPL emission with 561 nm 
excitation indicates the transition of UPL emission mechanism from linear to nonlinear regime, and 
the temperature-dependent UPL emission study further shows that the upconversion is contributed 
by both the multiphonon-assisted UPL process and the two-photon absorption induced PL process. 
This study will provide an insight to the understanding of photon upconversion in vdW layered 
semiconductors and advancing applications in temperature-controlled photon upconversion, tunable 
photonics, photodetection and imaging.
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Upconversion photoluminescence (UPL) is an anti-Stokes physical process where the energy of the emitting 
photons is higher than that of the absorbed photons, which is contrary to the downconversion process that obeys 
Stokes’ law. The additional upconversion energy can be achieved due to different mechanisms such as phonon 
participation1–3, multiphoton absorption4–6, triple-triplet annihilation5, and Auger recombination7. During the 
UPL emission process, low-energy excitation photons couple with real or virtual intermediate states such as 
surface states, defect states or electronic subbands8–12to generate high-energy states, which lead to the emission 
of photons with upconversion energy gain13,14. In particular, phonon-assisted UPL is gaining a lot of interest 
since it is a one-photon involved linear process with upconversion energy gain compensated by multiphonon 
absorption, which is distinct from the nonlinear two-photon absorption induced PL process. UPL phenomena 
possess a broad area of applications such as photovoltaics5,15, lasers16, optical refrigeration17,18, and optical 
tweezers19. UPL processes can be realized in various material systems especially in low-dimensional materials 
such as 2D materials and their heterostructures20–26, quantum wells27and quantum dots28, nanobelts29, and 
carbon nanotubes12.

Since the last two decades, van der Waals (vdW) layered materials have gained tremendous interest due 
to their exceptional properties and wide applications in optoelectronics30–32, spintronics33and valleytronics34. 
Additionally, 2D layered materials possess tunable bandgap in a wide range upon varying the thickness, which make 
them excellent candidates in developing flexible devices35,36, field effect transistors37,38, and photodetectors39,40. 
One such layered semiconductor material is lead iodide (PbI2) from the group of transition metal halides, which 
has shown a great potential for applications such as nuclear radiation detectors41,42, perovskite fabrication43,44, 
photodetectors45,46, and nanolasers47. Similar to monolayer transition metal dichalcogenides (TMDs), layered 
PbI2exhibits a direct bandgap around 2.4 eV and strong photoluminescence emission in the visible48–51, which 
makes it an excellent 2D material for excitonic physics and device studies. Recently, PL and UPL emission in 
PbI2at low temperatures have been studied25,52–54, but the UPL emission of layered PbI2 above room temperature 
has not been explored yet, and the roles of phonon-assisted upconversion process and two-photon absorption 
upconversion process are not well understood.

In this work, upconversion photoluminescence emission in mechanically exfoliated layered PbI2 flake is 
demonstrated at room temperature and elevated temperatures using continuous-wave laser excitation. The 

1Department of Mechanical Engineering, Stony Brook University, Stony Brook NY11794, USA. 2Department of 
Mechanical and Aerospace Engineering, Missouri University of Science and Technology, Rolla, MO 65409, USA. 
email: jie.gao.5@stonybrook.edu

OPEN

Scientific Reports |        (2024) 14:26900 1| https://doi.org/10.1038/s41598-024-78523-y

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-44448-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-44448-1&domain=pdf


linear excitation power dependence of UPL emission under 532 nm excitation is observed at room temperature, 
which suggests the one-photon involved multiphonon-assisted UPL emission process in the linear regime. The 
nonlinear excitation power dependence of UPL emission under 561 nm excitation is obtained, which indicates 
the transition of UPL emission mechanism from one-photon linear regime to a nonlinear regime with the two-
photon absorption induced PL process. It is shown that the temperature-dependent UPL emission under 532 nm 
excitation follows the multiphonon-assisted UPL process with the upconversion energy gain varying from 98 
meV to 77 meV. On the other hand, the temperature-dependent UPL emission under 561  nm excitation is 
contributed by both the multiphonon-assisted UPL process and the two-photon absorption induced PL process 
with the upconversion energy gain varying from 209 meV to 184 meV, while the contribution of phonon-
assisted UPL process increases with the temperature. With the growing interest in vdW layered semiconductors, 
the demonstrated results of UPL emission in layered PbI2 will pave the way for more understanding of photon 
upconversion in layered semiconductors and assist in broadening its applications in temperature-controlled 
photon upconversion, tunable photonics, photodetection and imaging.

Results and discussion
As shown by the schematics in Fig.  1(a), the crystal structure of 2D layered PbI2is arranged as a hexagonal 
lattice51, where one layer of lead atoms is sandwiched between two layers of iodine atoms and the layers are 
covalently bonded to each other. The adjacent PbI2 layers are stacked together by weak van der Waals forces. 
PbI2 flakes are mechanically exfoliated from the bulk PbI2 crystal onto a quartz substrate. Figure 1(b) shows the 
optical microscope image of one typical exfoliated PbI2 flake. The atomic force microscopy (AFM) image of the 
flake is shown in Fig. 1(c), and the height profile indicates that the flake thickness is around 150 nm. PbI2 flakes 
exhibit strong excitonic PL emission due to its direct bandgap around 2.4 eV. Figure 1(d) displays the measured 
Raman spectrum of the exfoliated PbI2flake with 632.8  nm excitation. Three pronounced Raman peaks at 
98 cm-1, 111 cm-1and 168 cm-1 are observed, which are attributed to A1g, A2u and 2Eg modes, respectively55,56. 

Fig. 1.  (a) Schematic diagram of PbI2 crystal structure. (b) Optical microscope image of one mechanically 
exfoliated PbI2 flake on quartz substrate. (c) AFM image of the flake area marked by the white dotted lines in 
(b), indicating the flake thickness of 150 nm. (d) Measured Raman spectrum of the PbI2 flake.
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The symmetric stretching of two iodine atoms is responsible for the Ag modes. The A2u mode represents 
the stretching of two iodine atoms in the same direction with lead atom vibrating in the opposite direction. 
Additionally, the broad Egmode is due to the shearing motion of two iodine layers57.

Figure 2(a) shows the measured room-temperature PL and UPL spectra excited by continuous-wave lasers 
at the wavelength of 445 nm with the excitation power of 60 µW and the integration time of 7 s, 532 nm with 
1.48 mW and 10 s, and 561 nm with 9.18 mW and 20 s, respectively. The PL and UPL spectra are fitted by the 
Voigt fitting as shown with the dashed lines. The UPL emission peak wavelengths are around 515 nm, which 
is very close to that of the PL emission at 512 nm. The UPL peak intensity per unit power per unit integration 
time excited at 532 nm is about 78 times stronger than that of 561 nm, while being around 59 times weaker 
than the PL peak intensity excited at 445 nm. For the PL emission process of PbI2 flakes, excitons generated 
with the above-bandgap excitation at the energy of 2.79 eV will relax to the band edge and lead to the excitonic 
photon emission with the radiative recombination at the energy of 2.42 eV. On the contrary, the excitonic UPL 
emission occurs when the excitation energy is below the bandgap. As shown in Fig. 2(b) and (c), there are two 
possible distinguished mechanisms governing the UPL emission, which are one-photon involved multiphonon-
assisted upconversion PL process and two-photon absorption induced PL process. As depicted in Fig. 2(b), the 
multiphonon-assisted UPL process involves the coupling of multiple phonons from the lattice to an intermediate 
state followed by the relaxation to the band edge to generate the excitonic emission while momentum and 
energy are conserved during the upconversion emission process2,3,9. The phonon-assisted upconversion PL 
has a linear excitation power dependence due to the one photon absorption. On the other hand, two-photon 
absorption induced PL process as shown in Fig. 2(c) represents the photon upconversion mechanism excited 
by the simultaneous absorption of two low-energy photons via a virtual intermediate state and then followed 
by the spontaneous excitonic emission from the excited state58–60. Two-photon absorption is a nonlinear optical 
process typically with a smaller absorption cross section than the one-photon absorption case. The efficiency of 
two-photon absorption induced upconversion is usually low and the emission is proportional to the square of 
the excitation intensity.

The excitation power-dependent PL and UPL spectra at room temperature are measured at the excitation 
wavelength of 445 nm, 532 nm and 561 nm, as shown in Fig. 3(a), (c) and (e). It is noticed that the emission 
intensities for all three excitation wavelengths go up with the increased excitation power while maintaining 
the spectral profile shape. Only the partial range of UPL spectra below 523 nm is included in Fig. 3(c) at the 
excitation wavelength of 532 nm due to the wavelength cutoff by a 532 nm shortpass filter, while the full range 
of UPL spectra is provided in Fig. 3(e) at the excitation wavelength of 561 nm when a 546 nm shortpass filter 
is used. Figure  3(b), (d) and (f) show the integrated PL and UPL intensity as a function of laser excitation 
power in a log-log scale at each excitation wavelength, respectively. It is observed that the integrated intensity 
follows a power law of I = αPβ, where P is the excitation power, α is the fitting parameter, and β is the exponent 
that represents the slope of the curve. The value of β can be used to determine the distinguished mechanisms 
responsible for the UPL emission process at room temperature as illustrated in Fig.  2(b) and (c). The fitted 
value of β around 1.12 ± 0.02 in Fig. 3(b) indicates the as-expected linear excitation power dependence for the 
PL emission excited using a continuous-wave 445 nm laser. In the case of the UPL process excited at 532 nm 
shown in Fig. 3(d), the linear power dependence with the value of β around 1.04 ± 0.02 suggests the one-photon 
involved multiphonon-assisted upconversion PL emission process in the linear regime, in which the excitonic 
emission at the band edge of PbI2 crystal with the below-bandgap photon excitation is mediated by absorbing 

Fig. 2.  (a) PL and UPL spectra of the PbI2 flake at excitation wavelengths of 445 nm (blue), 532 nm (green) 
and 561 nm (orange). (b) Schematic illustration of the underlying mechanism responsible for phonon-assisted 
upconversion PL process, where phonons are coupled to an intermediate state followed by the relaxation to 
the band edge to generate the excitonic emission while momentum and energy are conserved. (c) Schematic 
illustration of the underlying mechanism responsible for two-photon absorption induced PL process, where 
the simultaneous absorption of two low-energy photons via a virtual intermediate state is presented and then 
followed by the spontaneous excitonic emission from the excited state in a nonlinear optical process.
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additional energy from multiple phonons. Such additional energy provided by phonons can be defined as the 
upconversion energy gain ΔE = ħωUPL- ħωexc, where ħωUPL is the energy of upconversion emission photons and 
ħωexc is the energy of excitation photons. The upconversion energy gain is due to the contribution of multiphonon 
absorption process via the transverse optical (TO) phonon of A1g mode with phonon energy around 12 meV in 

Fig. 3.  Measured excitation power-dependent PL and UPL spectra at room temperature excited at the 
wavelength of (a) 445 nm (c) 532 nm and (e) 561 nm. Integrated PL and UPL intensity as a function of 
excitation power in a log-log scale for (b) 445 nm, (d) 532 nm and (f) 561 nm excitation. The measured data 
are presented by the solid dots and the data fittings to the power law are shown as solid lines.
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layered PbI2. By considering the upconversion energy gain of 81 meV obtained at the excitation wavelength of 
532 nm at room temperature, the effective number of phonons involved in the phonon-assisted UPL process in 
layered PbI2 is approximately estimated from 6 to 7. As plotted in Fig. 3(f), when the laser excitation wavelength 
is 561 nm with the power from 4.8 to 10.28 mW (corresponding to excitation irradiance from 0.61 to 1.31 MW/
cm2), a nonlinear excitation power dependence is observed with the value of β around 1.91 ± 0.07, indicating 
the transition of UPL emission mechanism from one-photon linear regime to a nonlinear regime with the 
involvement of two-photon absorption induced PL process.

To further understand the UPL emission mechanisms in layered PbI2 at elevated temperatures, temperature-
dependent PL and UPL emission measurements are carried out with a 160  nm-thick PbI2 flake. A Linkam 
THMS600 heating stage is used for high-temperature PL and UPL characterizations. Figure  4(a) shows 
temperature-dependent PL emission spectra from 294 K to 414 K, where a clear redshift in the PL emission peak 
wavelength and a gradual decrease of the emission intensity are observed with the increased temperature. As 
shown in Fig. 4(b), a redshift from 509.5 nm to 518.1 nm in the PL emission peak wavelength is observed when 
the temperature increases from 294 K to 414 K. This temperature-dependent shift of the emission peak energy 
can be modelled by the modified Varshni equation Eg (T ) = Eg (0)− S⟨ℏ ω AC⟩

[
coth

(
⟨ℏ ω AC⟩
2kBT

)
− 1

]
, which 

typically describes the effect of temperature on the semiconductor bandgap Eg(T). Here Eg(0) represents the 
excitonic transition energy at T = 0 K, the electron-phonon coupling strength is represented by a dimensionless 
constant S, average acoustic phonon energy involved in electron-phonon interaction is referred by ⟨ℏωAC⟩, and 
kBis the Boltzmann constant61,62. It is shown that the measured emission peak wavelengths follow the Varshni 
equation as indicated by the solid blue line. ⟨ℏωAC⟩ is 39 meV for layered PbI2

63, and the S value obtained from 
the Varshni fitting is around 2.21 for the PL process. Figure 4(c) plots the integrated PL emission intensity as a 
function of temperature, and noticeably the PL emission quenches around 3 times as the temperature increases 
from 294 K to 414 K. The decrease of PL integrated intensity at high temperatures is associated with the thermal 
quenching of excitons which follows the Arrhenius equation IPL (T ) = I0/ [1 +Rexp(−Ea/kBT )], where I0 is 
the PL intensity at T = 0 K, R is the ratio between the nonradiative and radiative recombination rate, and Eais the 
thermal activation energy responsible for the dissociation of excitons64,65. The measured data for integrated PL 
emission intensity are well fitted by the solid line with R = 710.8 and Ea = 183 meV.

Figure 5(a) displays temperature-dependent UPL emission spectra from 294 K to 344 K with the excitation 
at 532  nm, where the UPL peak wavelength is also redshifted at high temperatures. Different from the PL 
process, the UPL emission intensity grows with the temperature increase. The UPL emission peak wavelength 
is redshifted from 510.6 nm to 514.9 nm as plotted in Fig. 5(b), where the fitted S value is around 2.38 using 
the modified Varshni equation. The slightly different S values between PL and UPL processes suggest different 
electron-phonon and phonon-exciton interactions in the temperature-dependent PL and UPL emission in 
layered PbI2. A 3-fold increase of the UPL emission integrated intensity is observed as temperature is increased 
from 294  K to 344  K in Fig.  5(c). For the phonon-assisted UPL process (PUPL) under 532  nm excitation, 
the temperature-dependent UPL emission intensity is proportional to the Boltzmann function for phonon 
population of exp (− |∆E| /kBT ). Considering the thermal quenching of excitonic emission, the UPL intensity 
can be described as IPUPL (T ) ∝ exp (− |∆E| /kBT ) / [1 +R exp (−Ea/kBT )]. The upconversion energy 
gain ΔE changes from 98 meV to 77 meV as temperature increases due to the temperature-dependent redshift of 
the bandgap. The theoretical fitting of IPUPL shown as the solid line agrees well with the measured data, where 
the observed trend is attributed to both the reduced energy gain ΔE and the increased kBT  energy.

Figure 6(a) presents the measured UPL emission spectra at temperatures from 294 K to 354 K at the excitation 
wavelength of 561 nm. Similar to the 532 nm case, the UPL peak wavelength is redshifted and the UPL emission 
intensity increases at elevated temperatures. In Fig. 6(b), the UPL peak wavelength is redshifted from 512.5 nm to 

Fig. 4.  (a) Temperature-dependent PL spectra excited at 445 nm with the excitation power of 40 µW. (b) PL 
emission peak wavelength and (c) integrated PL emission intensity as a function of temperature. Experimental 
measurements are depicted by the solid dots and theoretical fittings are represented by the solid lines.
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517.8 nm, corresponding to the upconversion energy gain ΔE varying from 209 meV to 184 meV. The theoretical 
fitting shows the S value around 2.89. The UPL emission integrated intensity is increased by more than 4 times 
with the increased temperature, as observed in Fig. 6(c). For the two-photon absorption induced PL process 

(TPPL), the emission intensity ITPPL (T ) ∝ β 2 (T ) / [1 +R exp(−Ea/kBT )], where β 2 (T ) ∝
(2x−1)

3/
2

(E3
g) (2x)5

is 

the two-photon absorption coefficient with x = ℏ ω exc/Eg
66. For UPL process under 561 nm excitation, both 

the phonon-assisted UPL process and the two-photon absorption induced PL process contribute to the observed 
UPL emission intensity with Itotal (T ) = IPUPL (T ) + ITPPL (T ). The theoretical fitting of Itotal plotted as the 
orange solid line in Fig. 6(c) matches with the measured experimental data points. Additionally, the contribution 
of the two-photon absorption induced PL process in the photon upconversion emission can be represented by 
the ratio of ITPPL/Itotal as shown by the black solid line. It is worth noting that the two-photon absorption 
induced PL process dominates the UPL emission with the ITPPL/Itotal ratio of 0.81 at the temperature of 294 K. 
As the temperature goes up, the contribution of the phonon-assisted UPL process greatly increases so that the 
ITPPL/Itotal ratio is reduced to 0.35 at the temperature of 354 K.

Conclusion
In summary, power-dependent and temperature-dependent upconversion photoluminescence in layered 
PbI2 has been demonstrated with below-bandgap excitations. The linear excitation power dependence of UPL 

Fig. 6.  (a) Temperature-dependent UPL spectra excited at 561 nm with the excitation power of 5.6 mW 
(corresponding to excitation irradiance of 0.71 MW/cm2). (b) UPL emission peak wavelength as a function of 
temperature. (c) UPL emission integrated intensity as a function of temperature. The black solid line depicts 
the intensity ratio of ITPPL to Itotal.

 

Fig. 5.  (a) Temperature-dependent UPL spectra excited at 532 nm with the excitation power of 0.8 mW. 
(b) UPL emission peak wavelength and (c) UPL emission integrated intensity as a function of temperature. 
Experimental measurements are depicted by the solid points and theoretical fittings are represented by the 
solid lines.
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emission under 532 nm excitation has been observed at room temperature, suggesting the one-photon involved 
multiphonon-assisted upconversion PL emission process. The nonlinear excitation power dependence of UPL 
emission is obtained under 561 nm excitation, indicating the transition of UPL emission mechanism from one-
photon linear regime to a nonlinear regime with the involvement of two-photon absorption induced PL process. 
In addition, the UPL peak wavelength is redshifted and the UPL emission intensity is enhanced at elevated 
temperatures. It is found that the temperature-dependent UPL emission intensity under 532  nm excitation 
depends on phonon population and thermal quenching in the multiphonon-assisted UPL process. On the other 
hand, the temperature-dependent UPL emission under 561 nm excitation is attributed to both the multiphonon-
assisted UPL process and the two-photon absorption induced PL process, with the contribution of phonon-
assisted UPL process greatly increases as the temperature goes up. The demonstrated results of UPL emission in 
layered PbI2 will advance many applications such as photon upconversion devices, thermally tunable photonics, 
photodetection and imaging.

Methods
Sample preparation
High-quality PbI2 crystals are synthesized with the float zone technique by 2D Semiconductors. PbI2 flakes 
are obtained by mechanically exfoliating bulk PbI2 crystal using scotch tape (3M tape) followed by repetitive 
sticking of these exfoliated crystals on a fresh scotch tape. These obtained thin flakes are transferred onto a clean 
quartz substrate. The PbI2 flake is covered with a PMMA (950 PMMA A7) encapsulation layer to ensure sample 
stability in the ambient environment.

Optical measurements
The Raman, PL and UPL spectra are characterized by collecting the back reflected signal from a 50 × objective 
lens (NA = 0.42) that is coupled into a spectrometer (Horiba iHR 550) through a beam splitter and an edgepass 
filter. A 633 nm ultrasteep longpass filter is used for Raman spectrum measurement, a 475 nm longpass filter 
is used for PL spectrum measurement, and a shortpass filter of 532 nm or 546 nm is used for UPL spectrum 
measurements excited at 532 nm or 561 nm, respectively. The range of laser excitation power is also chosen 
carefully at low levels to avoid any laser heating induced decomposition of the PbI2 flake.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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