
1 
 

Supplementary information 

 

Hot-carrier tunable abnormal nonlinear absorption conversion in 

quasi-2D perovskite 

Gang Wang1, Tanghao Liu1, 2, Bingzhe Wang1, Hao Gu1, Qi Wei3, Zhipeng Zhang1, Jun 

He4*, Mingjie Li3, 5*, Guichuan Xing1* 

1Joint Key Laboratory of the Ministry of Education, Institute of Applied Physics and 

Materials Engineering, University of Macau, Avenida da Universidade, Taipa, Macao 

SAR 999078, China  

Email: gcxing@um.edu.mo 

2Department of Physics, Hong Kong Baptist University, 224 Waterloo Road, Kowloon, 

Hong Kong SAR, 999077, China 

3Department of Applied Physics, The Hong Kong Polytechnic University, Hong Kong, 

China 

E-mail: ming-jie.li@polyu.edu.hk  

4Hunan Key Laboratory of Super Microstructure and Ultrafast Process, School of 

Physics and Electronic, Central South University, 932 South Lushan Road, Changsha 

410083, China 

E-mail: junhe@csu.edu.cn 

5Photonics Research Institute, The Hong Kong Polytechnic University, Hung Hom, 

Kowloon, Hong Kong 

  



2 
 

Catalogue 

Supplementary Note 1: Nonlinear absorption conversion mechanism. 

Supplementary Table 1. Summary of the calculated RSA-SA conversion threshold of 

reported organic molecules under 100 fs laser pulse excitation. 

Supplementary Note 2: Standard nonlinear absorption and saturable absorption fitting 

model. 

Supplementary Figure 1. Z-scan of (PEA)2FAPb2I7 (n=2) quasi-2D perovskite film. 

Supplementary Figure 2. Z-scan of FA0.9MA0.1PbI3 3D perovskite film. 

Supplementary Table 2. Summary of the NLO parameters of (PEA)2FAPb2I7 quasi-2D 

perovskite film. 

Supplementary Note 3: Initial photon-injecting carrier density calculation. 

Supplementary Figure 3. Wavelength-dependent TA spectra. 

Supplementary Figure 4. Power-dependent TA spectra. 

Supplementary Figure 5. Wavelength-dependent absorption singularity. 

Supplementary Figure 6. Power-dependent absorption singularity. 

Supplementary Figure 7. Ultrafast thermalization and hot carrier cooling kinetics. 

Supplementary Table 3. Summary of the fitting parameters using NLA conversion 

model. 

Supplementary Note 4: Linear and transient absorption spectrum of semiconductor. 

Supplementary Figure 8. Linear absorption spectra fitting. 

Supplementary Figure 9. TA spectra fitting. 

Supplementary Figure 10. TA kinetics at band-edge. 

Supplementary Note 5: NLA simulation on the basic of non-thermalized and hot 

carrier model 

Supplementary Table 4. The parameters using in NLA simulation. 

Supplementary Figure 11. NLA simulation with different parameters. 

Supplementary Figure 12. Linear absorption spectra of different 2D perovskite 

materials. 

Supplementary Figure 13. Z-scan of (PEA)2FAPb2Br7 (n=2) quasi-2D perovskite film. 

Supplementary Figure 14. TA spectrum of (PEA)2FAPb2Br7 (n=2) quasi-2D perovskite 

film. 

Supplementary Figure 15. Z-scan of (PEA)2PbI4 (n=1) 2D perovskite film. 

Supplementary Figure 16. TA spectrum of (PEA)2PbI4 (n=1) 2D perovskite film. 

Supplementary Figure 17. TA spectrum of the high-dimensional doping phase. 

Supplementary Figure 18. Autocorrelation signal (a) and spectrum (b) of the used 

femtosecond laser pulse in experiment. 

Supplementary Figure 19. The schematic diagram of the Z-scan system. 

 



3 
 

List of Acronyms 

Acronyms Definition 
AFM Atomic Force Microscope 
BGR Band-Gap Renormalization 
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SEM Scanning Electron Microscope 
2D Two-Dimensional 
3D Three-Dimensional 
TA Transient Absorption 
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XRD X-ray Diffraction 

 

Supplementary Note 1: Nonlinear absorption conversion mechanism. 

Here, we consider the overlapping between standard saturable absorption (SA) and 

reverse-saturable absorption (RSA) stemming from the lowest third-order nonlinear 

susceptibility. When the RSA and SA coexist, the total absorption coefficient 𝛼 can be 

expressed as:1 

   𝛼 =
𝛼

1 + 𝐼
𝐼ୱ

ൗ
+ 𝛽𝐼 (1) 

Where 𝛼 is the linear absorption coefficient, I is the incident laser intensity, 𝛽 is the 

RSA coefficient, Is is the saturable absorption intensity. Hence, the absorption 

difference Δα can be calculated by: 

 ∆𝛼 = 𝛼 − 𝛼 = 𝛽𝐼 −

𝛼
𝐼ୱ

ൗ ∙ 𝐼

1 + 𝐼
𝐼ୱ

ൗ
 (2) 

At low power condition, above equation is simplified as ∆𝛼 = (𝛽 − 𝛼 𝐼ୱ⁄ )𝐼 . If 𝛽 <

𝛼 𝐼ୱ⁄ , Δα is less than 0 under low excitation intensity, which indicates SA. With the 

pump power increasing, the SA terms reach saturation, but the RSA is not be limited. 

Hence, the RSA will surpass the SA finally to result in a conversion from SA to RSA 
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(Figure 1a in main text). However, if 𝛽 > 𝛼 𝐼ୱ⁄ , the Δα will maintain larger than 0 

regardless at low or high excitation density and we can only observe RSA response. 

Thus, the combination of SA and RSA only will lead to the conversion from SA to RSA 

with laser fluence rising. 

Additionally, for organic molecules, the RSA is ascribed to strong excited state 

absorption (ESA) as illustrated in Fig. 1b in main text. the NLA evolution can be 

described by a set of rate equations for a multi-energy-level:2 
 

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧

𝑑𝑁

𝑑𝑡
= −𝜎ଵ𝑁

𝐼

ℏ𝜔
+

𝑁ଵ

𝜏ଵ

𝑑𝑁ଵ

𝑑𝑡
= 𝜎ଵ𝑁

𝐼

ℏ𝜔
− 𝜎ଶଵ𝑁ଵ

𝐼

ℏ𝜔
−

𝑁ଵ

𝜏ଵ
+

𝑁ଶ

𝜏ଵଶ

𝑑𝑁ଶ

𝑑𝑡
= 𝜎ଶଵ𝑁ଵ

𝐼

ℏ𝜔
−

𝑁ଶ

𝜏ଵଶ

𝑁 + 𝑁ଵ + 𝑁ଶ = 𝑁
𝑑𝐼

𝑑𝑧
= −(𝜎ଵ𝑁 + 𝜎ଶଵ𝑁ଵ + 𝜎ଷଶ𝑁ଶ)𝐼

 (3) 

where N is the total population, N0, N1, N2 and N3 are populations in energy level S0, S1, 

S2 and higher energy level. 𝜏ଵ  and 𝜏ଵଶ  are the lifetimes of energy level S1 and S2, 

respectively. I is the incident intensity and z is the propagation direction. Here, the 

population N3 is assumed to be zero owing to the rapid relaxation of the higher energy 

level. According to this model, the NLA response is determined by the absorption cross-

section 𝜎ଵ, 𝜎ଶଵ and 𝜎ଷଶ. Only when the absorption cross-section satisfies  𝜎ଵ < 𝜎ଶଵ >

𝜎ଷଶ, the RSA-SA conversion will occur at high pump fluence. Utilizing this method, 

we calculate the NLA conversion threshold IC for some typical organic molecules which 

have been reported to suggest RSA-SA switching, under 100 fs laser pulse excitation. 

The results are summarized in Supplementary Table 1, where the organic molecules 

suggest a high value of IC up to a few hundred GW cm-2. 

 

 

Supplementary Table 1. Summary of the calculated RSA-SA conversion threshold 

of reported organic molecules under 100 fs laser pulse excitation. 
Organic 
molecules 

𝜎ଵ  
(1017 cm2) 

𝜎ଶଵ  
(1016 cm2) 

𝜎ଷଶ  
(1018 cm2) 

𝜏ଵ 
(ps) 

𝜏ଵଶ 
(ps) 

Conversion 
threshold IC* 
(GW cm-2) 

Ref. 

HITCI 1.67 4.84 1.6 1500 3 49 3 
HITCI 1.67 4.84 0 1500 10 45.5 4 
CuP 0.2 0.35 0 100 - 492 5 
(TXP)Cd 2.45 1.0 3.0 100 4.8 77 
[(TXP)Cd]Cl 1.3 1.0 3.0 100 4.7 121 6 
Polymethine 
dyes 

0.7~3.2 0.55~60 - 30~ 
800 

- 45~201 7 

*Calculated with Eq. 3 in Supplementary Note 1. 
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Supplementary Note 2: Standard nonlinear absorption and saturable absorption 

fitting model. 

For a typical reverse saturable absorption (RSA), the total absorption coefficient can be 

expressed as: 
 𝛼 = 𝛼 + 𝛽𝐼 (4) 

Where 𝛼  is the linear absorption coefficient and 𝛽  is the NLA coefficient, I is the 

incident laser power. The OA Z-scan curves could be fitted by:8 
 

𝑇୬୭୰୫ =
1

√𝜋[𝛽𝐼(𝑧)𝐿ୣ]
න ln[1 + 𝛽𝐼(𝑧)𝐿ୣexp (−𝑡ଶ)]

ାஶ

ିஶ

𝑑𝑡 (5) 

Where I(z) is the incident laser power at z position, which can be expressed by 

𝐼/(1 + 𝑧ଶ 𝑧
ଶ⁄ ). The I0 is the peak power at focus point (zero position). and z0 is the 

Rayleigh diffraction length (9.3 mm at 540 nm) of the laser beam calculated by 𝑧 =

𝜋𝜔
ଶ/𝜆, where λ is wavelength, ω0 is the beam waist at focus point which obtained by 

calibrating with a 0.5 mm thick ZnO single crystal. 𝐿ୣ = (1 − 𝑒ିఈబ)/𝛼 represents 

the effective thickness of the sample, where L is the actual film thickness. Meanwhile, 

for SA, we employed a conventional SA model to describe the nonlinear response under 

high pump fluence, where the absorption coefficient can be expressed as:9 
 𝛼 =

𝛼௦

ቀ1 + 𝐼
𝐼௦

ൗ ቁ
+ 𝛼୳ (6) 

Here, αs is the saturable absorption component, αu is unsaturable absorption component, 

Is is the saturable absorption intensity defined as the optical intensity when the optical 

absorbance is reduced to half of its original value. Hence, the normalized transmittance 

curve of OA Z-scan measurement can be presented as:10 
 

𝑇୬୭୰୫ = ቌ1 −
𝛼ୱ𝐿

1 + 𝐼
𝐼௦

ൗ
ቍ ∙

1

1 − 𝛼ୱ𝐿
 (7) 

Where the 𝛼ୱ𝐿  is known as the modulation depth representing the upper limit of 

saturable absorption. It is worth noting that, at moderate light intensity (𝐼 ≪ 𝐼ୗ), Eq. 6 

can be approximate as Eq. 4, where the linear absorption coefficient under low light 

field intensity as 𝛼 = 𝛼௦ + 𝛼୳, and the NLA absorption coefficient β equals to − 𝛼௦
𝐼௦

ൗ . 

Obviously, for SA, the value of NLA absorption coefficient β is negative. Therefore, 

under moderate light intensity (𝐼 ≪ 𝐼ௌ), Eq. 4 can also be regards as a standard NLA 

model applying to both RSA and SA process.  
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Supplementary Figure 1. Z-scan of (PEA)2FAPb2I7 (n=2) quasi-2D perovskite film. 

OA Z-scan measurement of (PEA)2FAPb2I7 quasi-2D perovskite film at 540 nm ~ 590 

nm under different excitation intensity. The peak power at focus (0 position) of each 

curve is shown in top right corner. Hollow circles represent the experimental data. Solid 

lines are the theoretical fitting curves. Here, two different models are adapted. For 540 

nm ~ 555 nm, the Z-scan results suggest apparent RSA-SA switching. Therefore, during 

this regime, the experimental data is fitted according to the abnormal nonlinear 

conversion model as Eq. 2 in main text. At wavelength above 560 nm, the RSA part is 

so weak that can be neglected. Hence, we adapt a standard saturable absorption model 

(Eq. 6). Additionally, we also adapt a standard nonlinear absorption model (Eq. 4) to 

extract the NLA coefficient at different wavelength under moderated pump fluence. The 

red dash lines denote the fitting curves. The details can be found in Supplementary 

Note 2. The calculated parameters including nonlinear absorption coefficient, saturable 

intensity and modulation depth are exhibited in Supplementary Table 2. 
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Supplementary Figure 2. Z-scan of FA0.9MA0.1PbI3 3D perovskite film. OA Z-scan 

results of 3D perovskite film under different excitation intensity at 540 nm, 600 nm and 

700nm. 

 

Supplementary Table 2. Summary of the NLO parameters of (PEA)2FAPb2I7 

quasi-2D perovskite film including NLA coefficient, saturation intensity and 

modulation depth using standard NLA and SA model. 
Wavelength 

(nm) 
NLA Coefficient 

(cm MW-1) 
SA Intensity 
(GW cm-2) 

Modulation 
Depth 

540 12.75 - - 
550 21.80 - - 
555 0.75 - - 
560 -38.20 3.52 0.546 
570 -74.80 1.289 0.401 
575 -45.50 1.427 0.2631 
580 -7.50 6.288 0.121 
590 -0.95 20.34 0.055 

 

Supplementary Note 3: Initial photon-injecting carrier density calculation. 

The femtosecond laser pulse creating carrier density is calculated by:11 
 

𝑛 =
𝑃 ∙ (1 − 𝑅 − 𝑇)

ℏ𝜔 ∙ 𝑆 ∙ 𝐿
 (8) 

Where P is the incident laser pulse energy; R and T are the reflectance and transmittance 

of the sample for at the excitation wavelength, 1-R-T can be obtained from the 

absorption spectrum, approximately; ℏ𝜔 is the energy of the incident photon; S and L 

is the pump laser beam area on the sample surface and the thickness of the sample. 
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Supplementary Figure 3. Wavelength-dependent TA spectra. Normalized TA 

spectra under different pump wavelength at 200 fs delay with the injecting carrier 

quantity kept to be approximate as 1×1019 cm-3. Red arrow indicates the changing of 

PIA below bandgap. 

 

Supplementary Figure 4. Power-dependent TA spectra. (a) TA spectra at 200 fs 

delay under different pump fluence. The pump photon energy is 3.1 eV (400 nm). (b) 

ΔA intensity of PIB1 peak as a function of pump intensity (hollow dots) fitted by 

standard saturation model (solid line) of ∆𝐴 =
∙ூ

ଵାூ
ூೄ

ൗ
, where B is constant, IS is saturable 

intensity. The obtained IS value is 0.14 mJ cm-2 (1.43 GW cm-2) which is perfectly in 

line with that of Z-scan at 570 nm (IS=1.29 GW cm-2). 
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Supplementary Figure 5. Wavelength-dependent absorption singularity. 

Normalized TA spectra of quasi-2D perovskite film at 100 fs delay pumped by 520 nm, 

540 nm and 550nm femtosecond laser, the pump fluence was kept at 0.13 mJ cm-2. 

 

 
Supplementary Figure 6. Power-dependent absorption singularity. (a) Power-

dependent TA spectra of quasi-2D perovskite film at 150 fs delay pumped by 540 nm 

femtosecond laser. Red region highlights ΔA changing around 540 nm. (b) The TA 

spectra during thermalization (150 fs) and after thermalization (300 fs). The pump 

intensity is 0.76 mJ cm-2. Here, the non-thermalized carrier induced extra ΔA is labeled 

with blue (PIA) and red (PIB) region. 
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Supplementary Figure 7. Ultrafast thermalization and hot carrier cooling kinetics. 

(a) Power-dependent kinetics (circle points) around 540 nm is fitted by a three-

exponential model (solid red lines) convolved with Gaussian response function. The 

extracted relaxation lifetime of non-thermalized carrier thermalization (τNTC) and 

subsequent hot carrier cooling (τHC) process are illustrated in (b). Error bars represent 

the fitting uncertainties. 

 

Supplementary Table 3. Summary of the fitting parameters using NLA conversion 

model. 
Parameter Quasi-2D perovskite 3D perovskite 
β (cm GW-1) 3365.1 1150.4 
a0 (cm-1) 43637.5 85660.0 
L (cm) 8×10-6 5×10-6 
Is1 (GW cm-2) 2.06 1.85 
Is2 (GW cm-2) 40.64 138.8 

 

Supplementary Note 4: Linear and transient absorption spectrum of 

semiconductor. 

The steady state linear absorption coefficient of a direct-bandgap 3D bulk 

semiconductor considering excitonic effect is given by:11,12 
 

𝛼ଷୈ = 𝛼
ଷୈ

ℏ𝜔

𝐸ୠ
൦

4𝜋

𝑛ଷ

ஶ

ୀଵ

𝛿 ൬∆ +
1

𝑛ଶ
൰ + Θ(∆)

𝜋𝑒
గ

√∆

Sinh ൬
𝜋

√∆
൰

൪ 

∆= ൫ℏ𝜔 − 𝐸൯/𝐸ୠ 

(9) 

Which is known as Elliot model, where 𝛼
ଷୈ is a constant related to the transition matrix 

element, Eb is the exciton binding energy, Eg is the bandgap, ℏ𝜔 represents incident 

photon energy, Θ(∆) is the unit step function, 𝛿 denotes a delta function. The first term 

in square bracket describes the absorption of discrete excitonic state absorption below 

the bandgap, while the second term describe the absorption of red side continuum states. 

To account for the inhomogeneous broadening, we convolve Eq. 9 by a Gaussian 
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function (full-width at half-maximum (FWHM) of 82 meV) to model the actual 

absorption spectrum. As shown in Supplementary Figure 8a, the theoretical 3D Elliot 

model consists well with the experimental absorption spectrum of 3D perovskite film. 

The contribution form exciton and continuum states absorption are labeled by green 

and red line, respectively. The obtained bandgap and exciton binding energy is 1.617 

eV and 12.5 meV, which is in line with previous reported result.11,13 

When the dimension of semiconductor material reduces to 2D regime, according to 2D 

hydrogen model, the theoretical absorption coefficient can be modified to:12 
 

𝛼ଶୈ = 𝛼
ଶୈ

ℏ𝜔

𝐸ୠ
൦

4

ቀ𝑛 +
1
2

ቁ
ଷ

ஶ

ୀ

𝛿 ൮∆ +
1

ቀ𝑛 +
1
2

ቁ
ଶ൲ + Θ(∆)

𝜋𝑒
గ

√∆

Cosh ൬
𝜋

√∆
൰

൪ (10) 

The confinement of the carrier enhanced the exciton absorption intensity. However, we 

note that in the case of hybrid layered perovskites, dielectric confinement effects cause 

deviations from hydrogenic behaviour.14 Here, we only can distinguish the 1S 

absorption peak located at 2.17 eV under room temperature. The higher order excitonic 

absorption has become sightless. Here, the 1S absorption peak is modeled by an 

asymmetric gaussian profile given as: 
 

𝛼ଵୗ = 𝐴 ∙ ቐ𝑒
ିଶ൬

ℏఠିாభ
భ

൰
మ

,ℏఠழாభ 

𝑒
ିଶ൬

ℏఠିாభ
మ

൰
మ

,ℏఠவாభ 

ቑ (11) 

Where Γଵ and Γଶ are 43 meV and 52 meV. Whereas, even we deduce the 1S exciton 

absorption, there remains considerable absorption extending below 2.2 eV. This part is 

ascribed to continuum states absorption which is phenomenologically fitted by a 

assemble of Gaussian function combined with a Logistic function of: 
 

   𝛼 =
𝐴

1 + 𝑒ି(ℏఠିாౝ)
 (12) 

Where k describes the broadening. The fitting result is shown in Supplementary Figure 

8b.  

For 3D perovskite with weak exciton absorption contribution, the carrier temperature 

can be obtained more conveniently by fitting the higher energy tails by a Maxwell–

Boltzmann distribution.11,13 However, in low-dimensional system, the confinement 

leads to remarkable exciton absorption peak. The bleaching signal due to exciton 

quenching in TA spectrum become untrivial. Fitting the TA profile according to 

Maxwell–Boltzmann distribution will create unacceptable deviation. Hence, in this 

work, based on the linear absorption fitting results, we reproduced the TA spectrum 

considering multiple factors15: (1) quenching, shifting and broadening of exciton 

absorption due to the presence of free carriers, (2) continuum band bleaching due to 

band filling defined by a quasi-Fermi energy and carrier temperature, and (3) continuum 

band shifting due to bandgap renormalization (BGR). The transient absorption 
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difference ΔA can be expressed by exciton, ΔAex, adding continuous band, ΔAfc 

modification as 
 ∆𝐴(ℏ𝜔) = ∆𝐴ୡ(ℏ𝜔) + ∆𝐴ୣ୶(ℏ𝜔) (13) 

The continuum band contribution can be calculated by: 
 ∆𝐴(ℏ𝜔) = 𝐴൫ℏ𝜔; 𝐸 − ∆𝐸൯[1 − 𝑓(ℏ𝜔; 𝐸;  𝑇)]ଶ − 𝐴େ൫ℏ𝜔; 𝐸൯ (14) 

Where the quasi-equilibrium excited free carriers obey Fermi–Dirac distribution of  
 

𝑓(ℏ𝜔; 𝐸;  𝑇) =
1

1 + 𝑒
ாିா
ಳ்

 (15) 

characterized by a quasi-Fermi energy level Ef and a carrier temperature T. The exciton 

band contribution to the TA spectrum is given by: 
    ∆𝐴ୣ୶(ℏ𝜔) = 𝐴ୣ୶(ℏ𝜔; Γ; 𝐸ଵୗ) × 𝑓ୠ(𝑛) − 𝐴ୣ୶(ℏ𝜔; Γ;  𝐸ଵୗ) (16) 

where fb(n) is the factor describing the reduction of exciton oscillator strength, Γ and 

𝐸ଵௌ are the exciton bandwidth and central energy after optical excitation, Γ0 and 𝐸ଵୗ 

are the exciton bandwidth and central energy before optical excitation, Herein, we only 

consider the contribution of 1S exciton state and 𝐴ୣ୶(ℏ𝜔; Γ;  𝐸ଵୗ)  is the Gaussian 

function describing the 1S exciton absorption. As shown in Supplementary Figure 9a, 

our model produced the TA spectra of the 3D perovskite film within 1.6 ps successfully. 

The above band edge broad band PIA is attributed to BGR induced band gap shrinking 

and the PIB signal is dominated by the band filling of free carrier, from which we can 

observe the obvious hot carrier cooling process. However, for 2D perovskite, the BGR 

is not the main root of the band-edge PIA signal, as we discuss in main text. Here, we 

phenomenologically treated many-body effect induced absorption enhancement as an 

isolate constant term adding to Eq. 12 by ∆𝐴 ∙ 𝜃(ℏ𝜔 − 𝐸ଵୗ) convolving with the 

same Gaussian function due to inhomogeneous broadening, where ∆𝐴 denote the 

PIA intensity, 𝜃(ℏ𝜔 − 𝐸ଵୗ) is a unit step function. As shown in Supplementary Fig. 9b, 

the calculated results coincide well with the TA spectra of quasi-2D perovskite film 

within 2.1 ps. The extracted fermi energy and carrier temperature is exhibited in 

Supplementary Fig. 9c and d. 
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Supplementary Figure 8. Linear absorption spectra fitting. Linear absorption 

spectra of 3D and quasi-2D perovskite films fitted according to Supplementary Note 

4. Hollow circles represent experimental data, solid lines are the fitting results. 

 

 

Supplementary Figure 9. TA spectra fitting. (a, b) TA spectra of 3D and quasi-2D 

perovskite film fitted according to Supplementary Note 4. Hollow circles represent 

experimental data, solid lines are the fitting results. (c, d) The extracted hot carrier 

temperature and Fermi energy at different delay time. Error bars represent the 

uncertainties in the fitting of carrier temperature and Fermi energy. 
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Supplementary Figure 10. TA kinetics at band-edge. Band-edge PIB building up 

kinetics curves within the first 3 ps of quasi-2D perovskite (570 nm) and 3D bulk 

perovskite (750 nm) film, respectively. 

 

Supplementary Note 5: NLA simulation on the basic of non-thermalized and hot 

carrier model. 

Under high excitation, large amount temporal populations of created carriers will 

remain in their original position of energy band which is known as non-thermalized 

carriers.16 This fraction of nonequilibrium carriers will block further absorption of 

incoming photons at the same energy and give rise to a bleaching effect. Normally 

speaking, the non-thermalized carriers will undergo an ultrafast (within 100 fs) carrier-

carrier scattering to form a quasi-equilibrium Fermi–Dirac distribution. This rapid intra-

band relaxation process is known as thermalization. However, if the incident pump 

photon energy is close to bandgap, non-equilibrium carrier will not totally leave their 

original energy position. According to Fermi–Dirac distribution, quite amount hot 

carriers will remain at the excitation energy and make a non-ignorable contribution for 

bleaching effect. Therefore, in this work, the non-thermalized carrier and quasi-

equilibrium hot carrier are simplified as two isolated energy states. Given the similar 

effective mass of electron and hole of perovskite, we only demonstrated the relaxation 

dynamic of electron in conduction band, the hole in valence band is roughly the same. 

For a Gaussian temporal pump pulse with uniform spatial component, the laser intensity 

can be denoted as: 
 

𝐼(𝑡) = 𝐼 ×
1

𝜎√2𝜋
𝑒

ି൬
௧

√ଶఙ
൰

మ

 (17) 

The dynamic for conduction band non-thermalized electron occupation probability 

𝑓େ can then be described by: 
 

    
𝜕𝑓େ(ℏ𝜔)

𝜕𝑡
= 𝛼(𝐼(𝑡), ℏ𝜔)

1

Dos(𝜀)𝛿

𝐼(𝑡)

ℏ𝜔
−

𝑓େ(ℏ𝜔)

𝜏େ
 (18) 

Where the first term represents the incident laser excited carrier, Dos(𝜀) is the density 

of states, 𝛿  is the incident laser FWHM in energy domain, 𝛼(𝐼(𝑡), ℏ𝜔)  denotes the 

absorbance of materials; The second term describes the ultrafast non-thermalized 

carrier thermalization process, 𝜏େ is the lifetime of non-thermalized carriers. Herein, 

the absorption of the incident photon can be expressed as Eq. 4 given in main text. After 

thermalization, non-thermalized carriers will decay to be quasi-equilibrium hot carriers 

obeying Fermi–Dirac distribution 𝑓ୌେ(𝜀) = 1/ ቂ1 + exp ቀ
ఌିா

ా்ి
ቁቃ . Hence, the hot 

carrier quantity 𝑁ୌେ can be given by: 
 𝜕𝑁ୌେ

𝜕𝑡
=

𝑓େ(ℏ𝜔) × Dos(𝜀)𝛿

𝜏େ
 (19) 
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   𝑁ୌେ = න Dos(𝜀) ×
ஶ

ாౝ

𝑓ୌେ(𝜀)𝑑𝜀 

For 2D quantum-well structure with strong quantum confinement, the density of states 

around band-edge can be approximatively regarded as constant according to 2D 

Hydrogen model. Therefore, the Dos(𝜀) in Eq. 19 can be replaced by a constant Dos. 

Subsequently, the equation can be resolved to give the Fermi level of hot carrier as: 
 

   𝐸 = 𝐾ୠ𝑇 × Log ቆ𝑒
(ேౄి ୈ୭ୱ⁄ )ାாౝ

ా்ి − 𝑒
ாౝ

ా ౙ் ቇ (20) 

If plug the calculated 𝐸  into Fermi–Dirac function, we will obtain the occupation 

possibility of hot carrier, 𝑓ୌେ(𝜀). Then, Eq. 18 ~ 20 and obtained 𝑓ୌେ(𝜀) can be solved 

by numerical method to give the value of 𝑓େ and 𝛼(𝐼(𝑡), ℏ𝜔). The absorbed energy 

per pulse can be given by: 
 

𝑊 = න 𝛼(𝐼(𝑡), ℏ𝜔)
ାஶ

ିஶ

𝐼(𝑡)𝑑𝑡 (21) 

The value of the parameters using in theoretical simulation can be found in 

Supplementary Table 4. 

 

Supplementary Table 4. The parameters using in NLA simulation. 
Parameter Description Value 

𝜏େ (fs) Non-thermalized carrier thermalization time 50 
T (K) Hot carrier temperature 350 
Dos Density of states 2.7×1023 
𝛿 (meV) Incident laser FWHM in energy domain 34 
R (cm) Laser beam radius on sample surface 4×10-4 
L (cm) The thickness of the film 8×10-6 
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Supplementary Figure 11. NLA simulation with different parameters. The power-

dependent transmittance evolution at 540 nm with various hot carrier temperature and 

thermalization time. 

 

 
Supplementary Figure 12. Linear absorption spectra of different 2D perovskite 

materials. Absorption spectra of (PEA)2FAPb2Br7 (n=2), (PEA)2PbI4 (n=1) and 

(PEA)2FAPb2I7 (n=2) perovskite film normalized at the exciton peak. The absorption 

form doping states and scattering have been deducted. Dash lines denote the 

corresponding continuous state absorption shoulder adjacent to the excitonic absorption 

peak. 
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Supplementary Figure 13. Z-scan of (PEA)2FAPb2Br7 (n=2) quasi-2D perovskite 

film. Z-scan profile evolutions of (PEA)2FAPb2Br7 (n=2) quasi-2D perovskite film. At 

the blue side (410 nm~420 nm) of 1S exciton peak (435 nm), the sample demonstrates 

a conversion from RSA to SA with excitation intensity rising. 

 

 

Supplementary Figure 14. TA spectrum of (PEA)2FAPb2Br7 (n=2) quasi-2D 

perovskite film. (a) Pseudocolour representation of TA spectrum of (PEA)2FAPb2Br7 

(n=2) quasi-2D perovskite film pumped by 410 nm femtosecond laser with an 

excitation intensity of 0.45 mJ cm-2. Inset: enlarged TA spectrum of the part labeled by 

the red frame.  (b) TA spectra during (150fs) and after (500 fs) thermalization.  
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Supplementary Figure 15. Z-scan of (PEA)2PbI4 (n=1) 2D perovskite film. Z-scan 

profile evolutions of (PEA)2PbI4 (n=1) 2D perovskite film at the blue side (485 nm~495 

nm) of 1S exciton peak (515 nm). 

 

Supplementary Figure 16. TA spectrum of (PEA)2PbI4 (n=1) 2D perovskite film.  

(a) Pseudocolour representation of TA spectrum of (PEA)2PbI4 (n=1) 2D perovskite 

film pumped by 490 nm femtosecond laser with an excitation intensity of 0.38 mJ cm-

2. Inset: enlarged TA spectrum of the part labeled by the red frame.  (b) TA spectra 

during (150fs) and after (1 ps) thermalization. 
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Supplementary Figure 17. TA spectrum of the high-dimensional doping phase. (a) 

Broad band TA spectra of the (PEA)2FAPb2I7 quasi-2D perovskite film. The pump laser 

is 400 nm with intensity of 30 μJ cm-2. Red frame highlights the weak signal from high 

dimensional doping phase indicating a low content. (b) TA spectra collected under 540 

nm and 650 nm laser pumping at 100 fs delay. The pump intensity is maintained at ~0.4 

mJ cm-2. The photon energy of 650 nm is lower than the bandgap of bilayer quasi-2D 

perovskite phase. Hence, only the high-dimensional doping phase is excited. Blue circle 

denotes the nonlinear response of the high dimensional doping phase, which only result 

in a very weak bleaching with intensity around 0.2%. 

 

 
Supplementary Figure 18. Autocorrelation signal (a) and spectrum (b) of the used 

femtosecond laser pulse in experiment. 
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Supplementary Figure 19. The schematic diagram of the Z-scan system. The 

femtosecond laser generated from OPA is focused by a lens. The sample is fixed on a 

one-dimensional moving stage and scans along the laser propagation direction which is 

known as Z-axis. The incident laser is splitted into two beams with energy ratio of 3:7. 

The beam with higher power is focused on the sample and received by detector 1, which 

reflets the transmittance property of the sample. Another laser beam is collected by 

detector 2 to monitor the fluctuation of the incident laser intensity. The inset at left 

bottom illustrates a standard Z-scan curve of a 0.5 mm thick ZnO single crystal at 540 

nm, which is fitted well with a standard nonlinear absorption model. The obtain 

nonlinear absorption coefficient is 7.2 cm GW-1 which is coincident with previous 

reported result (5 cm GW-1).17 
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