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Multiphoton absorption (MPA) is a nonlinear optical process that involves simultaneous absorption of two or more 
photons by a material to promote its ground state to an excited state. Multiphoton absorption promises many important 
applications such as multi-dimensional fluorescence imaging, three dimensional (3D) data storage. Physical and chemical 
properties of nanometer sized semiconductor materials change drastically due to quantum size effect. Combination of 
both multiphoton absorption and quantum effects will be an interesting study. Multiphoton absorption of semiconducting 
nanomaterials is an exciting phenomenon which promotes many important applications. This paper reviews multi-photon 
absorption properties of different kinds of semiconducting nanomaterials starting from chalcogenide-based nanomaterials 
to perovskites nanomaterials and their applications in various fields. © Anita Publications. All rights reserved.
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1 Introduction 

 In recent years, interest in the synthesis, characterization and application of semiconductor materials 
has grown markedly [1,2]. Due to control on their band gaps over wide spectral range, semiconductor 
nanoparticles have many potential applications in the fields of nanophotonics and optoelectronics. 
Semiconductor nanomaterials include chalcogenide-based nanomaterials (S, Se and Te derivatives) [3-5], 
silicon-based nanomaterials [6], metal oxides nanomaterials [7] and most recent perovskites nanomaterials 
[8,9]. Semiconductor nanomaterials are synthesized by many different methods which includes Colloidal 
synthesis [3,5], Laser-driven nanomaterials [10], Physical Vapour deposition / Chemical Vapour deposition 
[11] and Bio synthesis [12,13] etc. Semiconducting nanomaterials which are smaller than the Bohr exciton 
radius demonstrate unique optical properties due to the effects of three dimensional quantum confinement. 
Larger confinement potential for the smaller particle sizes (particle in a three dimensional spherical box 
model) leads to broadening in the band gap, which is inversely proportional to the particle size. Bohr exciton 
radius of famous semiconducting nanomaterials are well documented [14-16]. 
 Multiphoton absorption is a nonlinear optical process that involves the simultaneous absorption of 
two or more photons to promote a material from its ground state to an excited state. This phenomenon has 
many important applications spanning the fields of Bio-imaging, multi-dimensional fluorescence imaging, 
photodynamic therapy, three dimensional (3D) data storage, optical limiting and 3D micromachining. 
Its advantages over single photon absorption include deeper sample penetration, better spatial selectivity 
and resolution, and reduced photochemical damage/decomposition and reduced light scattering at longer 
wavelengths [17,18]. The manifestation of quantum size effects in nonlinear optical processes depends on 
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the electronic properties of the semiconductor, in particular, its band gap. A semiconductor nanoparticle 
is an example of a low-dimensional structure. The nanoparticle has rather a large number of atoms, but 
its size is comparable with characteristic dimensions describing the behavior of electrons and holes, thus 
creating an intermediate regime between molecules and bulk crystals [1]. Semiconducting materials have 
shown many interesting properties [3,19-22], because of the strong multiphoton absorption observed when 
their band gap is more than twice the photon energy (Eg > 2Ephoton), avoiding direct one-photon optical 
absorption. Three-photon absorption (3PA) and four-photon absorption (4PA) are particularly interesting 
as IR photons get converted to a blue or UV region. These multiphoton absorption processes play a major 
role in biological imaging, thereby increasing the resolution beyond the diffraction limit [23]. Multiphoton 
absorption in materials has also generated interest in laser direct writing [24]. Therefore, there is a need for 
materials that show high multiphoton absorption cross-sections. There are different methods being established 
to measure 3PA and 4PA spectra of wide-gap semiconductors, including well-known Z-scan measurements 
[25-29]. In this respect, femtosecond laser studies become important as the multiphoton absorption plays 
an important role at these time scales. Excitations at femtosecond timescales are important to overcome 
the contributions from free charge carrier absorption and thermal effects that accompany the nanosecond 
laser excitation. Multi-photon excited fluorescence is another important method to measure multiphoton 
absorption cross-sections [30]. This review is mainly focused on these two methods to measure multiphoton 
absorption cross-sections.

2 Result and Discussion

Methods to measure multiphoton absorption cross-sections
 As multi photon absorption involves simultaneous absorption of multiple photons by a material to go 
to the higher excited states, optical properties of these materials such as transmission, reflection, absorption 
and emission will be nonlinear in nature. Currently, two main methods are followed to measure multiphoton 
absorption coefficients and multiphoton absorption cross-sections of different materials. First one is a direct 
method, which involves collecting input intensity dependent nonlinear transmission from the sample and 
fitting experimental data with nonlinear equations (by considering all the possible nonlinear process in the 
material) gives the absorption cross-section values. Second one is comparative/indirect method. This involves 
collecting multi-photon excited florescence intensity from the sample and well studied reference sample at 
the same experimental conditions. Multi photon absorption cross-section of the sample is estimated using 
ratio equation by comparing with reference values. 
a. Nonlinear Transmission (NLT) Method/ Z-scan method
 In a simple Z-scan measurements [31], laser beam is focused with a lens on the sample for which 
Rayleigh range should be larger than the sample thickness. The transmitted beam from the sample is focused 
onto the photodiode/detector with a lens. The transmitted data are recorded by scanning the sample across 
the focus using a computer controlled stepper motor and the data are collected at different Z- positions. 
Transmitted signals from photodiodes are connected to the lock-in amplifier / boxcar averager to increase 
signal to noise ratio, later analog-to-digital converters (ADC) are used to get final digital data. Simple 
Z-scan experimental setup is shown in Fig 1. Another well-established method is instead of moving sample 
in Z-direction, direct nonlinear transmission of the sample also can be measured by keeping sample at the 
focus (Z = 0) and collecting sample transmission by varying input powers with variable attenuator.
 To estimate multi-photon absorption cross-sections of the sample, experimentally obtained data 
is fitted with theoretically simulated curves. Nonlinear equations are used to simulate theoretical curves, 
considering band diagrams of the sample, example of a band diagram is shown in Fig 2A. The nonlinear 
attenuation of the incident light is described by [5].
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Fig 1. Schematic of the Z-scan set up for recording the multi-photon absorption. A - Aperture, S – Sample, F – 
Neutral Density Filters, D– Detectors and L – lens.

 
Fig 2. (A) Schematic of simple two level diagram, representing multi-photon absorption. (B) Details of focused 
beam for simulations.
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where I00 is the peak intensity (at Z = 0), Iin is laser intensity at position Z (Z - is the distance from focal 
point Z0, Z0 = πω0

2/λ is Rayleigh range, ω0 is the beam waist at the focal point (Z = 0), dZ is small slice of the 
sample, T = Iout / Iin and Iout is transmitted output intensity from the sample. L is sample effective path length. 
Effective path length for n-photon absorption is L = [1 – exp (–nα0 Lp)]/nα0, where Lp is sample physical path 
length and α0 is linear absorption coefficient at excitation wavelength, λ. 
 For isotropic samples, this n-photon absorption coefficient (αn) can be related to the n-photon ab-
sorption cross section (σn) by the formula: 

 σn = 
αn

NA d0 10–3 

hc
λ 

 
n–1

 (3)

Here, NA is Avogadro’s number and d0 the molar concentration of the solution. hc/λ is the photon energy with 
h, c and λ representing Planck’s constant, the speed of light in vacuum, and the wavelength, respectively. 
The MPA cross-section is independent of sample concentration.
 Typical Z-scan curve is shown in Fig 3A, nonlinear transmission of the sample is plotted for 
different Z positions. Sample exhibits maximum multi-photon absorption at the focus of the laser beam, 
where intensity is higher, and maximum dip in the transmission is observed at focal point Z = 0. From the 
best theoretical fit to the experimental Z-scan curves, multi-photon absorption coefficient (αn) and multi-
photon absorption cross section (σn) were estimated [5,17]. Figure 3B is nonlinear transmission curve for 
CdS nanomaterials [3]. In nonlinear transmission measurements, sample position is fixed at focus (Z = 0) 
and transmission from the sample is measured for different input intensities.
b. Multi-photon excited fluorescence method 
 Multi-photon-absorption induced PL emissions of different materials are studied by exciting 
with femtosecond laser pulses. In this method, materials are excited by multi-photon absorption process 
(IR photons) and emissions are collected in visible region. Simple setup to study multi-photon-absorption 
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induced PL emissions is shown in Fig 4, where incident laser pulses are focused by a lens onto the sample. 
The multi-photon-excited PL signal was collected in the perpendicular direction of the incident light using 
a collection system of two lenses; and then coupled into a spectrometer. In this method, multi-photon 
excited fluorescence spectra were obtained by comparison with a fluoresce in calibration of standard/
reference sample. Most commonly used reference samples are Rhodamine 6G, Rhodamine B and perylene 
crystals etc [30,32]. Multi-photon excited PL emission curve of ZnS nanomaterials is shown in Fig 5A, 
reference PL signal for Rhodamine 6G with the same setup is also shown. Order of nonlinearity (number 
of photons absorbed simultaneously) is determined from the slope of input intensity dependent PL emission 
intensity curve, as shown in Fig 5B. Here, slope of the curve determines the order of n-photon absorption.

Fig 3. Nonlinear transmission curves due to multi-photon absorption. (A) Z-scan curve of CdSe nanocrystals 
exited at 800nm, 100fs laser pulses. (B) Nonlinear transmission of CdSe nanocrystals at different input fluences.

Fig 4. Schematic of the multi-photon excited florescence. The incident laser pulses are 
focused by a lens onto a sample. The PL signal is collected in the perpendicular direction 
of the incident light, by two collection lens system and then coupled into a spectrometer. 
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Fig 5. (A) Multi- photon excited PL emission signals for ZnS:Mn++ quantum dots and Rhodamine 6G (excited 
at 1060 nm and Fluence 0.25 J/cm2) signals are normalized to Rhodamine 6G PL intensity. B) Input laser power 
dependent multi-photon excited PL intensity in ZnS QD’s and ZnS:Mn++ QD’s compared to Rhodamine 6G at 900nm 
excitation. Slope of these curves reveal the order of nonlinearity [30]. 

 Quantification of multi-photon effective cross sections in multi-photon excited fluorescence method 
is done by comparing with absorption cross sections of well reported reference samples. Both, sample and 
reference sample are excited with the similar laser powers and at identical conditions. Fluorescence strength 
of the sample is estimated from the following equation. [33]. 

 Δfn = η ϕ σn ρ ds dz Ir
n (4)

where Δ fn = n- photon-excited fluorescence strength, η = fluorescence quantum yield, ϕ = fluorescence 
collection effciency of the experimental setup, σn = n-photon absorption cross-section, ρ = sample 
concentration, ds dz = small volume of the focused laser beam, Ir = laser intensity (nearly constant) at this 
small volume

 F2 = (π5/2/4) τ ϕ η σn ρ I00
n ω0

2 z0 (5)
where τ is the half width of the Gaussian laser pulse, I00 is the peak intensity on the beam propagation axis, 
ω0 is the beam waist, and z0 is the diffraction length.
The n-photon effective cross section value has been computed as,

 σn, sample ηsample = σn, reference ηreference 
Isample Nreference

 Ireference Nsample
 (6)

where the emission intensities were integrated over wavenumber, Isample is PL intensity of sample, Ireference is 
PL intensity of reference and N is molecules per unit volume (this is product of concentration and Avogadro's 
number NA). As many reviews are available on multiphoton absorption cross-sections[17], therefore only 
recent works are being tabulated in Table 1. 

3 Conclusion

 Semiconducting nanomaterials represent one of the most exciting new developments for multi-photon 
applications. In the past few years, many attractive properties have been uncovered, such as extremely high 
emission quantum yield, broadband tunable wavelength emission, and giant multi-photon absorption/action
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Table 1. Some of the semiconducting nanomaterials with high multi-photon absorption cross-sections (QDs- quantum 
dots, NCs- nanocrystals, NRs-nanorods). For 2- photon absorption cross-sections GM = 10–50 cm4sphoton–1.

Material Order of photon 
absorption

Multi-photon absorption cross-
section

Excitation 
Wavelength (nm) Reference

CsPbI3 QDs
(Halide perovskite)

2-photon 2.1×106 GM 800

343-photon 1.1×10–73 cm6s2photon–2 1400-1500

CsPbCl3
(Halide perovskite) 2-photon 3.8×104 GM 800

Mn2+-doped ZnS QDs 2-photon 2.6×102 GM 1200 30

CdSe QDs 3-photon 2.8×10–77 cm6s2photon–2 1300 35, 36

ZnSe/ZnS-II QDs 3-photon 2.4×10-75 cm6s2photon–2 37

CdSe/CdS
(core–shell QDs) 3-photon 4.3×10–78 cm6s2photon–2

1300 4
CdSe/CdS/ZnS

(core–shell QDs) 3-photon 2.8×10-77 cm6s2photon–2

MAPbBr3/(OA)2PbBr4
(core–shell perovskite 

NCs)

2-photon 3 × 106 GM 675-1000

38
3-photon 2.5×10–74 cm6s2photon–2 1050-1500

4-photon 2.1×10–105 cm8s3photon–3 1550-2000

5-photon 2.9×10−137 cm10s4 photon−4 2050-2300

Cs4PbBr6 perovskite 
0D-films

2-photon ∼106 GM 500-800

393-photon ∼10−73 cm6s2photon–2 900-1200

4-photon ∼10–100 cm8s3photon–3 1300-1500

CsPbBr3 NRs 3-photon 3.6×10–75 cm6s2photon–2 1300 40

ZJU-28⊃MAPbBr3
(MOF-Perovskite QDs)

3-photon 2.7×10–74 cm6s2photon–2 1440

414-photon 5.3×10–105 cm8s3photon–3 1880

5-photon 10.4×10−136 cm10s4 photon−4 2100

CsPbBr2.7I0.3
(Perovskite 2D 

nanoplates)

3-photon 2.3×10–74 cm6s2photon–2 1300

424-photon 2.06×10–104 cm8s3photon–3 1600

5-photon 1.5×10−136 cm10s4 photon−4 2200

CsPbCl3
(Microcrystals)

3-photon β3=0.089 cm3/GW2 1200

43
4-photon β4=1.1× 10-4 cm5/GW3 1600

5-photon β5=2.3× 10–7 cm7/GW4 1800

6-photon β6=1.1× 10–10 cm9/GW5 2200

Mn-doped CsPbCl3
(Nanocrystals) 3-photon 1.49×10–76 cm6s2photon–2 1300

44
Mn-doped CsPbCl3

(2D nanoplates) 3-photon 6.54×10–76 cm6s2photon–2 1300

cross-sections. New excitements are being added into the family of semiconducting nanomaterials through 
perovskite-based nanomaterials. These nanomaterials can be used in Bio-imaging, multi-dimensional 
fluorescence imaging, photodynamic therapy, three dimensional (3D) data storage, optical limiting and 3D 
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micromachining. There is a lot of prospects need to be explored, especially applications of semiconducting 
nanomaterials in different fields. Table 1 summarizes the some of the finest semiconducting nanomaterials 
with high multi-photon absorption cross sections.
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