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DEPENDENCE OF THE CdTe MELTING
THRESHOLD ON THE PULSE DURATION

AND WAVELENGTH OF LASER RADIATION
AND THE PARAMETERS OF NON-EQUILIBRIUM
CHARGE CARRIERS

The dependences of the melting threshold of CdTe under the pulsed laser irradiation on the
radiation wavelength \ and the laser pulse duration 7, are calculated with regard for the non-
equilibrium character of charge carriers. Three components of the energy released at the ther-
malization of excited carriers under the manosecond laser irradiation of CdTe in the funda-
mental absorption region are considered: the component that dominates immediately after the
excitation, and the components released at the nonradiative bulk and nonradiative surface re-
combinations. Together, they determine the depth of heat penetration into the crystal and,
therefore, its melting threshold. It is shown that the CdTe melting threshold grows from 2.6 to
4.75 MW/ch, when A changes from 300 to 800 nm at 7, = 20 ns. The changes in the non-
equilibrium charge carrier parameters (the surface recombination rate, lifetime, and diffusion
depth) are found to vary the CdTe melting threshold by at least 30%.
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1. Introduction

Cadmium telluride is a base material for the creation
of detectors of x-rays and gamma radiation, as well as
infrared sensors. Special attention to CdTe is associ-
ated, in particular, with large atomic numbers of its
constituting elements and a considerable transverse
cross-section for the photo-electric absorption [1-5].

In the formation of CdTe-based barrier structures
to detect gamma radiation, one of the effective meth-
ods to treat the surface is the application of a
nanosecond laser irradiation. In some cases, it allows
the required parameters of the surface state to be op-
timized at the stage of technological treatments, when
contacts (Ag, In, Au) are deposited and a barrier is
formed [2—4]. A challenging problem also concerns the
formation of ordered nanostructures on the CdTe sur-
face under a pulsed laser irradiation (PLI) [6].

For the PLI of semiconductors and semiconductor-
based structures, the laser radiation with various
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pulse durations 7, and various radiation wavelength
Tp is used. Ruby (A = 694 nm) and neodymium (the
first, A = 1064 nm, and second, A = 532 nm, harmon-
ics) lasers, as well as excimer KrF (A = 248 nm) and
XeF (A = 351 nm) ones, are mainly applied to mod-
ify the surface. Typical values of the parameter 7, for
them are 7, 20, 80, 120 ns, and others. Therefore, in
this work, we are interested first of all in the pulse
duration interval 7, = 5120 ns.

While solving the problems of this kind, it is often
required to know—or at least to estimate in advance—
the melting temperature and the melting threshold
Iip of a CdTe surface subjected to PLI, and their
dependences on the laser pulse duration 7, radi-
ation wavelength (the optical absorption coefficient
a(A)), and electrophysical parameters of the CdTe
surface, in particular, the surface recombination rate
S and the lifetime of nonequilibrium charge carri-
ers (NECs). Those parameters depend on the surface
treatment procedure [7] and the concentration of dop-
ing impurities. Relevant experimental researches are
very labor- and time-consuming. Therefore, the theo-
retical calculation of I;;, and the surface temperature
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as functions of 7, a()), and other parameters be-
comes very useful.

The literature sources contain mismatches concern-
ing the values of CdTe melting threshold and, ac-
cordingly, various interpretations of changes in the
photo-electric properties under a nanosecond laser
irradiation, provided identical experimental condi-
tions. For example, in works [8,9], the melting thresh-
old for the CdTe(111) face under the irradiation us-
ing a ruby laser with 7, = 20 ns was experimen-
tally and theoretically found to equal 2 MW/ cm?
(40 mJ/cm?). Under the same conditions for the
CdTe (111) surface, Iy, = 8 MW /cm? in our work
[10], 4 MW /cm? in work [11], and 10-12 MW /cm?
in work [12]. In researches [13-15] carried out for
CdTe(111), Iy, was evaluated to equal 300 mJ/cm?
(15 MW/ cm?). Under the irradiation with an ex-
cimer KrF laser (A = 248 nm, 7, = 20 ns), Iy, =
= 2.5 MW /cm? [3,4, 16].

2. Calculation Formulas
for the Melting Threshold

Certainly, the rapid (tens or hundreds of nanosec-
onds) process of heating-cooling of the CdTe sur-
face under a nanosecond laser irradiation is rather
complicated for a mathematical description with re-
gard for the temperature dependences of the ther-
mal parameters and the concentration of photo-
excited NECs. The threshold value for the laser-
induced melting of the crystal surface is determined
first of all by the heat diffusion depth Ly = \/ﬁ and
the light absorption depth d ~ a~!, where « is the
absorption coefficient, and & the thermal diffusivity
coeflicient. The melting threshold for a semiconduc-
tor surface under PLI is theoretically determined, as a
rule, by solving a non-stationary equation of thermal
conductivity with a corresponding boundary condi-
tion across the phase interface (the Stefan problem).

The mathematical modeling of phase transitions
initiated in cadmium telluride by a pulsed laser ra-
diation on the basis of the heat conductivity equa-
tion [4, 11, 16, 17] is complicated due to the account
for those parts of the optical radiation energy that are
spent on the instant thermalization (7 ~ 10712 s) and
the excitation of the electron-hole plasma followed
by its diffusion and recombination. In work [18], this
was done by making allowance for the energy com-
ponents that are released at the thermalization of
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excited charge carriers immediately after their exci-
tation and at the nonradiative bulk and surface re-
combinations. Taken together, those components de-
termine the depth of heat penetration into the crys-
tal and, accordingly, the melting threshold. In other
words, it is the “semiconductor” crystal parameters
that are taken into consideration. Therefore, the the-
oretical calculation of the laser-induced heating pro-
cess should provide a detailed account for the op-
tical parameters, the NEC and heat diffusion coef-
ficients, and the variation of those parameters with
the NEC concentration and the temperature. In the
case of uniform irradiation of the surface of a semiin-
finite crystal, the power density I that is required to
heat up the surface from the initial temperature T, to
the final temperature T’ is described by the following
well-known formula (see, e.g. works [18,19]):

o pcp (TQ ) ATLH

T T W

where p is the density, cp the specific heat, R the
optical reflectance, 7, the laser pulse duration, and
AT = Ty — Tp. Unlike the simple expression Ly ~
~ \/ﬁ , the depth of heat penetration into a material
in formula (1) is given by the following expression, in
which the NEC parameters have already been taken
into account [18]:

T

— 1- R(TO) i dTCp
Ln = CP(TO)ATT/ (1— R)a[XT/(LTa +1)+
+XI]§R(LT04+LD04+ 1)+XgR/(LTa)]_1, @)

where o = a7 + ag + apc is the coefficient of total
optical absorption; oy and as are the coefficients of
one- and two-photon, respectively, interband absorp-
tion; apc the absorption coefficient for free charge
carriers; Lp = (D7g)'/? is the diffusion depth for
free charge carriers;

_ ksT'  pnpip
€ fn+ pp

D

is the coefficient of ambipolar diffusion for charge car-
riers; kg the Boltzmann constant; 75 the lifetime of
charge carriers at their recombination in the crystal
bulk; gy, and p, are the mobilities of electrons and
holes, respectively; and

Lp(T) = w2 [k(T) 7| Y*(T — Tp) /AT.
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The parameters xr, X3%, and Y§® mean those com-
ponents of the laser radiation energy that are released
at the thermalization of excited charge carriers imme-
diately after their excitation at nonradiative bulk and
surface recombinations, respectively:

XT = {[1 — 776;511] a1 + [1 — (5;2)} ag + CVFC}/O‘a

xg = 1/ (1 = x1),

XsT = (r/75") (1 = xr)Lpa/(Lpa + 1),

where 7 is a dimensionless parameter equal to the
ratio between the photon energy that is thermal-
ized at the absorption depth 1/a and the energy of
NEC recombination at the diffusion depth, hv is the
energy of a photon, ERr the recombination energy,
7= (15" +75 ")~ is the effective time of charge car-
rier recombination, g = L /S is the effective lifetime
of NECs at the surface, S the surface recombination
rate, and T and 7 are the lifetimes of NECs at
their nonradiative recombination in the bulk and at
the surface, respectively.

3. Results and Their Discussion

In expressions (1)—(5), the temperature dependences
of thermal quantities and NEC parameters have to
be taken into account. The corresponding data for
CdTe are presented in Table, and the dependences
a(A) and R(A) are shown in Fig. 1. The temperature
dependence of the absorption coefficient arises due to
the presence of charge carriers at the surface and is
described rather well by the approximation formula
a(A) = ag + A(AN)T. In particular, at A = 694 nm,
we have o = (3 x 105 + 8400T") m~!. Despite an in-
significant two-photon absorption in the interval of
fundamental absorption, this dependence will be used
below while making calculations in a wavelength in-
terval of 300-800 nm. In a vicinity of the melting tem-
perature, the parameter a becomes approximately 2.5
times as large. We also have to take into considera-
tion the temporal dependence of the reflectance R:
according to the results of work [20], this parameter
changes from 0.28 to 0.36, when I varies from 0 to
0.2 J/cm?, owing to the start of the melting. In gen-
eral, the value of R affects the magnitude of I, rather
substantially.
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Fig. 1. Calculated dependence of the melting threshold on

the laser wavelength, Iy, (\), at 7, = 20 ns and experimental
dependences R(X) and a(X) for CdTe [22,24]

It is important to know the NEC lifetime at the
surface and in the bulk of CdTe under PLI. In the
general case, the NEC lifetime in the CdTe bulk is
given by the expression

1/m8 =1/7sr + 1/TRad + 1/TAug,

where TsRr, TRad, and Tayg are the lifetimes of charge
carrier recombination driven by the Shockley—Read,
radiative, and Auger mechanisms, respectively. At
high levels of NEC excitation, which takes place at
our laser power densities, the Auger recombination
[4] dominates. Accordingly, the charge carriers life-
time 75 &~ Taug = 1/7vaugn?, where n is the NEC
concentration. On the other hand, the lifetime can
be divided into the radiative and nonradiative com-
ponents, as in expressions (3)—(5):

1/78(8) = 1/78(8) + 1/T3(8)-

At the same time, bearing in mind that the radiative
recombination is low and does not contribute to the
lattice heating, the first term can be neglected. As
a result, 75 = RN and 75 = Té\IR. Hence, under
the PLI conditions, the NEC lifetime in the CdTe
bulk is mainly governed by the Auger recombination,
whereas the NEC lifetime at the CdTe surface by the
surface recombination rate .S.

In our calculations, we used the typical parame-
ters of the detector high-resistance y-CdTe (Acrorad
Co. Ltd) (see Table) [2-5]. At the nanosecond laser
irradiation, the measured NEC lifetime amounts to
3 x 1078 s [5]. The parameter 7 demonstrates the
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Physical parameters of CdTe

Temperature conductivity k, m? /s
Temperature dependence of density, kg/ m3
Temperature dependence of specific heat cp, J/(kg-K)

Temperature dependence of heat conductivity, J/(m-s-K)

Reflectance R

Absorption coefficient a;, m™
Coefficient of NEC ambipolar diffusion D, m? /s
NEC bulk lifetime 5 (for p-CdTe), s

NEC surface lifetime 7g, s

1

Constant of Auger recombination yayg, cmb /s
Rate of surface nonradiative recombination S, m/s
Dimensionless parameter 7g

Recombination energy ER, eV

Electron mobility pn, cm?/(V-s)

Hole mobility pp, cm?/(V-s)

NEC diffusion depth Lp (for p-CdTe), m

Parameter Value
Density po, kg/m?> 5860
Melting temperature, °C 1092
Specific heat cp, J/(kg-K) 209

Temperature dependence of temperature conductivity k, m?/s

Optical and electronic parameters of CdTe at A = 694 nm (ruby laser)

7.1(5.8) x 1076 [22]
5887-0.1165 x T [21]
2054 3.6 x 1072 x T [16,17,22]
2.16 x 1073 /T [22]
1507/T [16,17,22]

0.28 [20, 24]
3 x 106 [17,24]

3.9 x 1074 (300 K), 5.7 x 10~% (1000 K)
(10-30) x 1079 [5,23]
(0.5-1) x 1079 [5, 23]

1.7 x 10730 [22, 23]
103-10° [1,5,7,23]
0.3-0.78
1.5
1000-1100 (300 K) [1,22]
80-100 (300 K) [1,22]
(0.4-2) x 1076 [23]

ratio between the energy of photons that was im-
mediately thermalized at the absorption depth 1/«
and the energy of photons that was transferred to
NECs and released at the recombination at the NEC
diffusion depth Lp (the recombination energy). The
parameter 71 is a little uncertain for CdTe under
PLI (see Table). However, the calculations showed
that, when it changes from 0.3 to 0.78, the magni-
tude of Iy changes by a factor of 1.08. As a rule,
ng is close to 1 for some semiconductors (InSb,
Si) [18].

Figure 1 demonstrates the results of calculations
for the CdTe melting threshold under PLI within a
wavelength interval of 300-800 nm and, for descrip-
tive reasons, the literature data for R(A) and «(\) on
the logarithmic scale. The calculation was performed,
by using formulas (1) and (2) and taking the data
from Table into account. At A > 800 nm — especially,
in the interval of CdTe transparency (A > 850 nm) —
two-photon absorption and, accordingly, the defect
and doping impurity concentrations, which strongly
affect Iiy,, have to be taken into account. Usually, the
coefficient of two-photon absorption in CdTe f =
0.1+0.2 em/MW (at A = 1.064 pm).
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One can see that, when A changes from 380 to
800 nm, the reflectance R changes from 0.4 to 0.29,
i.e. it increases by a factor of 1.38. At the same time,
the absorption coefficient o changes from 4.4 x 10°
to 2.1 x 10* em™!, i.e. it decreases by more than
an order of magnitude. It is evident that, if only
the reflectance R decreases, the melting threshold
I, also decreases [formula (1)]; but if only « de-
creases, I;, increases, because a larger volume in
the near-surface CdTe layer is heated up. Therefore,
the dependence «(\) is responsible for the behav-
ior of the dependence I, (A). In an interval of 300-
420 nm, the curve R(A) has two peaks, where the
variation of R amounts to 5%. The parameter a also
has two small peaks in this interval. They are asso-
ciated with the electron transition into minimum L
in the conduction band (L4 5—Lg and Lg—Lg transi-
tions). Such a characteristic behavior of the curves
R(M\) and a()) in the indicated interval reveals it-
self in the dependence Iy, (\), where a maximum and
a minimum are observed (Fig. 1). Hence, when the
wavelength of a pulsed laser radiation changes from
300 to 800 nm, the melting threshold grows from 2.6
to 4.75 MW /cm?, i.e. it almost doubles.
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Below A = 300 nm, the absorption coefficient in
CdTe is very high, and light is absorbed at a depth of
about 10 nm. For example, for an excimer KrF laser
(A =248 nm, 7, = 20 ns, @ = 1.1 x 105 em™1'), the
melting threshold Iy, = 2.5 MW /em® [3, 4, 16]. On
the other hand, according to our calculations, Iy, =
= 2.71 MVV/cmz7 which is quite a reasonable value,
because the reflectance R has rather a high value of
0.46 at A\ = 248 nm [22].

Also important is the dependence of the melting
threshold on the pulse duration 7,. This dependence
is depicted in Fig. 2. One can see that the power den-
sity of the melting threshold falls down rather dras-
tically with the growth of 7, [in accordance with for-
mulas (1) and (2)]. The corresponding depth and, ac-
cordingly, volume of the heated-up layer increase at
that. If the pulse duration becomes smaller, the rate
of energy delivery becomes higher, and the processes
of NEC thermalization and heat transfer into deeper
layers owing to the heat conductivity become slower.

The dependence in Fig. 2 provides information
about the melting threshold change at the variation
of the pulse duration from 7 to 120 ns, because typ-
ical lasers operating in the @)-switching mode have a
pulse duration of 7, 15, 20, 80, or 120 ns. The plot in
Fig. 2, b demonstrates the dependence concerned in
a wide 7p-interval from 2 ns to 1.2 us on the log-log
scale. The growth of 7, by six orders of magnitude
stimulates the decrease of I}, by three orders of mag-
nitude from 20 MW /cm? to 10 kW /em?.

At 7, = 80 nm and A = 694 nm, the theoreti-
cal value of I, for CdTe equals I;;, = 1.9 MW /cm?
(Fig. 2, a). The corresponding experimental value
equals 1.5 MW/cm? [2]|, i.e. an agreement takes
place. In work [17], the theoretical value for I, at
7, = 100 ns equals 0.6 MW /cm? (60 kJ/cm?); the
calculations take into account the cadmium evapo-
ration, owing to which CdTe begins to melt at a
certain depth from its surface. Furthermore, accord-
ing to our calculations, the CdTe melting threshold
equals 9.08 kW /cm? at the ruby laser pulse duration
Tp = 1.2 ms. This value is close enough to a value of
4.2 kW/cm? (5 J/ecm?), which was obtained theoret-
ically and experimentally in work [25].

One can see that, within the pulse duration in-
terval from 5 to 100 ns, I, changes from 10.5 to
1.46 MW /cm?, ie. by a factor of seven. At 7, =
= 20 ns, we have I;;, = 4.17 MW /cm?. When the
pulse duration changes from 15 to 25 ns, the value of
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Fig. 2. Dependence of the CdTe melting threshold pulse du-
ration 7p: 7p < 120 ns (@) and 7 < 1.2 ms (b). A = 694 nm

Iy, changes from 5.05 to 3.6 MW /cm?. This means
that the variation of the pulse duration from 15 to
25 ns is accompanied by the relative change of the
power density Aly,/Iin(20 ns) = (5.05-3.6)/4.17 =
= 0.35. This fact is important to be taken into consid-
eration, while treating semiconductors, when 7, can
change a little during a long time interval of the laser
application.

Note that, if the pulse duration becomes shorter
than 1 ns, the electric field strength grows strongly,
so that such processes as ablation, ionization, laser-
induced breakdown of vapor over the surface, and so
forth start to play a significant role.

The calculation of the CdTe melting threshold by
formulas (1) and (2) for a ruby laser with 7, = 20 ns
gave the values Iy, = 4.17 MW /cm? (Fig. 3) and
Ly = 0.33 pum. One can see that the dependence
T(I) is nonlinear due to the strong temperature de-
pendences of the thermal parameters cp, x, and p,
which change by tens of percent, when 1" grows from
0 °C to 1092 °C (Table). As a result, the value of Iyy
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Fig. 3. Dependence of the CdTe surface temperature on the
pulse power density of a ruby laser at 7, = 20 ns

becomes strongly dependent on T'. The evaluation of
Ity according to expression (1), at Ly = \/ﬁ, and
assuming the thermal parameters to be independent
of T gives rise to a value of 6 MW /cm?.

Electronic and optical parameters of the surface
will be different a little, depending on the specific kind
of a surface treatment: cleavage, polishing, etching,
annealing in a definite atmosphere, and so on [7]. The
change of NEC parameters (73, S, Lp), provided the
definite kind of a surface treatment, was found to
affect the magnitude of Iy, as follows. The growth of
the surface recombination rate S from 103 to 10° m/s
and the corresponding change of the surface recom-
bination time Té\IR result in the variation of I, by
5%. The growth of Lp from 0.4 to 2 pm stimulates the
increase of Iy, by 19%. This is so, because, in our case,
the term 3™ [Eq. (5)] in the integrand-this term in-
cludes the parameters of the surface recombination—is
smaller than the term yr [Eq. (3)], and Th® is larger
than 78R by an order of magnitude.

Therefore, a certain mismatch in the literature
for the values of CdTe melting threshold under the
nanosecond laser irradiation can be associated with
the application of different kinds of a surface treat-
ment and different (doped/undoped) CdTe crystals,
because I;;, demonstrates its dependence on the NEC
parameters.

4. Conclusions

The CdTe melting threshold is calculated as a func-
tion of the pulsed laser irradiation wavelength A
and the pulse duration 7,. It is shown that the
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melting threshold Iy, at 7, = 20 ns changes
from 2.6 to 4.75 MW/cm?, when A grows from
300 to 800 nm. Again, Iy changes from 10.5 to
1.46 MW /cm?, when the duration of a ruby laser
pulse increases from 5 to 100 ns. The theoretically
calculated values agree well with literature experi-
mental data.

It is shown that the variation of the ruby-laser pulse
duration within a typical interval of 20 + 5 ns in-
duces the relative change ATy, /Iy, = 35% of the melt-
ing threshold. This fact has to be taken into account
when applying PLI of the CdTe surface in various
technological tasks. It is found that the increase of
the surface recombination rate S from 10 to 10° m/s
changes the melting threshold I;, by 5%. The in-
crease of the NEC diffusion depth Lp from 0.4 to
2 pm under the ruby-laser irradiation changes I, by
19%. Finally, the modification of ng from 0.3 to 0.78
changes Ity by 8%. Hence, the variation in the NEC
parameters can affect the CdTe melting threshold by
at least 30%.
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SAJIEZ?KHICTD ITOPOT'A ITJTABJIEHHSA CdTe

BIJ TPUBAJIOCTI IMIIVJIBCY TA JOB>KMNHU XBUJII
BUITPOMIHIOBAHHA JIABEPA 1 ITAPAMETPIB
HEPIBHOBAXKHUX HOCIIB 3APAIY

Peszmowme

PospaxoBano mopir mmasnenns CdTe B 3asmerkmocti Big moB-
JKUHK XBUJI BUIIpoMiHioBaHH:A Ity (\) Ta TpUBasIoCTi j1a3epHOro
immysnecy I, (7p) 3 ypaxysarusam napamerpis HH3. Ilpu mano-
cekyHIHOMY JsasepHoMy onpoMinenni CdTe B obmacti dynma-
MEHTAJILHOI'O IIOIVINHAHHS BPaXOBAHO TPU KOMIIOHEHTH €HEPTil,
10 BUIISAETHCS IIpU TepMadiizaliil 30y12KeHX HOCITB — Bigpasy
nicsist 30y ekenns (1), npu G6e3BunpominioBasbHIN 06’ eMHil (2)
Ta Ge3BUIPOMIHIOBAIBHIN mOBepxHEBii (3) pexombinamil, ski B
CYKYIHOCTI BU3HAYaIOTh IVIMOMHY IIPOHUKHEHHS TEIUla Y KPH-
craJ i BignmosigHO nopir miiassenHs. IlokasaHo, 1o nopir mias-
Jlerns 3MinioeThes Big 2,6 1o 4,75 MBr/cm? mpu 3pocTammi A
Bix 300 am mo 800 mM mpu 7 = 20 He. Buasseno, mo 3mina
napamerpis HH3 — mBuakocTi nosepxmeBol pekombinariii, a-
Cy KUTTsl, rinbunu audysil MOXKe 3MIHUTH IOPIr IJIaBJIEHHS
CdTe npunaiitmui Ha 30 BiICOTKIB.
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