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Abstract. The melting threshold of CdTe Ith depending on the laser radiation wavelength  

(λ = 300…800 nm) and pulse duration (τp = 7 ns…1 ms) have been calculated. Three 

fractions of the energy released during thermalization of excess carriers were considered: 

immediately after excitation (i), during non-radiative bulk (ii) and non-radiative surface (iii) 

recombination, which together determine the depth of heat penetration into the crystal and, 

therefore, the melting threshold of the CdTe surface region. It has been shown that in the 

range of laser pulse durations from 7 ns up to 1 µs, the CdTe melting threshold mainly 

depends on the absorption coefficient α(λ). For pulse durations longer than 1 µs, it started to 

depend also on the spectra of the reflectivity coefficient R(λ). It has been found that 

changes in the non-equilibrium excess carriers parameters – surface recombination velocity, 

lifetime and diffusion depth – can vary the CdTe melting threshold at least by 25 percent. 
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1. Introduction 

Cadmium telluride is a basic material for creation of 

detectors sensitive to X- and γ-ray radiation [1–10]. One 

of the effective methods to treat the semiconductor 

crystal surface under formation of barrier structures for 

CdTe-based diode-type nuclear radiation detectors is 

application of nanosecond laser irradiation. In some 

cases, it allows to form and optimize the required 

parameters of the CdTe surface, for instance, sheet 

charge carrier concentration, surface states, surface 

recombination velocity, etc., before contact metal (In, 

Au, Ag, Ni, Cr, etc.) deposition or under creation of a 

high barrier p-n junction in the semiconductor surface 

region [2–8]. Pulsed laser irradiation (PLI) of 

semiconductors can provide unique conditions for 

cleaning of crystal surfaces, annealing of morphological 

and structure imperfections, modification of the surface 

component composition and other changes necessary to 

form device structures that are particularly promising in 

development of CdTe-based diode-type high energy 

radiation detectors. An actual problem also concerns 

formation of ordered nanostructures on the CdTe surface 

under pulsed laser irradiation [9]. 

Irradiation with short laser pulses is effective for 

various technological procedures of semiconductor 

surface treatment including cleaning, polishing etching, 

oxide film removal and stress relieving, local annealing 

and epitaxial recrystallization. For PLI of semiconductors 

and metal-semiconductor structures, lasers with various 

pulse durations (τp) and radiation wavelengths (λ) are 

used: ruby (694 nm) and YAG:Nd (1
st
 to 3

rd
 harmonics: 

1064, 532, and 355 nm) lasers, as well as the excimer 

KrF (248 nm), XeCl (308 nm) and XeF (351 nm) ones, 

which are mainly applied to semiconductor surface 

modification. Most commonly used laser pulse durations 

are as follows: 7, 15, 20, 80, 120 ns, 1 µs and 1 ms. 

Therefore, in this work, we are interested first of all in 

the wide range τp = 7…120 ns. 

The literature sources reporting both experimental 

and numerical calculations contain information about 

CdTe melting threshold Іth just for few values of λ and τp. 
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Also, some mismatches concerning the values of CdTe 

melting threshold and, accordingly, various inter-

pretations of changes in the photoelectric properties 

under nanosecond laser irradiation are observed. For 

example, in the works [11, 12], the melting threshold  

for CdTe(111) crystals under pulsed ruby laser 

irradiation with τp = 20 ns was found equal to 2 MW/cm
2
 

as based on the experiments and calculations. Under the 

same conditions for CdTe(111), there are the following 

values: Іth = 8 MW/cm
2
 in our work [13], 4 MW/cm

2
  

in [14], and 10…12 MW/cm
2
 in [15]. It has been 

experimentally and theoretically obtained that under 

irradiation with an excimer KrF laser (λ = 248 nm, τp = 

= 20 ns), Іth = 2.5 MW/cm
2
 [3, 4, 17]. Іth for CdTe with 

Al film deposited on the back side is equal to 

15 MW/cm
2
 when irradiating by the neodymium laser  

(λ = 1064 nm, τp = 20 ns) [16]. 

Thus, there are many unresolved and unclear issues 

related to PLI of CdTe, for development of CdTe-based 

device structures, it is often required to know the melting 

threshold of a surface layer of the semiconductor, which 

depends on the laser pulse duration τp, radiation 

wavelength (optical absorption coefficient α(λ)) as well 

as parameters of the CdTe crystal surface, in particular 

the surface recombination velocity S and lifetime of non-

equilibrium excess carriers (NEC). These parameters 

depend on surface processing procedures and 

characteristics of the semiconductors, including the 

concentration of impurities and dopants [5, 10]. Relevant 

experimental researches are very labor- and time-

consuming. Therefore, the calculations of Іth for CdTe as 

the functions of λ and τp of lasers and semiconductor 

parameters become very useful and interesting from both 

fundamental and practical viewpoints. The corresponding 

results have been presented in this study. 

 
2. Calculation formulas for the melting threshold 

Certainly, the rapid (tens or hundreds of nanoseconds) 

process of heating-cooling of the CdTe surface under 

nanosecond laser irradiation is rather complicated for 

mathematical description with regard for the temperature 

dependences of the thermal and optical parameters as 

well as the concentration of photoexcited NEC. The 

threshold value for the laser-induced melting of the 

semiconductor crystal surface is determined first of all by 

the thermal diffusion depth pT kL τ=  and the light 

absorption depth d ~ α–1
, where α is the absorption 

coefficient, and k – thermal diffusion coefficient. The 

melting threshold for the semiconductor surface 

subjected to PLI is theoretically determined, as a rule, by 

solving a non-stationary equation of thermal conductivity 

with corresponding boundary conditions across the phase 

interface (the Stefan problem). 

The mathematical modeling of phase transitions 

initiated in cadmium telluride by PLI on the basis of the 

heat conductivity equation [4, 14, 17–21] is complicated 

due to the necessity of taking into account those fractions 

of the radiation energy that are spent on the instant 

thermalization (τ ≈ 10
–12

 s) and excitation of the electron-

hole plasma followed by its diffusion and recombination. 

In the work [19], it has been done by making allowance 

for the energy fractions that are released during 

thermalization of excess carriers immediately after their 

excitation and at the non-radiative bulk and surface 

recombinations. Taken together, these fractions define 

the depth of heat penetration into the crystal and, 

accordingly, the melting threshold. In other words, it is 

the “semiconductor” crystal parameters taken into 

consideration. 

Therefore, the mathematical calculation of the laser-

induced heating process should provide a detailed 

account for the diffusion and parameters of NEC as well 

as the temperature dependences of the optical and 

thermophysical characteristics. In the case of uniform 

irradiation of the surface of a semi-infinite crystal, the 

laser power density І required to heat the semiconductor 

surface from an initial temperature Т0 to a final 

temperature Тf is given by the following well-known 

formula [19, 21]: 
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where ρ is the density, с – specific heat, R – reflectivity, 

τp – laser pulse duration, and ∆Т = Tf – T0. Unlike the 

simple expression pkτ , the depth of heat penetration 

into material in Eq. (1) is given by the following 

expression, in which the NEC parameters have already 

been taken into account [19]: 
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where α = α1 + α2 + αFC is the total optical absorption 

coefficient, α1 and α2 are the one- and two-photon band-

to-band absorption coefficients, αFC is the free-carrier 

absorption, BD DL τ=  – free carrier diffusion depth, 

pn

pn

e

Tk
D

µ+µ

µµ
= B  – ambipolar carrier diffusion 

coefficient, kB – Boltzmann constant, τB – bulk carrier 

recombination lifetime, µn and µp are the electron and 

hole mobilities, respectively. 

There the thermal diffusion depth 

[ ] ( ) TTTTkTL pT ∆−τπ≈ 0
2/12/1 )()( . 

The parameters χT, NR
Bχ , and NR

Sχ  are the fractions 

of the laser energy entering into the crystal, which is 

spent, respectively, for thermalization of excess carriers 

immediately after excitation, non-radiative bulk 

recombination and non-radiative surface recombination, 

and are given by the following expressions: 
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where ηQ is the dimensionless parameter and this 

quantity affects the fraction of the photon energy that 

thermalizes at the absorption depth, oppositely to the 

fraction that eventually appears as the recombination 

energy at the diffusion depth. For some semiconductors, 

for a certain λ, ηQ is about unity [19]. 

Here, hν is the photon energy, ЕR – recombination 

energy, ( ) 111 −−− τ+τ=τ SB  – effective carrier recombination 

lifetime, τS = LD/S – effective surface lifetime, S – 

surface recombination velocity, NR
Bτ  and NR

Sτ  are the 

non-radiative components of two NEC lifetimes.  

 
3. Results and discussion 

In Eqs. (1) to (5), the NEC parameters and temperature 

dependences of the thermophysical characteristics  

have to be taken into account, the corresponding data for 

CdTe are presented in Table 1, and the dependences 

α(λ), R(λ) are shown in Fig. 1. The temperature 

dependence of the optical absorption coefficient, due to 

the bandgap shift and change of NEC concentration, is 

described rather well by the approximation formula 

( ) ( ) 1
0

−λ+α=λα mTA  [14, 18]. But it should be noticed 

that variations of the absorption and reflectivity R 

coefficients of CdTe under heating are weak [4]. αFC for 

semi-insulating CdTe is much less than α1, and the two-

photon absorption α2 for the fundamental absorption 

region λ = 300…800 nm is negligible. 

It is important to know the NEC lifetime at the 

surface and in the bulk of CdTe under PLI. In a general 

case, the NEC lifetime in the CdTe bulk is given by the 

expression: 

 

AugerSR 1111 τ+τ+τ=τ RadB ,  

 

where τSR, τRad, τAuger are the carrier recombination 

lifetimes according to the Shockley–Read–Hall, 

radiative, and Auger mechanisms, respectively.  

At high levels of NEC excitation, which takes place at 

our laser power densities, the Auger recombination  

[4, 19] dominates. Accordingly, the carriers lifetime 
2

AugerAuger 1 nB ⋅τ=τ≈τ , where n is the NEC concen-

tration. On the other hand, the lifetime can be divided 

into the radiative and non-radiative components, as in the 

expressions (3) to (5): ( ) ( ) ( )
NR

S
Rad

SBSB Auger111 τ+τ=τ . 

Since radiative recombination is low and does not 

contribute to the lattice heating, the first term can be 

neglected. As a result, 
NR
BB τ=τ  and 

NR
SS τ=τ . Hence, 

under PLI conditions, the NEC lifetime in the CdTe bulk 

is mainly governed by the Auger recombination, whereas 

the NEC lifetime at the CdTe surface is defined by the 

recombination velocity S. 

In our calculations, we used the typical parameters 

of detector-grade semi-insulating р-CdTe (Acrorad Co. 

Ltd), which were used for fabrication of M-p-n structured 

X/γ-ray diode detectors [1–7]. Under laser irradiation of 

CdTe, the measured NEC lifetime reaches 3·10
–8

 s [8]. 

Fig. 1b demonstrates the results of calculations for 

the CdTe melting threshold under PLI within the wave-

length region 300…800 nm for various pulse durations 

τp. For clarity, in Fig. 1a, the data for R(λ) (measured by 

Gentsar P.O. [24]) and α(λ) in logarithmic scale are 

presented. The calculation was performed using Eqs (1) 

and (2) and taking into account the data from Table 1. 

From Fig. 1b, one can see that the increase in pulse 

duration τp leads to a decrease in the sensitivity of the 

melting threshold Іth to the excitation wavelength λ. For 

instance, at τp = 7 ns the threshold laser intensity changes 

by ∆Іth = 5.6 MW/cm
2
, i.e., from 4.7 up to 10.3 MW/cm

2
 

with wavelength variation from 300 up to 800 nm. While 

at τp = 1 µs, the meting threshold of CdTe changes 

(increased) only by ∆Іth = 0.045 MW/cm
2
, i.e., from  

0.4 to 0.355 MW/cm
2
. Table 2 shows the absolute ∆Іth 

and relative ∆Іth/Іth values for different laser pulse 

durations. 

This decrease in the value of ∆Іth with increasing τp 

can be explained by the fact that the thermal diffusion 

depth LT increases with rising τp and becomes much 

larger than 1/α, and therefore the melting threshold Іth 

becomes less dependent on the optical absorption 

coefficient α(λ). 

From Fig. 1a, one can see that, when λ changes 

from 380 to 800 nm, the reflection coefficient R changes 

from 0.4 to 0.29, i.e., it increases by the factor 1.38. At 

the same time, the absorption coefficient α changes from 

4.4·10
5
 cm

–1
 to 2.1·10

4
 cm

–1
, i.e., it decreases by more 

than one order of magnitude. It is evident that, if only the 

reflectivity decreases, the melting threshold Іth decreases 

according to Eq. (1); but if only α decreases, Іth increases, 

because a larger volume of the CdTe surface layer is 

heated up. Therefore, the dependence α(λ) determines the 

dependence Іth(λ) (Fig. 1b). 

Within the region 300…420 nm, the curves R(λ) 

and α(λ) have two peaks, which are associated with the 

electron transitions into minimum L of the conduction 

band (L4.5V − L6C and L6V − L6C transitions). This 

characteristic behavior of the curves R(λ) and α(λ) in the 

indicated region reveals itself in the dependence Ith(λ), 

where the maximum and minimum are observed 

(Fig. 1b). 

For λ > 800 nm, especially in the range of trans-

parency (from 850 nm), two-photon absorption and, 

accordingly, the doping impurity and defect concen-

trations (which strongly affect Іth) have to be taken into 

account. Usually, the coefficient of two-photon absorp-

tion of CdTe β = 0.1…0.2 cm/MW (at λ = 1.064 µm). 
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Table 1. Parameters of CdTe. 

 

 

 

 

 

Below λ = 300 nm, the absorption coefficient of 

CdTe is very high, and light is absorbed at the depth  

of about 10 nm. For example, for excimer KrF laser (λ = 

= 248 nm, τp = 20 ns, α = 1.1·10
6
 cm

–1
) Іth = 2.5 MW/cm

2
 

[3, 4, 17], while according to our calculations  

Ith = 2.71 MW/cm
2
, which is quite a reasonable value, 

because the reflectivity R has a rather high value close to 

0.46 at λ = 248 nm [22, 24]. 

Also, the dependence of the melting threshold on 

the laser pulse duration is important (see Fig. 2). The 

melting threshold falls drastically with an increase in τp 

in accordance with Eqs (1) and (2), because the heated-

up layer volume increases. If the pulse duration becomes 

shorter, the rate of laser energy delivery becomes higher 

or, in other words, the process of heat transfer into deeper 

layers becomes slower owing to the thermal conductivity. 

The dependence in Fig. 2a provides information 

about the melting threshold change at the variation of the 

pulse duration from 7 up to 120 ns, because typical lasers 

 

 

 

 

 

operating in the Q-switching mode have pulse duration of  
7, 15, 20, 80 or 120 ns. The plot in Fig. 2b demonstrates 
the dependence concerned in a wide interval of τp, i.e., 
from 5 ns to 1 ms in the log-log scale. With increasing τp 

by six orders of magnitude, Ith decreases by three orders 
of magnitude, for example, from 8.7 MW/cm

2
 to 

10 kW/cm
2
 for λ = 532 nm.  

From Fig. 2b, one can see that at the pulse duration 
close to τp = 1 µs, the curves intersect. The explanation is 
as follows: initially Ith is defined by α, and it is obvious 
that the rise of α leads to a decrease of Ith. With 
increasing the pulse duration, the thermal diffusion depth 
becomes much larger in comparison with the radiation 
depth penetration d, i.e., LT >> 1/α. Therefore, the factor 
LTα is defined by τp. And, at τp ≈ 1 µs, the ratio  
d/LT equals 0.01, whereas the relative difference  
between the reflection coefficients, for example ∆R/R = 
(R308 nm – R694 nm)/R308 nm = 0.15. At τp = 1 ms, the ratio 
d/LT is only 0.0033. Accordingly, the value ∆R begins  
to affect  the  melting  threshold  significantly  after  1 µs. 

Parameter Value 

Density ρ0 (kg/m
3
) 5860 

Melting temperature (°С) 1092 

Specific heat с (J/kg·K) 209 [22] 

Thermal diffusion coefficient k (m
2
/s) 7.1 (5.8)·10

–6
 [22] 

Temperature dependence of density ρ (kg/m
3
) 5887–0.1165·Т [17, 18] 

Temperature dependence of specific heat с (J/kg·K) 205+3.6·10
–2

·Т [17, 18, 22] 

Temperature dependence of thermal diffusion k (m
2
/s) 2.16·10

–3
/Т [22] 

Temperature dependence of thermal conductivity 

(J/m·s·K) 
1507/Т [17, 18, 22] 

Ambipolar diffusion coefficient D (m
2
/s) 

3.9·10
–4 

(300 K); 

5.7·10
–4 

(1000 K) [23] 

Bulk carrier recombination lifetime τВ (for p-CdTe), s (10–30)·10
–9

 [8, 23]
 

Surface carrier lifetime τS (s) (0.5–1)·10
–9

 [8, 23] 

Auger recombination coefficient γAuger (cm
6
/s) 1.7·10

–30
 [22, 23] 

Surface recombination velocity S (m/s) 10
3
–10

5
 [8, 10, 23]

 

Recombination energy ЕR (eV) 1.5 

Electron mobility µn (cm
2
/V·s) 1000–1100 (300 K) [22-24] 

Hole mobility µp (cm
2
/V·s) 80–100 (300 K) [22-24] 

Electron diffusion depth LD (m) (0.4–2)·10
–6

 [23] 

Table 2. Absolute and relative values of the Іth under variation of λ from 300 up to 800 nm, according to Fig. 1b. 

τp (ns) 7 20 80 120 1000 

∆Іth = Іth(800 nm) − Іth(300 nm) 5.60 2.15 0.68 0.46 0.045 

∆Іth/Іth (800 nm) 0.54 0.45 0.34 0.3 0.11 
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Fig. 3. Dependence of the CdTe surface temperature on the 

laser power density at τp = 120 ns, λ = 694 nm (1) and τp = 7 ns, 

λ = 532 nm (2). 

 

 

 

 
 

 

 

And, since R308 nm > R532 nm > R694 nm, the melting 
threshold slightly increases, because with increasing R 
more light is reflected. Therefore, even though 
α308 > α532 > α694, after the intersection point in Fig. 2b,  

Ith becomes to be defined by the reflectivity R(λ).  
According to our calculations for CdTe at τp = 80 ns 

and λ = 694 nm, the value Ith = 1.7 MW/cm
2
 (Fig. 2a), 

and the experimental value Ith = 1.5 MW/cm
2
 [25], i.e., 

an agreement takes place. Also, in the work [18], accor-
ding to the results of numerical simulation at λ = 694 nm, 

τp = 80 ns, Ith = 1.25 MW/cm
2
, and at τp = 20 ns,  

Ith = 3 MW/cm
2
. Besides, in this work cadmium 

evaporation was taken into account, owing to which 
CdTe began to melt at a certain depth from its surface.  

Furthermore, according to our calculations for the 
ruby laser pulse duration τp = 1.2 ms the CdTe melting 

threshold equals 9 kW/cm
2
, which is close enough to the 

value 4.2 kW/cm
2
 obtained theoretically and experi-

mentally in [26]. In [5], for CdTe (111) at τp = 7 ns, λ = 
= 532 nm experimentally determined Ith = 8.6 MW/cm

2
, 

while according to Fig. 2a Ith = 7 MW/cm
2
. 

Fig. 1. (a) Experimental dependences R(λ) and α(λ) for CdTe [22, 24] and (b) calculated dependence of the melting threshold on the 

laser wavelength Іth(λ) for various τp. 

Fig. 2. Dependence of the CdTe melting threshold Ith on the pulse duration τp up to 120 ns (а) and up to 1.2 ms (b) at λ = 694 (1), 

532 (2) and 308 nm (3). 

RETRACTED
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Fig. 4. Photoluminescence spectra of p-CdTe at 80 K: initial 

(1), etched (2) and after irradiation by the YAG:Nd laser  

(1 to 3), λ = 532 nm, τp = 7 ns. The curves are normalized by 

the intrinsic band intensity. 

 

 

One can see that, within the pulse duration interval 

from 7 to 120 ns, Ith changes from 8.4 to 1.3 MW/cm
2
 at 

λ = 694 nm (6.5 times), and from 4.8 to 1.07 MW/cm
2
 at 

λ = 308 nm (4.5 times). 

For the ruby laser at τp = 20 ns, we have Ith = 

= 4.17 MW/cm
2
, while under changes of the pulse 

duration from 15 up to 25 ns, Ith changes from 5.05 to 

3.6 MW/cm
2
, or relative change of the power density 

∆Ith/Ith = 0.35. This fact is important to be taken into 

consideration at laser treatment of CdTe. 

It is worth to note that, if the pulse duration 

becomes shorter than 1…2 ns, the electric field strength 

increases strongly, so such processes as ablation, 

ionization, laser-induced breakdown of vapor over the 

surface start to play a significant role. 

Fig. 3 shows the dependence of the CdTe surface 

temperature on the laser pulse power density for different 

values of τp and λ, which are often used for surface 

processing of CdTe [5–7, 9, 11–13, 16–18, 24–26]. Two 

curves are combined in the scale of laser power density. 

It is seen that the dependence of Т(І) is nonlinear due to 

the temperature dependence of the parameters с, χ, ρ and 

coefficient α. The power density melting threshold for 

constant parameters is somewhat greater than that for 

temperature-dependent parameters (for example, 

9.5 MW/cm
2
 for τp = 7 ns, λ = 532 nm). 

Electronic and optical parameters of the CdTe 

surface will differ a little, depending on the specific kind 

of surface treatment: chemical polishing, annealing in a 

definite atmosphere, and so on [5, 10]. Accordingly, Ith 

will depend on the NEC parameters: S, τ and LD. The rise 

of the surface recombination velocity S from 10
3
 m/s to 

10
5
 m/s and the corresponding change of the surface 

lifetime NR
Sτ  result in variation of Іth by 16%. The rise of 

LD from 0.4 to 2 µm results in the 9% increase of Іth.  

In our case, NR
B

NR
S τ<τ  by an order. Therefore, the CdTe 

melting threshold under the nanosecond laser irradiation 

slightly depends on the kind of surface treatment and 

doping concentration.  

One of the non-destructive effective methods for 

controlling the state of the near-surface layer of CdTe  

is photoluminescence (PL) at T = 80 K. To monitor  

the melting threshold, the PL spectra of Cl-compensated 

p-CdTe(111) single crystals with the dimensions of 

5×5×0.5 mm produced and polished by Acrorad Co. were 

investigated. 

From Fig. 4, it is evident that a significant rise of 

defect region of the PL spectrum (peak at E = 1.45 eV) 

occurs after irradiation of the CdTe sample with  

I = 8.6 MW/cm
2
, which corresponds to the melting of a 

thin (1/α) CdTe layer. 

 

5. Conclusions 

The melting threshold of CdTe depending both on the 

laser radiation wavelength (λ = 300…800 nm) and pulse 

duration (τp = 7 ns…1 ms) has been calculated. It was 

shown that within the range of laser pulse duration from 

7 ns to 1 µs, the CdTe melting threshold depends mainly 

on the absorption coefficient α(λ). For pulse durations 

longer than 1 µs, it starts to depend also on the spectra of 

the reflectivity coefficient R(λ), because the thermal 

diffusion depth becames much larger in comparison with 

the laser radiation penetration depth in CdTe. It has been 

demonstrated that, for shorter laser pulse durations τp, the 

melting threshold changes more, when radiation 

wavelength λ varies. 

It has been found that changes in the non-

equilibrium excess carriers parameters, such as the 

increase of surface recombination velocity S from 10
3
 to 

10
5
 m/s, and also the diffusion depth LD from 0.4 to 

2 µm, can vary the CdTe melting threshold at least by 

25%. Variation of the ruby laser pulse duration within the 

interval of 20 ± 5 ns induces the relative change of the 

melting threshold ∆Ith/Ith by 35%. 

The calculated values of CdTe melting threshold 

agree well with the literature experimental data. The 

obtained results have been used to optimize the laser-

assisted techniques of surface processing and stimulated 

doping of CdTe crystals. 
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