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The  present  paper  deals  with  the  laser  ablation  in  CdZnTe  crystal  irradiated  by  pulsed  infrared  laser.  Two
values  of  threshold  intensities  of  the  laser ablation  were  determined,  namely  of  about  8.5  and  6.2  MW/cm2

for  the  incident  and the  rear  surfaces,  correspondingly.  Lower  intensity  of the  laser  ablation  for the  rear
surface is explained  by  thermal  self-focusing  of  the  laser  beam  in the  CdZnTe  crystal  due to  heating  of  Te
inclusions  with  a following  hydrodynamic  expansion.
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. Introduction

The CdZnTe ternary compound is widely used in a variety of
icroelectronics devices such as radiation detectors [1], solar cells

2] and infrared (IR) detectors [3,4]. However, CdZnTe radiation
etectors made from as-grown crystals with a high concentration
f point and extended defects, such as grain boundaries, twins,
econdary phases (such as Te inclusions), are limited in their perfor-
ance. In most cases, in order to improve the properties of CdZnTe

rystal, the thermal annealing under Cd and Te atmosphere is used,
hich leads to changes in chemical composition and dopant redis-

ribution in the whole sample [5]. Instead of the thermal annealing
he pulsed laser annealing [6,7] provides a highly localized anneal-
ng effect. The irradiation of CdZnTe semiconductor crystal with
anosecond laser pulses has been used for the modification of struc-
ural, electrical and optical properties, as well as to induce changes
n chemical composition [8–11].

In general, the interaction of the laser radiation with semi-
onductors is usually described by the thermal model [12]. In
he case when nanosecond pulsed laser radiation is strongly
Please cite this article in press as: A. Medvid’, et al., Laser ablation in
hydrodynamic expansion, Appl. Surf. Sci. (2015), http://dx.doi.org/10.

bsorbed by the material the thermal model is also used, taking
nto account the high temperature gradient at the surface, the so-
alled thermogradient effect [10]. In the case of low-absorbed IR
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laser radiation, the uniform temperature field is formed in the bulk
of the semiconductor due to uniform absorption of laser radia-
tion.

In our recent study the possibility to improve parameters of radi-
ation detector based on CdZnTe:In crystal with the help of IR laser
radiation was  shown [13]. This effect was explained by the precipi-
tation of uncontrollable impurities by Te inclusions due to gradient
temperature field around them and the increase in solubility of In
atoms in CdZnTe:In crystal. However, to avoid damages of crystal
surface it is necessary to determine the threshold intensity of laser
ablation.

Therefore, the aim of this study is to determine the threshold
intensities of laser ablation in the CdZnTe crystal.

2. Experimental

The Cdx−1ZnxTe (x = 0.1) indium doped (3%) single crystal has
been grown by vertical gradient freeze method using high-purity
7N materials.

The sample was  cut from ingot, the surface of the sample
was mechanically polished using 3 �m and 1 �m alumina oxide
powder, and then by the diamond pastes with a size of an
abrasive grains down to 0.1 �m.  The dimension of the sample
 CdZnTe crystal due to thermal self-focusing: Secondary phase
1016/j.apsusc.2015.09.225

was 10.0 mm × 10.0 mm × 3.0 mm.  In order to produce smooth
and clean defect-free surfaces the crystal was  chemically etched
by bromine–methanol solution, which is typically used for this
purpose [14].
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Fig. 1. Scheme of the experimental setup for laser annealing.

Before the laser processing the distribution and dimensions of Te
nclusions was analyzed by the Nikon Eclipse LV150 optical micro-
cope operated in IR mode.

The scheme of the experimental setup, which was  used for laser
nnealing, is shown in Fig. 1. The CdZnTe crystal was  irradiated
y the Nd:YAG laser pulses at room temperature in air under nor-
al  atmospheric pressure. The laser operated in Q-switched mode
ith pulse duration of 5 ns, power 1.0 MW,  pulse repetition rate

0 Hz, spot diameter 6 mm,  at a fundamental frequency with wave-
ength 1.064 �m.  The position of the laser spot was not changed
uring irradiation. The incident laser radiation intensity was  var-

ed by neutral filters. The energy of laser pulse was measured by
ieldMax II energy meter.

The micro-Raman spectroscopy is widely used for the analysis
f CdZnTe phase composition [15–17]. In particular, this method
llows to study distribution of Te inclusions [18–20] on a surface.
n our study, Raman spectra were measured at room temperature
y the Renishaw InVia micro-Raman spectrometer in a backscat-
ering geometry using 1800 mm−1 grating for the Ar (514 nm)  laser
xcitation source. The resulting signal was collected by CCD cam-
ra. The calibration of the spectrometer was done by measuring
aman spectrum of a silicon wafer.

FEI Nova NanoSEM 650 Schottky field emission scanning elec-
ron microscope (SEM) was used for the study of CdZnTe crystal
urface morphology after irradiation by the laser.

. Results and discussion
Please cite this article in press as: A. Medvid’, et al., Laser ablation in
hydrodynamic expansion, Appl. Surf. Sci. (2015), http://dx.doi.org/10.

As can be seen from Fig. 2a, initially, the surface of the sample
ad a high concentration of Te inclusions of 1.8 × 108 cm−2, with
ize distribution from 1 to 5 �m.

Fig. 2. The IR optical image of the CdZnTe rear surface before irradiation (a); SEM image
Fig. 3. SEM image of the rear surface after irradiation by the laser with intensity of
6.2 MW/cm2 for 0.5 h.

The morphology of the incident surface was  not changed after
the irradiation by the laser with intensity of 6.2 MW/cm2 but the
rear surface became porous with about the same surface concen-
tration of micro-pores as Te inclusions (Fig. 2b). It was determined
that the threshold intensity of the laser radiation for the incident
surface was  about 8.5 MW/cm2. Thus, we found that the thresh-
old intensity for the incident surface is higher than for the rear
surface.

We suppose that laser ablation of the rear surface is connected
with the presence of Te inclusions. As was shown in our previ-
ous investigation [13] the laser radiation with energy of quantum
h� = 1.1 eV (� = 1.064 �m)  is absorbed mainly by the Te inclusions,
because the band gap of Te is Eg = 0.33 eV. Whereas, the CdZnTe
crystal with the band gap of 1.6 eV is transparent for this radiation.

Our estimation according to the heat-flow equation [21] shows
that the heating of CdZnTe does not occur due to the low absorp-
tion coefficient of ∼0.5 cm−1 for the wavelength of 1.064 �m,  even
if the two-photon absorption is taken into account. As a result at
this laser intensity only Te inclusions are heated close to melting
temperature of 449 ◦C, which is about 2 times lower than the melt-
ing temperature of CdZnTe which is about 900 ◦C. Hence due to
the low thermal conductivity of CdZnTe, the Te inclusions heat up
to the melting temperature, which leads to the formation of high
 CdZnTe crystal due to thermal self-focusing: Secondary phase
1016/j.apsusc.2015.09.225

temperature gradient field around them during the laser pulse [22].
The refraction index increases with temperature, and can be

calculated by Eq. (1) presented in [23] using the temperature

 of the same surface after irradiation by the laser with I = 6.2 MW/cm2 for 0.5 h (b).

dx.doi.org/10.1016/j.apsusc.2015.09.225
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ig. 4. The optical image of the crystal surface (a), the mapping area (the green rec
easurement of the corresponding Raman spectra (b).

oefficient of the refractive index (∂�/∂T = 1.5 × 10−1 K−1 at
064 nm)  [24]

�  =
(

∂�

∂T

)
p

dT +
(

∂�

∂p

)
T

dp (1)

here the first term is the refractive index change due to the tem-
erature change, the second one is due to the density change.

It should be noted that (∂�/∂T)p » (∂�/∂p)T and the second term
n Eq. (1) could be neglected for CdZnTe. Thus, the calculation
ccording to Eq. (1) shows that the increase of the temperature
f the crystal to the Te melting point leads to the increase of refrac-
ion index by 0.06. The non-uniform distribution of Te inclusions
eads to the non-uniform distribution of temperature and refraction
ndex. The changes of refraction index results in local self-focusing
t inclusions and multi-focusing of laser beam.

In turn, the nonhomogeneous temperature distribution leads
o the changes in refractive index and focusing of laser beam, i.e.
hermal self-focusing [25].

Therefore, the intensity of the laser radiation at the rear sur-
ace increases locally. At that, the rapidly overheated Te inclusions
roduce high pressure normal to the surface and the following
xplosion associated with formation of pores takes place. In other
ords, the observed laser ablation is a result of the hydrodynamic

xpansion of Te inclusions [26], the so-called secondary phase
ydrodynamic expansion.

In our case, the Te inclusions and hence the focus position of
he laser beam are randomly distributed on the rear surface, there-
ore, the distribution of pores is inhomogeneous, too (Fig. 2b). The
bsence of sharp boundaries between the ablated spot and the
est of the rear surface and emerging of pores in different places
fter each pulse can be considered as the evidence of the above-
entioned suggestion (Fig. 2b).
At the given intensity, the laser acts in multi-pulse manner,

.e. irreversible changes are accumulated from pulse to pulse, as
as shown in [27], and was observed with the naked eye after

0 min  of laser irradiation. When increasing the laser intensity to
.5 MW/cm2 the damage of the front surface takes place as a result
f the hydrodynamic expansion of Te inclusions, and hence the
bsorption of laser radiation increases resulting due to damage of
he incident surface. Thus, one pulse damage of the rear surface was
mpossible.

A more detailed study of the damaged surface by SEM reveals
icrostructure of the pores (see Fig. 3).
Namely, as can be seen from Fig. 3, the walls of the pores are

overed by the droplet-like species with the size varying from 40
o 300 nm.  The formation of such species could be explained by
Please cite this article in press as: A. Medvid’, et al., Laser ablation in
hydrodynamic expansion, Appl. Surf. Sci. (2015), http://dx.doi.org/10.

preading of the initial material debris after explosion of the Te
nclusions. The measurements with the help of the optical micro-
cope show that the depth of the micro-pores varies from 1 to 7 �m.
uch structuring of the surface leads to the increase of the light
) represents distribution of the intensity of CdTe(LO) mode, 1 and 2 – the points of

absorption coefficient in the visible wavelength range. Therefore,
the damaged surface looks black on the optical image (Fig. 4a).

We speculate that the above-discussed processes may  lead to
the formation of Te-depleted material at the ablated surface. In
order to verify this hypothesis, the sample was  studied by the
micro-Raman spectroscopy method.

In particular, to compare the phase composition of the damaged
and non-damaged surfaces the center of Raman mapping area was
set on their interface (Fig. 4).

The typical spectra obtained from both the surfaces at points 1
and 2 as shown in Fig. 4a are presented in Fig. 4b.

The Raman spectrum measured from point 1 on the non-
damaged surface shows strong peaks of the Te(A) and Te(ETO)
phonons at 123 and 142 cm−1 respectivetly [18,19] while CdTe(LO)
mode appears only as a shoulder of Te(ETO) peak at around
167 cm−1. It should be noted that such low intensity of CdTe(LO)
mode relatively to the Te phonons is typical for CdZnTe Raman
spectra [18,20]. The Raman spectrum obtained from the damaged
surface (point 2) also reveals strong Te modes, but along with this,
the intensive CdTe (LO) mode at 166.5 cm−1 was found. As follows
from Fig. 4, the relative intensity of CdTe (LO) mode significantly
increases. It can be explained by the removal of Te-inclusions dur-
ing ablation. The spatial distribution of the intensity of the CdTe(LO)
mode obtained from the mapping of the surface is presented in
Fig. 4a. As can be seen, CdTe(LO) mode is more intensive on the dam-
aged surface which is consistent with the results of the single point
measurements. Thus, the Raman experiment confirms our assump-
tion about the formation of Cd-rich surface during laser ablation.

4. Conclusion

Two  threshold intensities of laser ablation of CdZnTe crystal: 8.5
and 6.2 MW/cm2, for both the incident and the rear surfaces were
found. We speculate that the ablation of the rear surface occurred
in several steps, namely:

- heating of Te inclusions by the laser radiation;
- thermal self-focusing of the laser beam;
- hydrodynamic expansion of Te inclusions;
- formation of pores due to explosion of Te inclusions.

The ablation process was  multi-impulse, i.e. the damage
emerged with time delay.

Absorption of the laser radiation by the inclusions in CdZnTe
crystal plays a significant role in laser-induced damage. The possi-
ble damage mechanism, associated with inclusions, is the thermal
explosion due to the nonlinear heating of the inclusions, because
 CdZnTe crystal due to thermal self-focusing: Secondary phase
1016/j.apsusc.2015.09.225

of the self-focusing of the laser beam.
It was supposed that laser ablation leads to the removal of Te

inclusions from the area near the rear surface, which was  confirmed
by Raman spectroscopy.

dx.doi.org/10.1016/j.apsusc.2015.09.225
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