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Abstract. The melting threshold of CdTe Iy,
= 300 .800 nm) and pulse duratlon (T,

recombination, which together dete
therefore, the melting threshold o
range of laser pulse durations fr
depends on the absorption coeffici

orm and optimize the required
of the” CdTe surface, for instance, sheet

g concentration, surface states, surface
ecomblnatlon velocity, etc., before contact metal (In,
u, Ag, Ni, Cr, efc.) deposition or under creation of a

0 [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

elting threshold at least by 25 percent.

laser irradiation.

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 (t,) and radiation wavelengths (A) are
used: ruby (694 nm) and YAG:Nd (1* to 3" 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 ps and 1 ms.
Therefore, in this work, we are interested first of all in
the wide range 1, =7...120 ns.

The literature sources reporting both experimental
and numerical calculations contain information about
CdTe melting threshold /y, just for few values of A and 1,,.
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Also, some mismatches concerning the values of CdTe  thermalization (t~ 107" s) and excitation of the electron-

melting threshold and, accordingly, various inter- hole plasma followed by its diffusion and recombination.
pretations of changes in the photoelectric properties In the work [19], it has been done by making allowance
under nanosecond laser irradiation are observed. For for the energy fractions that are released during
example, in the works [11, 12], the melting threshold thermalization of excess carriers immediately after their
for CdTe(111) crystals under pulsed ruby laser excitation and at the non-radiative bulk and surface
irradiation with 7, = 20 ns was found equal to 2 MW/cm® recombinations. Taken together, these fractionsadefine

as based on the experiments and calculations. Under the the depth of heat penetration into the
same conditions for CdTe(111), there are the following accordingly, the melting threshold. In o
values: I,= 8 MW/cm® in our work [13], 4 MW/cm® the ‘“‘semiconductor” crystal para

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

experimentally and theoretically obtained that under Therefore, the mathematica
irradiation with an excimer KrF laser (A = 248 nm, 1, =
=20ns), I, = 2.5 MW/cm® [3, 4, 17]. I, for CdTe with
Al film deposited on the back side is equal to
15 MW/cm® when irradiating by the neodymium laser
(A =1064 nm, 7, =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 1, radiation
wavelength (optical absorption coefficient a(A)) 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, includi e
concentration of impurities and dopants [5, 10]. Ré&
experimental researches are very labor- and
consuming. Therefore, the calculations of /[, for Cd
the functions of A and 1, of lasers i
parameters become very useful and

ords, it
taken into

y, ¢ — specific heat, R — reflectivity,

aple expression Jkﬂ:p , the depth of heat penetration

erial in Eq. (1) is given by the following
expression, in which the NEC parameters have already
been taken into account [19]:

T
_1-R(Ty) { dTec

H

2. Calculation formul C(TO)AT (1 R)

X[XT/(L[OL+1 )+ AN (Lpou+ Lyo+1) +XSR/LTOJ 2)

process of heatin i e CdTe surface under

ther complicated for where o = a; + 0, + agc is the total optical absorption
or the temperature coefficient, o, and o, are the one- and two-photon band-
to-band absorption coefficients, agc is the free-carrier

absorption, L, =1/DTB — free carrier diffusion depth,
e is determined first of all by kgT WM,

] D=————" - ambipolar carrier diffusion
epth L, = Jk’cp and the light e W, +u,
~ o', where o is the absorption coefficient, kg — Boltzmann constant, 1z — bulk carrier

k — thermal diffusion coefficient. The recombination lifetime, p, and p, are the electron and

elting threshold for the semiconductor surface  hole mobilities, respectively. o

bjected to PLI is theoretically determined, as a rule, by There the thermal diffusion depth

ing a non-stationary equation of thermal conductivity Ly(T)=n"? [k(T)’Cp ]1/ AT -1,)/AT .

orresponding boundary conditions across the phase NR NR )

interface (the Stefan problem). The parameters x5, X5 ,and X are the fractions
The mathematical modeling of phase transitions of the laser energy entering into the crystal, which is

initiated in cadmium telluride by PLI on the basis of the spent, respectively, for thermalization of excess carriers

heat conductivity equation [4, 14, 17-21] is complicated immediately after excitation, non-radiative bulk

due to the necessity of taking into account those fractions recombination and non-radiative surface recombination,

of the radiation energy that are spent on the instant and are given by the following expressions:
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NoE
xT={1— if}ocﬁ{l—’*}xzﬂxm}/a, 3)
0 =/ Ni-xy), @)
1 = (/¥ N =2 ) Lo/ (Lpa +1). 5)

where m, 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 A, g is about unity [19].

Here, hv is the photon energy, E; — recombination

energy, T :(T_Bl + ’EEI )_1 — effective carrier recombination
lifetime, 1t = Lp/S — effective surface lifetime, S —
surface recombination velocity, TgR and TISVR are the
non-radiative components of two NEC lifetimes.

3. Results and discussion

In Egs. (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 depe
o(A), R(A) are shown in Fig. 1. The tempa
dependence of the optical absorption coefficient, d
the bandgap shift and change of NEC concentratio

It is impor:
surface and i

are the carrier recombination
to the Shockley—Read—Hall,

uger mechanisms, respectively.
o of NEC excitation, which takes place at
our laser power densities, the Auger recombination
, 19] dominates. Accordingly, the carriers lifetime

T Auger = 1/ T Auger -n* | 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): 1/Tp(s) = 1/1:§‘(§‘) + l/Tnger(s) .

Since radiative recombination is low and does not
contribute to the lattice heating, the first term can be

neglected. As a result, Ty = ‘th and Tg = ‘EISVR . 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 p-CdTe (Ae

CdTe, the measured NEC lifetime reack

Fig. 1b demonstrates the res
the CdTe melting threshold u
length region 300...800 nm

melting threshold 7y, t
i =7 ns the

old laser intensity changes
’ie., 4.7 up to 10.3 MW/cm®
ation from 300 up to 800 nm. While
eting threshold of CdTe changes
Al, = 0.045 MW/cm’, ie., from
%. Table 2 shows the absolute Aly

This decrease in the value of Aly with increasing 1,
plained by the fact that the thermal diffusion
r increases with rising 1, and becomes much
larger than 1/a, and therefore the melting threshold I,
becomes less dependent on the optical absorption
coefficient a()L).

From Fig. la, one can see that, when A 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 a changes from
4.410° cm™ to 2.1-10* cm’l, i.e., it decreases by more
than one order of magnitude. It is evident that, if only the
reflectivity decreases, the melting threshold 7, decreases
according to Eq. (1); but if only a decreases, /;, increases,
because a larger volume of the CdTe surface layer is
heated up. Therefore, the dependence o(A) determines the
dependence /(M) (Fig. 1b).

Within the region 300...420 nm, the curves R())
and a(A) have two peaks, which are associated with the
electron transitions into minimum L of the conduction
band (Lysy—Lsc and Legy— Lgc transitions). This
characteristic behavior of the curves R(A) and a(A) in the
indicated region reveals itself in the dependence Iy(ML),
where the maximum and minimum are observed
(Fig. 1b).

For A > 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 ;) have to be taken into
account. Usually, the coefficient of two-photon absorp-
tion of CdTe B =0.1...0.2 c/MW (at A = 1.064 um).
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Table 1. Parameters of CdTe.

Parameter Value
Density p, (kg/m”) 5860
Melting temperature (°C) 1092
Specific heat ¢ (J/kg-K) 209 [22]

Thermal diffusion coefficient k (mZ/s)

7.1 (5.8)-10° [22]

Temperature dependence of density p (kg/m”)

5887-0.1165-T'[17, 18]

Temperature dependence of specific heat ¢ (J/kg-K)

Temperature dependence of thermal diffusion k (m?/s)

(J/m-s-K)

Temperature dependence of thermal conductivity

Ambipolar diffusion coefficient D (mz/s)

Bulk carrier recombination lifetime 13 (for p-CdTe), s

Surface carrier lifetime tg (s)

Auger recombination coefficient yayger (cm6/s)

Surface recombination velocity S (m/s)

Recombination energy Ex (eV)

Electron mobility W, (cm*/V-s)

Hole mobility p, (cm’/V-s)

Electron diffusion depth Lp (m)

Table 2. Absolute and relative values @

00 (300 K) [22-24]
(0.4-2)-10° [23]

from 300 up to 800 nm, according to Fig. 1b.

20 80 120 1000
2.15 0.68 0.46 0.045
0.45 0.34 0.3 0.11

tion coefficient of
orbed at the depth
xample, for excimer KrF laser (A =
10 cm™) Iy = 2.5 MW/cm?
ing to our calculations
is quite a reasonable value,

e laser pulse duration is important (see Fig. 2). The
melting threshold falls drastically with an increase in 1,

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 T, i.e.,
from 5 ns to 1 ms in the log-log scale. With increasing 1,
by six orders of magnitude, Iy, decreases by three orders
of magnitude, for example, from 8.7 MW/cm® to
10 kW/cm® for A = 532 nm.

From Fig. 2b, one can see that at the pulse duration
close to T, = 1 ps, the curves intersect. The explanation is
as follows: initially Iy is defined by a, and it is obvious
that the rise of o leads to a decrease of [;. With
increasing the pulse duration, the thermal diffusion depth
becomes much larger in comparison with the radiation
depth penetration d, i.e., Ly >> 1/a. Therefore, the factor
Lro is defined by 7, And, at 1,=1ps, the ratio
d/Ly equals 0.01, whereas the relative difference
between the reflection coefficients, for example AR/R =
(R308 mm — R694 nm)/R308 mm = 0.15. At = 1 ms, the ratio
d/Ly is only 0.0033. Accordingly, the value AR begins
to affect the melting threshold significantly after 1 ps.
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Fig. 2. Dependence of the
532 (2) and 308 nm (3).

old Iy, on the pulse duration 7, up to 120 ns (a) and up to 1.2 ms (b) at A = 694 (1),

And, since R3gnm > Rs3onm > Reoanm, the melting
threshold slightly increases, because with increasing R
T 1 more light is reflected. Therefore, even though
""""""""" 0308 > Ois3p > Ogog, after the intersection point in Fig. 2b,
Iy, becomes to be defined by the reflectivity R(L).
1 According to our calculations for CdTe at 7, = 80 ns
and A = 694 nm, the value I, = 1.7 MW/cm? (Fig. 2a),
and the experimental value [y = 1.5 MW/cm? [25], i.e.,
an agreement takes place. Also, in the work [18], accor-
ding to the results of numerical simulation at A = 694 nm,
1, = 80mns, Iy = 1.25 MW/cmz, and at 1, = 20ns,
b Iy, = 3 MW/cm?. Besides, in this work cadmium
evaporation was taken into account, owing to which
b CdTe began to melt at a certain depth from its surface.
— . Furthermore, according to our calculations for the
4 5, 6 7 ruby laser pulse duration 1, = 1.2 ms the CdTe melting
I,» MW/cm threshold equals 9 kW/cm?, which is close enough to the
value 4.2 kW/cm® obtained theoretically and experi-
Fig. 3. Dependence of the CdTe surface temperature on the mentally in [26]. In [5], for CdTe (111) at T, = 7ns, A =
laser power density at T, = 120 ns, A = 694 nm (/) and 1, =7 ns, =532 nm experimentally determined [, = 8.6 MW/CIH2,
A=1532nm (2). while according to Fig. 2a I, =7 MW/cm?.

[
[O8}

Veleschuk V.P., Vlasenko O.L, Vlasenko Z.K. et al. Dependence of the melting threshold of CdTe on the wavelength ...
106



SPQEOQ, 2020. V.

23, N 1. P. 102-109.

- initial

1 1
104 T=80K 2 - chemically etched
] 3 - irradiated, 6.4 MW/cm®
g 4 - irradiated, 8.6 MW/cm®
5 -irradiated, 11.4 MW/cm~

PL Intensity, arb. units

hv, eV

Fig. 4. Photoluminescence spectra of p-CdTe at 80 K: initial
(I), etched (2) and after irradiation by the YAG:Nd laser
({ to 3), L = 532 nm, 1, = 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, Iy, changes from 8.4 to 1.3 MW/cm? at
A = 694 nm (6.5 times), and from 4.8 to 1.07 MW/cm® at
A =308 nm (4.5 times).

For the mby laser at 1, = 20 ns, we have [ =
=4.17 MW/cm®, while under changes of the pulse
duration from 15 up to 25 ns, Iy, changes from 5.05 to
3.6 MW/cm’, or relative change of the power
Aly/ly, = 0.35. This fact is important to be tak
consideration at laser treatment of CdTe.

It is worth to note that, if the pulse dur
becomes shorter than 1...2 ns, the eleg
increases strongly, so such pro
ionization, laser-induced breakde
surface start to play a significa

Fig. 3 shows the de

is somewhat greater than that for
(for  example,

e, depending on the specific kind
: chemical polishing, annealing in a
here, and so on [5, 10]. Accordingly, I
1ll depend on the NEC parameters: S, T and Lp. The rise
the surface recombination velocity § from 10 m/s to

result in variation of [y, by 16%. The rise of
Ly from 0.4 to 2 um results in the 9% increase of I,.
In our case, ’cs <ty B 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 7= 80 K. To monitor
the melting threshold, the PL spectra of Cl-compensated
p-CdTe(111) single crystals with the dimensions of
5%5x0.5 mm produced and polished by Acrorad Co. were
investigated.

From Fig. 4, it is evident that a signifi
defect region of the PL spectrum (peak 2
occurs after irradiation of the Cd
I=28.6 MW/cmz, which corresponds to 't
thin (1/a) CdTe layer.

sample with
melting of a

5. Conclusions

The melting threshol
laser radiation wav
duration (1,
shown that wi

depends mainly
t a(r). For pulse durations
end also on the spectra of

etration depth in CdTe. It has been
shorter laser pulse durations 1, the
changes more, when radiation

en found that changes in the non-
ium excess carriers parameters, such as the
surface recombination velocity S from 10° to
105 m/s, and also the diffusion depth L, from 0.4 to
2 pm, 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 Aly/I, 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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