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Abstract—The photothermoacoustic method has been used for diagnostics of thermobarodynamic processes
in the metal In(400 nm)/semiconductor (CdTe) thin-film system under nanosecond laser irradiation (7 ns,
A = 532 nm) in natural conditions (in air) and in a liquid medium (water). From the analysis of the data
obtained, the dependence of the pressure induced in the energy-release region on the irradiation energy den-
sity has been established and the melting threshold of In film has been determined. Under irradiation of
In/CdTe in water, the pressure is higher than in air: 17 times higher at the melting threshold of In film and 30
times higher at twice the temperature. It has been found that the laser pulse treatment of In/CdTe/Au samples
in water makes it possible to obtain diode structures with better parameters: smaller leak currents and a
steeper current—voltage characteristic under the forward bias of the p—n junction.

DOI: 10.1134/S1063783415060347

1. INTRODUCTION

One of the promising methods for the formation of
shallow and abrupt p—n junctions, e.g., for the devel-
opment of CdTe diodes employed in detectors of ion-
izing radiation, is the nanosecond laser irradiation of
an In/CdTe film structure [1, 2]. Instead of the ther-
mal mechanism, this method implements the barodif-
fusion mechanism of introducing indium impurities
into CdTe due to high pressure gradients [3, 4].

In order to increase the diffusion coefficient and
the concentration of electrically active dopant atoms,
one has to increase the energy density F in a laser
pulse. However, this leads to formation of undesirable
defects in the zone of the laser doping of the semicon-
ductor, which is one of the disadvantages of this
method being implemented in ordinary conditions of
irradiation of In/CdTe, i.e., in the air atmosphere. If
the structure is irradiated in fluids transparent for a
laser beam, e.g., in water, sharp gradients of pressure
are possible at smaller £, without significant heating of
the CdTe crystal surface and undesirable defect forma-
tion.

In experiments in this line of research, it is impor-
tant to control the value of the pressure P arising as a
result of laser-stimulated nanosecond processes of
heating, melting, and gas and plasma formation pro-
ceeding near the original (abrupt) H,O/In interface.
The initiation of these processes with an increase in E,
in particular, when the melting point of In film is

reached, can lead to a significant stepwise increase in
P. In this case, the melting point of indium under irra-
diation of In/CdTe in conditions of a “clamped” sur-
face can shift toward greater values due to the depen-
dence on pressure. This raises the problem of deter-
mining the melting threshold of In, which is solved in
this work via the application of the photothermoa-
coustic (PTA) method [5—9] for diagnostics of the
laser action.

The aim of the present work is to study by this
method in situ the thermobarodynamic processes ini-
tiated by the action of nanosecond laser pulses under
irradiation of an In/CdTe film heterostructure in nat-
ural conditions (in air) and in fluid (water).

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

As a substrate material for obtaining In/CdTe het-
erostructures, we used p-CdTe(111) plates with the
dimensions of 5 mm x 5 mm (with a thickness of 0.3—
0.5 mm) and a resistivity of (2—4) x 10° Q cm. Before
applying indium film, the surface of the plates was pol-
ished mechanically and then treated in a polishing
etch. The 400-nm-thick In film, which later served as
an electric contact for measuring the current—voltage
characteristics of the structures, and the second Au
electrode were applied by vacuum thermal evapora-
tion at a pressure of 10~ atm.
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Fig. 1. (a) Scheme of the experiment on irradiation in water using the PTA method and (b, c) signals from the piezoelectric detec-

tor under laser irradiation of In/CdTe samples in water at E;,. =

We studied the influence of single pulses of second-
harmonic radiation from a YAG : Nd laser (A =
532 nm, Ty, = 7 ns) on In/CdTe samples in air and in
a cuvette with distilled water. The diameter of the laser
spot (irradiated zone) was 1 mm, and the energy distri-
bution over its area was sufficiently uniform. The value
of E was varied by calibration filters.

The acoustic response to the laser action was
detected by a piezoelectric transducer on the back side
of the sample. The piezoelectric detector (of type P-
113 from the package of the AF-15 acoustic device)
was a TsTS-18 piezoelectric element in the form of a
truncated cone in a metal casing with a ceramic pro-
tector for the acoustic contact. The resonance fre-
quency was 400 kHz. Electric signals from the piezo-
electric detector were detected in the frequency range
of 200—2000 kHz. The instrumental gain factor
(Ain/Aouw) of signals was within the linear dynamic
range of the amplification circuit and amounted to

PHYSICS OF THE SOLID STATE Vol. 57

(b) 1.2 and (c) 20.5 mJ/cm?.

50—74 dB. A sample on a perspex substrate (thickness
of 1 cm, diameter of 10 cm) and a piezoelectric trans-
ducer were placed into a copper cell with water (Fig.
la). The measured absorption coefficient of the input
glass and water at the wavelength of 532 nm was 11%.

We also detected flashes of laser plasma by a photo
camera with OS 14 and KS 11-19 filters for cutting out
the laser radiation. Such plasma, which arises due to
the dielectric breakdown in products of evaporation of
indium, is quenched in fluid. The morphology of the
crystal surface before and after irradiation was con-
trolled by a MI-9 optical microscope.

3. RESULTS

The typical acoustic signals under irradiation of an
In/CdTe structure in water for two values of the laser
pulse energy density E;,, are shown in Figs. 1b and 1c.
Here, the second pulse corresponds to the reflection
from the side face of the acoustic buffer.
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The dependences A(E,,.) of the amplitude of the
acoustic response on the laser pulse energy density
under irradiation of an In(400 nm)/CdTe structure in
water and in air are different (Fig. 2). The curves have
a flex point, after which the signal amplitude begins a
faster increase with increasing irradiation energy den-
sity. Under irradiation of the structure in water, this
increase begins from the value of 80 mJ/cm?, and,
under irradiation in air, from 115 mJ/cm?.

The irradiation energy density at which the inclina-
tion of the curve changes corresponds to the melting
threshold of indium film, because, at the instant of
melting, a sharp increase in the volume takes place [7,
8]. Under irradiation in water, the melting threshold is
somewhat lower.

In the process of laser radiation, the parameters of
indium and the neighboring water layer (the radiation
absorption coefficients, thermal conductivity coeffi-
cients, etc.) can change, which leads to thermal non-
linearity [7, 10—13]. However, under stepwise shock
compression at a pressure as high as 27 GPa and tem-
perature as high as 1000 K, the thermal conductivity
coefficient of indium is independent of temperature
and its three-fold increase is caused only by the varia-
tion in the volume upon compression [14].

As follows from Fig. 2, in the region of photother-
moacoustic signal, the amplitude A,,,.. exceeds 4,;, by
a factor of 17. Upon irradiation with the energy densi-
ties above the melting threshold, e.g., at Ej,, =
150 mJ/cm?, we have A,,.,/A.;;  30. The amplitude A
is proportional to the transverse deformation compo-
nent and, correspondingly, the compression.

4. CALCULATION
OF THE PHOTOTHERMOACOUSTIC
PRESSURE UNDER NANOSECOND
IRRADIATION OF In/CdTe IN WATER

In the case of a PTA signal when one face is fixed,
the pressure was calculated according to the expres-
sion [11, 12]:

(1- R,
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Fig. 2. Dependences of the amplitude of the acoustic
response on the irradiation energy of the In/CdTe hetero-
structure: (/) in water and (2) in air.

Here, we take into account the ratio of the acoustic
impedances on the indium—water interface, N =
P1nCin/ PraterCwater = 7-6, Iin is the laser radiation inten-
sity, p is the mass density of indium, c is the speed of
acoustic wave propagation, [ is the coefficient of vol-
ume expansion, 3 = 3oy, C, is the heat capacity, and R
is the optical reflection coefficient. The physical
parameters of In are presented in the table.

Upon melting of In, the pressure AP, is affected
by the variation in density, Apy, = Psoiid — Pmelr> aNd the
melt front propagation velocity. In the linear approxi-
mation with respect to Ap;,, the value of AP, is
determined by the expression [15, 16]

APmelt = Aplnd( Vh)/dta (2)
where Vis the rate of change in the melt layer thickness
h. From the numerical solution of the Stefan problem,
the dependence of the melt depth /4 on the time 7 was
calculated. For In/CdTe structures with the film
thickness of 400 nm, the velocity of the motion of the

interphase boundary to the depth of the sample, V' =
dh/dt, varies from 5.7 m/s to 88 m/s as E,,. increases

Ppra(x=0) = ~ ) incBre (1) from 80 to 1000 mJ/cm?. The dependence W(E) is
(N+1)C, close to logarithmic (Fig. 3).
Physical parameters of indium
Sound velocity Density p Absorption Reflection Linear expansion
(longitudinal ke m—3 ’ coefficient coefficient coefficient oy, K~ Teres °C
mode ¢)), ms~! gm Oy _ (532 M} R (293-333 K)

1400 7310 6 x 107 0.8 3.3x 107 157
Heat capacity Thermal diffu- | Thermal conductiv- Bulk modulus Shear modulus Poisson’s ratio
Gy kg~ K™! sivity ¥, m?s~! | ityA, Jm~ s K! E, Pa G, Pa \%

234.46 5.0761 x 107> 87 1.1 x 1010 4% 10° 0.46
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Fig. 3. Maximum velocity of the melt—solid phase front
motion for indium film (4, = 400 nm) as a function of the
pulse energy (Tj,, = 7 ns) under laser irradiation of
In/CdTe by a neodymium laser.

The time dependence of the melt dept, A(f), was
also calculated in our work [3]. The quantity AP,
quadratically depends on V, as in [15, 16], and
increases with an increase in the difference Apy,. The
density of indium upon melting and further heating of
the melt (Ap;, in formula (2)) decreases [17], i.e.,
upon local melting under irradiation, a fast (for a time
comparable with t,,,) increase in volume takes place.

imp
In this case, iy, 7-157oc = 7000 kg/m?’, py, 7 400:c =
6800 ke/m?.

From expressions (1) and (2) and taking into
account the dependences in Fig. 3, the dependence of
the total pressure P = Ppys + AP, On the laser energy
density E;,, was calculated (Fig. 4). It is evident that
the increment of pressure due to melting (expression
(2)) is comparable with the PTA signal (expression
(1)); in this case, the dependence after the melting
threshold is not linear at all (here, the melting thresh-
old 80 mJ/cm? was taken from Fig. 2). This depen-
dence is similar to the dependence in Fig. 2. In the cal-
culation, we disregarded the influence of evaporation
and instant boiling of water. Taking into account these
phenomena, apparently, will lead to an even steeper
dependence of pressure on the irradiation energy den-
sity [10].

It should also be noted that expression (1) is valid in
the case of small pulse energy densities, when the vari-
ation in the physical parameters of indium due to the
laser action upon the formation of the acoustic
response, i.e., before the melting threshold, may be
neglected. The approximation of expression (1) for the
irradiation energy density above the melting threshold,
i.e., without additional mechanisms of acoustic pulse
excitation, is shown in Fig. 4, curve 2.
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Fig. 4. (1) Pressure P as a function of the incident energy
density under laser irradiation of In/CdTe by a neody-
mium laser (t;,,, = 7 ns) in water and (2) approximation of
expression (1) agove the melting threshold.

Comparing the calculation and experiment, we can
obtain the values of pressure: calculating the pressure
in the region of small values of PTA signal, e.g., by
expression (1) (the linear region up to Ej,.

60 mJ/cm?, Fig. 4), we can find the pressures for all
values of energy in Fig. 2.

In the case of the “shock” deformation, the rate of
deformation upon nanosecond irradiation in the case

of the PTA effect is described by the expression €, =
1+voarAT
1-v 1

imp

[4]; in this case, the amplitude of the

detected photothermoacoustic response signal is pro-
portional to the temperature and deformation incre-
ments and inversely proportional to the laser pulse
duration [9].

At the values 1;,,, = 7 ns and AT = 500—1000°C for

In (v =0.46), we have ¢_. ~ (6—12) x 10°s~!. The rate
of deformation upon melting due to the variation in

% , is also on the order of 106 s~!

imp

(asin [3, 4]). Here, Ah is the increment in the linear
size and A, is the initial volume of the surface layer,
which is easily melted. Thus, at the laser pulse energies
employed, the rate of deformation upon melting,
€mert » iN the linear approximation is comparable with
the rate of deformation under the PTA transforma-
tion, €., which determines the form of the depen-
dence in Fig. 4. It is an additional argument in favor of
that the inflection (variation in the inclination) in
Fig. 2 takes place at the irradiation energy density cor-
responding to the melting threshold of indium.

volume, €., =
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5. CURRENT—VOLTAGE CHARACTERISTICS
OF In/CdTe STRUCTURES

The current—voltage characteristics of In/CdTe
samples were measures before and after a single laser
irradiation in water and in air. The typical current—
voltage characteristics are demonstrated on the exam-
ple of structures with 400-nm-thick films (Fig. 5). We
see a substantial enhancement of the rectifying prop-
erties of the In/CdTe contact after the irradiation,
especially in water. The mechanism of doping of the
surface layer of CdTe crystals with indium and the for-
mation of the p—n junction are described in [3]. Here,
we should only note that the leak current in the reverse
current—voltage characteristic under irradiation in
water has decreased even more than under irradiation
in air and the rectifying voltage has become lower than
under irradiation in air (17 V).

6. DISCUSSION

Under irradiation of indium film in water, i.e., in
the conditions of a clamped face, the dynamics of
laser-induced processes in the pulse energy absorption
band substantially differs from the dynamics under
irradiation in air. Firstly, since water is practically
incompressible, the irradiation raises significant pres-
sures, which affect the properties of indium and ini-
tiate nonlinear effects. Secondly, under irradiation in
water, the evaporation from the indium surface layer is
suppressed. Thirdly, a fraction of pulse’s energy goes to
the heating of the neighboring water layer.

Under irradiation in water, we should take into
account the process of water vapor formation. Upon
nanosecond laser irradiation of metals placed into
water, the so-called explosive boiling of water takes
place [10]. This process substantially differs from the
ordinary evaporation of water upon reaching the tem-
perature of 100°C, because vapor has no time to form
during the action of a nanosecond pulse. Due to sig-
nificant pressures in the zone of irradiation, the water
boiling point shifts toward higher temperatures. For
example, at P=0.5 MPa, 7, ;= 153°C;at P=1 MPa,
Ti,oi = 180°C; and an overheated fluid—vapor layer can
form [10, 11]. It should be noted that, according to
Fig. 4, at the phase transition point (melting thresh-
old) of indium, the PTA pressure reaches 1.7 MPa and
T, of water is 204°C. This value of water boiling tem-
perature is above the melting point of indium (157°C),
which additionally confirms that the increase in the
inclination in the dependence A(E;,.) in Fig. 2 begins
as the melting of In begins.

A similar phenomenon was earlier observed upon
nanosecond (6 ns) laser irradiation of mercury [11].
Upon clamping of liquid mercury by a quartz plate,
the threshold energy density at which boiling begins is
81 mJ/cm?, which is twice the analogous value for the
irradiation in air. In this case, the maximum surface
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Fig. 5. Current—voltage characteristics of the In/CdTe/Au
structure (/) before irradiation and (2, 3) after irradiation

at £y, = 100 mJ /cm2 (2) in air and (3) in water.

temperature exceeds 700°C, which is twice the boiling
point of mercury at normal pressure [11].

Under pulse irradiation in water, due to the depen-
dence on P, the melting point of In also increases but,
at the values of P of a few megapascals, which are real-
ized in the given case, this increase is small [20]. A sub-
stantial (e.g., to 200°C) increase in T, of In takes

place at huge pressures: P = 10° Pa [20].

We should take into account the influence of evap-
oration on the laser-induced processes and the ioniza-
tion of indium atoms, which are different in air and in
water. Under irradiation in air, evaporation proceeds
in parallel with melting and laser plasma formation
[3]. Under irradiation in water, upon reaching the
melting point, there is no evaporation of indium (it is
prevented by the water layer); therefore, the laser-
induced breakdown is absent. This process begins only
at F,. = 160 mJ/cm?. The typical luminescence of
plasma arising in this case was detected by a photo
camera. Below this value of E,,., no flash was observed

and, on exceeding E,,. = 160 mJ/cm?, a bubble at the
place of irradiation appeared.

The reduction in the melting point of indium film
on a CdTe substrate in water may be explained by the
absence of evaporation of indium in water. Due to the
laser-induced evaporation of indium atoms in air, sig-
nificant cooling of the surface takes place; in this case,
the heat flux from the In surface can be written as Q =
L Ji,, where the mass density flux of evaporated

. | M .
t J, ~ P 18,19]; M is th
atoms 18 ln(T) palrs(T) 27'CkBT [ ] 1S €

atomic mass and L, is the latent heat of evaporation of
indium.
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It should be noted that earlier we found by mathe-
matical modeling [3] that an In film with a thickness
hy, = 400 nm under irradiation by a ruby laser (with
Timp = 20 1n8) in air begins melting at £= 16 mJ /cm?.
Taking into account the optical reflection coefficient
of indium, R~ 0.8, we obtain E, . = 80 mJ/cm?, which
is close to the values obtained in this work.

7. CONCLUSIONS

(1) We established that, under irradiation of an
In/CdTe structure by a neodymium laser (T, = 7 ns)
in water, the pressure in the energy-release zone is sub-
stantially higher than under irradiation in air. Up to
the melting threshold of indium, when the photother-
moacoustic effect takes place, the pressures differ by a
factor of 17. In the case of the double excess of the
melting point of In, the pressures differ by the factor of
30.

(2) It was found that the melting threshold under
irradiation of In/CdTe in distilled deionized water by
a neodymium laser (t;,, = 7 ns) is £, = 80 mJ/cm?,
which is smaller than under irradiation in air
(115 mJ/cm?).

(3) The melt front motion velocity ¥ upon nano-
second laser irradiation of an In film(400 nm)/CdTe
structure varies from 5.7 to 88 m/s as Ej,. increases

from 80 to 1000 mJ/cm? and has a dependence close to
logarithmic. At such values of E;,., the additional pres-
sure due to the process of abrupt melting becomes
comparable with the photothermoacoustic pressure.

(4) The method of pulsed laser irradiation of
In/CdTe in water with the control of pressure from the
induced acoustic response made it possible to form
diode structures with improved parameters: smaller
leak currents and steeper current—voltage characteris-
tics upon the forward bias of the p—n junction.
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