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Abstract 
 

High-intensity laser interactions with band-gap solids are

frequently simulated with the Keldysh photoionization

rate formula and the Drude model to describe 

absorption and related heating of conductio

electrons. That approach suffers from several internal 

contradictions. We fix some of themby combining

Vinogradov equation for energy absorption with multi

band version of the Keldysh equation for the rate of 

photoionization. 

 

1. Introduction 
 

Recently wide-gap semiconductors attracted significant 

attention due to the expansion of their applications in 

photonics [1] and studies of strong-field ultrafast laser 

effects in solids [2]. Many of the applications consider 

interaction of the semiconductors with high

ultrashort (femtosecond) laser pulses either for processing 

or for device operation. The first step of the interaction is 

a deposition of laser-radiation energy in electron 

subsystem that has two major contributions

first one is done by electron excitation from valence to 

conduction band (by the photo- or impact ionization)

other one is by intra-band absorption by the laser

generated conduction-band electrons via electr

collisions [2-5]. The photoionization and associated 

nonlinear absorption of laser radiation are usually 

described by the Keldysh formula [6] under the two

approximation (one valence band and one conduction 

band) [2-5]. Laser-driven collisions of the conduction

band electrons and their contributions to optical response 

and energy absorption are frequently simulated by the 

Drude model [2-5]. That approach is applied to the 

ultrafast laser-semiconductor interactions in a broad range 

of laser and material parameters. However, deeper 

analysis [7, 8] shows that the Drude approximation is not 

valid at laser intensity characteristic of initiating of 

high-power laser-induced interactions, e. g., ablation. 

Another significant gap of that traditional Keldysh

approach includes the neglected contribution of multiple 

valence bands into multiphoton transitions (Fig. 1

Finally, the laser-driven oscillations and corresponding 

pondermotive energy of the conduction electrons are

neglected by the Drude model [2-5], but the

into account by the Keldysh formula combined with the 
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2. Multi-band Keldysh-Vinogradov model
 

For simplicity, a direct-gap cubic crystal is considered 

below with electric field of laser radiation directed along 

one of principle crystal axes. Parameters of ZnSe

utilized for the simulations reported here.

model considers inter-band electron transitions from 

heavy-hole (HH), light-hole (LH), and split

valence bands (Fig. 1). Energy-momentum relations

parabolic for the conduction and the SO bands

are the Kane-type relations [6] for the HH and LH bands

that is characteristic of typical semiconductor

the energy gap between the higher valence bands and the 

split-off band is about 10-2 – 10-1 eV

simulations of the photo-ionization rate with

formula [3] show very similar contributions 

three valence bands to the total photoionizati

intensity (Fig. 2). Following that result, 

Figure 1. The band structure of a typic

semiconductor and possible two

transitions (red arrows) to the lowest conduction band 

from heavy-hole (HH), light-hole (LH), and split

valence bands around Γ-point of the Brillouin zone
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The band structure of a typical wide-gap 

semiconductor and possible two-photon inter-band 

the lowest conduction band 

hole (LH), and split-off (SO) 

point of the Brillouin zone. 



conduction-band electron density is simulated by the 

following rate equation that includes the contributions 

from the three inter-band transitions: 
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(i.e., laser-modified) band gaps suggested by the Keldysh 

model [6]: 
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where angle brackets denote taking an integer number of 

laser photons required to bridge corresponding effective 

band gaps [6]. 

 

The last term of Eq. (2) is the contribution of the 

conduction-band electrons absorbing light via electron

phonon collisions. It is simulated by the Vinogradov 

equation for energy-absorption rate by a single 

electron [7]: 
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 where the functions Ψ1 and Ψ2 are defined in Ref. [7], 

and the Keldysh parameter γ is introduced as usually [6]:
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The conduction-electron absorption rate of the right

part of Eq. (3) is depicted in Fig. 3. We note that laser 

parameters characteristic of high-intensity laser

semiconductor interactions meet the requirements of the 

classical approximation for the Boltzmann kinetic 

equation that underlies the Vinogradov equation [7, 8

Low rate of light absorption by the conduction

electrons suggests that impact ionization makes a 

negligible contribution as compared to the multi
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Figure 2. The photo-ionization rates of Eq. (1) evaluated 

by the Keldysh formula for electron transitions from 

heavy-hole, light-hole, and split-off valence bands to the 

lowest conduction band of ZnSe (Γ

parallel to [111] direction of the crystal) at wavelength 

800 nm (A) and 3000 nm (B). 

 

Figure 3. Rate of energy absorption by single conduction

band electron from the Vinogradov eq

evaluated as a function of electron energy for laser 

intensity 50 TW/cm
2
, material parameters of ZnSe

and laser wavelengths 800 and 3000 nm. Single

absorption rate by the Drude model is depicted for similar 

parameters by assuming 1 fs electron

collision time. 

A 

B 

ionization rates of Eq. (1) evaluated 

by the Keldysh formula for electron transitions from 

off valence bands to the 

lowest conduction band of ZnSe (Γ-point; electric field is 

of the crystal) at wavelength 

 
ate of energy absorption by single conduction-

band electron from the Vinogradov equation Eq. (3) [7] 

evaluated as a function of electron energy for laser 

, material parameters of ZnSe [10], 

000 nm. Single-electron 

absorption rate by the Drude model is depicted for similar 

parameters by assuming 1 fs electron-photon-phonon 



The procedure of numerical evaluation of the rate of light 

absorption by conduction-band electrons from the 

Vinogradov equation [7] delivers energy distribution of 

the conduction-band electrons. An example of the 

distribution is depicted in Fig. 4 for laser wavelength 

3600 nm, pulse width 90 fs, and peak laser fluence 1.01 

J/cm
2
. Generation of significant high-energy electron 

density is attributed to large pondermotive energy 

characteristic of electron oscillations driven by longer 

wavelengths of laser radiation. Specific structure of the 

energy distribution results from the contributions of the 

three valence bands. 

 

 
Figure 4. Energy distribution of electrons within the 

conduction band (zero energy corresponds to the bottom 

of the conduction band) simulated with Eq. (3) at the end 

of a single 90-fs laser pulse at central wavelength 3000 

nm and peak fluence 1.01 J/cm
2
. Laser-induced variations 

of real part of refractive index were neglected for 

simulations of this energy distribution. 

 

3. Discussion 
 

Three upper valence bands can make very similar 

contributions to the total photoionization rate in 

semiconductors (Fig. 1). The two-band approximation can 

be acceptable at low laser intensity only at specific 

wavelengths because the HH and LH contributions to the 

multiphoton ionization are similar if energy of a laser 

photon is 30-50% of the band gap energy. Therefore, 

accounting for multiple bands is required to properly 

evaluate the photoionization rate. 

 

The Vinogradov model allows accounting for band-

structure modification by pondermotive potential of laser-

driven electron oscillations for both the photoionization 

inter-band transitions and the intra-band absorption by the 

conduction-band electrons. The rate of energy absorption 

by conduction electrons evaluated from the Vinogradov 

model [7] deviates from the estimations of the Drude 

model by as much as factor of 10. We also note that the 

deviation becomes more pronounced with increase of 

laser wavelength in spite of that the total intra-band 

absorption reduces due to reduction of single-photon 

energy. Moreover, the Vinogradov model predicts higher 

absorption by conduction electrons at shorter wavelengths 

while it predicts lower absorption at longer wavelength 

compared to the estimations from the Drude model. 

 

Energy distribution of conduction-band electrons 

demonstrates specific structure associated with individual 

contributions of each participating valence band. Also, 

significant promotion of conduction-band electrons to 

higher energy levels by long-wavelength laser radiation 

(Fig. 4) is justified by the fact that the longer wavelength, 

the larger the pondermotive energy is transferred to 

oscillating electrons. This effect can hardly be expected 

from the simulations that neglect the electron oscillations 

in the conduction band. 

 

Therefore, the contribution of pondermotive energy of 

oscillating conduction electrons should not be neglected 

in evaluation of the absorption rate by conduction-band 

electrons. Moreover, the Vinogradov model introduces 

dependence of the conduction-electron absorption on 

electron energy that is completely neglected by the 

traditional Drude model [3-5, 11, 12]. Those advantages 

suggest considering the multi-band Keldysh-Vinogradov 

model as a more advanced and solid theoretical basis for 

simulations of the ultra-fast laser-semiconductor 

interactions. 

 

We also note that the simple parabolic and Kane-type 

relations utilized for this approach become invalid and 

inaccurate with increase of the pondermotive energy of 

oscillating conduction electrons due to increase of laser 

wavelength. This issue results from the general drawback 

of those simplified band-structure models: they do not 

properly describe Bragg-type electron reflections of 

oscillating electrons at edges of Brillouin zone [12-14]. 

Therefore, one of the most reasonable improvements of 

this approach considers utilizing of more advanced 

approximations for energy bands, e.g., cosine relations 

that provide correct treatment of the Bragg reflections of 

electrons oscillating along one of principle axes of a 

crystal [13, 14]. 

 

4. Conclusions 
 

In summary, we propose multi-band Keldysh-Vinogradov 

model as a more reasonable approximation for modeling 

of laser-driven electron excitation and associated optical 

response. It fixes the gaps, contradictions, and issues of 

the traditional combination of the Drude and Keldysh 

models [3-5] by accounting for modification of energy of 

conduction-band electrons by the pondermotive potential 

of laser-driven Bloch oscillations. The proposed approach 

is essentially simpler and faster for implementation than a 

direct numerical solving the Boltzmann equation. 
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