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a b s t r a c t

Damage threshold for the onset of surface melting was investigated theoretically and experimentally on
HgCdTe crystal irradiated by multi-pulsed CO2 laser. The impact of repetition frequency and irradiation
time on damage threshold was analyzed and damage morphology of the crystal was observed by
scanning electron microscope (SEM). Thermal accumulate effect is obvious, and damage threshold
gradually reduces with the increase of irradiation time and does not depend on laser repetition
frequency. Damage threshold calculated by thermal model is in good agreement with the experimental
data. Melting and solidification phenomenon were evident on the crystal surface, and the obvious crack
which was caused by thermal stress was not found. Theoretical model gives a reasonable explanation on
surface morphology changes.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

HgCdTe crystal is a major semiconductor material used for
fabrication of infrared photoelectric detector (8–14 μm) because of
its high sensitivity and suitable response wavelength. In many
applications [1–3], it is very important that the detectors continue
to operate at high performance levels. However, HgCdTe crystal
irradiated by high power laser happens to easily fracture [4] and
melting [5,6], resulting in a permanent damage. Therefore, a
number of studies on HgCdTe crystal damaged by CO2 laser have
been reported in recent years [4,7–9]. These researches are mainly
focused on continuous-wave (CW) CO2 laser damage or single
pulsed laser damage. Bartoli gave a general theoretical model for
laser induced damage of HgCdTe crystal and detector, in which
laser was assumed to be Gaussian beam profile and the irradiation
was assumed to be uniform [7], and obtained the damage thresh-
old of HgCdTe detector which was irradiated by single pulsed CO2

laser [8]. Zhao set up experimental installation of HgCdTe crystal
damaged by CW CO2 laser, and got the relationship between
damage threshold of the crystal and irradiation time [9]. However,
there has been no reported till now on HgCdTe crystal damaged by
multi-pulsed CO2 laser.

In this paper, we not only obtain the relationship between damage
threshold and irradiation time, but also set up three-dimensional
theoretical model, calculate thermal stress and temperature rising
process of the crystal, and analyze the impact of repetition frequency
on damage threshold.

2. Experimental set-up

Experimental sample is a p-type Hg1�xCdxTe (x¼0.174) crystal
which is cylindrical with thickness 0.63 mm, and radius 8 mm.
The polished sample is mounted on the substrate by a thin layer of
double-side adhesive tape. Morphology changes in the damaged
sample are measured by SEM (Model#: XL30ESEM-FEG). The
arrangement of experimental apparatus is schematically shown
in Fig. 1.The pulsed laser used in the experiment is a high
repetition frequency CO2 laser operating in a Q-switched mode
with a pulse width of 200 ns and a wavelength of 10.6 μm, and
laser peak power is 4000 W [10]. Repetition frequency of the laser
can be adjusted from 1 Hz to 100 kHz. The laser is operated on
near TEM00 mode, the beam radius is 6 mm, and divergence angle
is 1 mrad.

In our experiment, attenuator is used to adjust laser average
power and the polarization of the incident beam needs not to be
controlled. The CO2 laser is divided into two parts by beam splitter.
The reflected beam is received by a power meter to monitor laser
power. The transmitted beam is focused on the crystal surface by a
lens with focal length f of 100 mm. HgCdTe crystal is placed on the
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focus plane and the distance between multi-pulsed CO2 laser and
the focus lens is 2 m. Laser switching is used to adjust pulse
number, and its exposure time is from 1 ms to 100 s.

3. Theoretical model set-up

Electron-phonon relaxation time of HgCdTe crystal have been
found to be 1–2 ps in previous studies, so laser energy coupled to
the electrinic system is quickly transferred to the lattice during
nanosecond laser irradiation [11]. When pulsed laser is focused on
the sample surface, laser energy is absorbed by the sample and its
surface temperature will gradually rise on the irradiation with a
200 ns pulse. The problem usually can be simulated with one-
dimensional model for single pulsed laser [5,7,12]. However, those
one-dimensional models are no longer applied to multi-pulsed
laser irradiation at a long irradiation time. Therefore, a three-
dimensional thermal model is set up in this paper. We consider
that HgCdTe crystal is the optically isotropy material and uni-
formly irradiated in the model. In addition, considering pulsed CO2

laser and sample axial symmetry, one of fourth physical model of
the sample is set up in Fig. 2.

Temperature distribution of HgCdTe crystal irradiated by multi-
pulsed laser is described by three-dimensional heat conduction
equation:

ρcðTÞ ∂T
∂t

¼ KðTÞ ∂2T
∂r2

þ 1
r
∂T
∂r

þ ∂2T
∂z2

!
þQ ðr; z; tÞ
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where K(T), ρ and c(T) are thermal conductivity, density and
specific heat of the material. Q(r,z,t) is the rate of heat supplied
to the material per unit time per unit volume and is connected to
the peak power density I0 of the irradiation laser.

Q ¼ I0ð1�RtÞαexpð�αzÞ ð2Þ
where Rt is the reflectivity, and α is the absorption coefficient of
Hg0.826Cd0.174Te crystal. HgCdTe absorption coefficient α mainly
includes one-photon absorption coefficient αL and two-photon
absorption coefficient βn [13].

α¼ αLþ
βnI0
2

ð3Þ

Two-photon absorption (TPA) is the fact that when the energy
of high intensity incident photons is more than half of the band
gap energy of the semiconductor, the electrons in the valence band
(VB) absorb two photons to reach the unoccupied states in the
conduction band (CB) [14]. Owing to low peak power density I0 in
our experiment, the absorption caused by TPA is much smaller
than one-photon absorption. Therefore, we neglect the influence
of TPA and absorption coefficient α is approximately equivalent to
one-photon absorption coefficient αL in our analysis.

Besides, considering the process of laser-material interaction,
energy absorbed by the crystal surface is more than energy
radiated, thus thermal radiation process is neglected in the model.
However, heat convection process must be analyzed owing to a
long irradiation time. Therefore, the initial and boundary condi-
tions are given respectively:

Tðr;hÞ ¼ T0 ð4Þ

�k
∂Tðr;0Þ

∂n
¼ hcðTs�T0Þ ð5Þ

�k
∂TðR; zÞ

∂n
¼ hcðTs�T0Þ ð6Þ

where T0 is room temperature, hc is heat convection coefficient.
Since c、K and αL of Hg1�xCdxTe crystal are mainly dependent on
temperature and chemical composition x, the analytic solution of
Eq. (1) is not available. Hence, finite element method is used to
calculate thermal damage process of Hg0.826Cd0.174Te crystal irra-
diated by multi-pulsed CO2 laser in this paper. The main physical
properties of Hg0.826Cd0.174Te crystal is shown in Table 1.

4. Experimental results and analysis

4.1. Damage threshold analysis

4.1.1. Repetition frequency
In order to analyze the impact of the repetition frequency, we

measure the relationship between damage threshold and repeti-
tion frequency by morphology method in our experiment. Experi-
mental results are shown in Fig. 3.

We can found that damage threshold of Hg0.826Cd0.174Te crystal
irradiated by different repetition frequencies is mainly the same in
Fig. 3. Once laser average power density is more than 0.95 kW/
cm2, the melting damage will occur. Therefore, we argue that
damage threshold irradiated by multi-pulsed laser mainly depends
on laser average power density, and does not depend on repetition
frequency. In order to explain the experimental conclusion, we
calculate temperature rising process of Hg0.826Cd0.174Te crystal
with different repetition frequencies in the first 5 ms when laser
average power densities are 0.95 kW/cm2. Simulation results are
shown in Fig. 4.

We can found that surface temperature gradually rises with the
increase of irradiation time and appears two processes of tem-
perature rising and dropping in the single pulse. Though the value
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Fig. 1. Schematic diagram of the experimental set-up.
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Fig. 2. Physical model of Hg0.826Cd0.174Te crystal irradiated by high repetition
frequency CO2 laser.
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of temperature rising caused by high repetition frequency laser is
lower in the single pulse, the curve of temperature rising is
basically the same with low repetition frequency laser because
of its more pulse numbers and the same disappeared heat through
thermal diffusion and convection at the same irradiation time. It is
a reasonable explanation on previous experimental results.

4.1.2. Irradiation time
The relationship between damage threshold and irradiation

time is shown in Fig. 5. Experimental results show that damage

threshold of Hg0.826Cd0.174Te crystal irradiated by multi-pulsed CO2

laser decreases rapidly with the increase of irradiation time in the
first 5 s. Damage threshold is 2.25 kW/cm2 at the irradiation time
of 0.4 s, while damage threshold reduces by half at the irradiation
time of 5 s.

In addition, it is worth noting that once the irradiation time is
more than 10 s, the damage threshold is 0.95 kW/cm2 and it is not
dependant on the irradiation time, that means no matter how long
the interaction is, the crystal cannot be damaged with an average
power density less than 0.95 kW/cm2.

In order to approve the experimental conclusions above, we
calculate temperature rising progress of the crystal irradiated by

Table 1
Physical properties of Hg0.826Cd0.174Te crystal.

Physical properties Value Reference

Melting point Tm 993 K [5]
Density ρ 7.6 g/cm3 [5]
Thermal diffusion coefficient of solid K(T) 1.125–4.568 Tþ11.03 T2–8.427 T3(mm2/s),T(1C/1000) [15]
Specific heat c(T) 0.058 Tþ149.76(J/kg K)(300–673 K) [15]
Thermal conductivity coefficient k(T) ρK(T)c(T) [15]
Latent heat of melting ΔH 130 J/g [7]
Reflectivity 0.31 [5]
One-photon absorption coefficient αL α0exp(δ(E-E0)/k/T) cm�1 [16]
Two-photon absorption coefficient βn 4.68 cm/MW [14]
Thermal expansion coefficient β 4.25�10�6/K [4]
Elastic module E 5.39�1010 N/m2 [4]
Poisson's ratio 0.41 [17]
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Fig. 3. Relationship between damage threshold and repetition frequency with the
irradiation time of 10 s (“x” represents undamaged spots, “o” represents damaged
spots).
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0 5 10 15 20
0.5

1

1.5

2

2.5

Time/s

M
el

tin
g 

th
re

sh
ol

d/
kW

/c
m

2

Experimental datas

Theoretical curve

Fig. 5. Experimental results of damage threshold.
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Fig. 6. Temperature rise of Hg0.826Cd0.174Te at the center of the ablation zone.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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different power densities. Numerical simulation results are shown
in Fig. 6.

We could note that thermal accumulation effect of HgCdTe
crystal is extremely obvious in Fig. 6. Temperature on HgCdTe
crystal surface gradually rises with the increase of irradiation time.
When surface temperature reaches the melting point, melting
damage will occur, and the higher average power density is, the
less is the melting time. However, crystal surface temperature will
appear in thermal equilibrium if the value of temperature rising is
equal to the value of temperature dropping caused by thermal
diffusion and convection in the single pulse, such as the purple dot
dash line. Hence, it can be well explained experimental phenom-
enon above that when laser pulse number is more than 10 s,
damage threshold was not changed.

Fig. 5 gives theoretical curve (solid line) of damage threshold. It
is found that damage threshold calculated by thermal model is in
good agreement with the experimental results. When laser peak
power density is 0.95 kW/cm2, temperature distribution of
HgCdTe crystal simulated by ANSYS is shown in Fig. 7. We can
found that the maximum temperature of the surface is located in
the center of laser ablation zone, thermal diffusion occurs on the
surface, the temperature gradually declines from the center to
the edge of the crystal, thus the temperature gradient is formed on
the surface. With the increase of irradiation time, the maximum
temperature of the surface is higher, and the temperature gradient
is more obvious.

Therefore, we can found that damage mechanism of multi-
pulsed laser is different from single pulsed laser in Ref. [8]. When
HgCdTe is damaged by single pulsed laser, surface temperature of
the crystal will rise rapidly to melting point in the single pulse,
and damage threshold mainly depends on energy deposited by
unit area. Nevertheless, when HgCdTe is damaged by multi-pulsed
laser, surface temperature of the crystal rises gradually due to
thermal accumulation effect, and damage threshold mainly
depends on average power density and associates with the
irradiation time. It is basically consistent with the previous
conclusions on CW CO2 laser in Ref. [9].

4.2. Morphological analysis

Besides melting damage, stress damage is another main way of
material damage. Once thermal stress is theoretically greater than
the tensile strength of the material, thermal stress damage occurs,
resulting in obvious cracks on the crystal surface. Therefore, we
measure surface morphology of the crystal damaged by multi-
pulsed CO2 laser. SEM micrographs of the crystal surface damaged
are shown in Fig. 8.

We can observe that melting and solidification phenomenon
were extremely obvious, and a large number of bulges and pits
were found in laser ablation zone. The main reason of the bulges
and pits emerging is inhomogeneous of Hg evaporation. The more

Fig. 7. Nephograms of temperature distribution on the crystal irradiated by different irradiation times. (a) 0.2, (b) 2 s.

Fig. 8. SEM micrograph of Hg0.826Cd0.174Te crystal. (a) SEM micrograph of the crystal surface (b) SEM micrograph of laser ablation zone.
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Hg evaporation edgendered the pits, and the less Hg evaporation
engendered the bulges. Hg evaporation is mainly due to the fact
that Hg–Te key in HgCdTe crystal is unstable and easily decom-
posed into Hg and Te when surface temperature is very high. Thus
Hg can be evaporated resulting in Hg vacancy because of its low
melting points (234 K) and boiling points (629 K). Hg vacancy is
the main native defects of HgCdTe crystal.In addition, comparing
with surface morphology damaged by single pulsed laser in Ref. [4],
we can found that the obvious crack caused by thermal stress was
not found on the crystal surface.

In order to explain experimental phenomenon above, we
calculate thermal stress of Hg0.826Cd0.174Te crystal irradiated by
2.25 kW/cm2. Radial deformation of the crystal axis defines zero
as structure boundary condition in our analysis. The results are
shown in Fig. 9.

We can observe that thermal stresses gradually increase with
the increase of the temperature on the crystal surface. The thermal
stress on the crystal surface is up to the maximum when the
melting damage happens, the value of which is 5�107 Pa. In Ref.
[4], it is reported that when the maximum thermal stress on the
crystal surface is 14.9�107 Pa, thermal stress damage of the
crystal surface occurs, and an obvious crack emerges throughout
laser ablation zone. It is very obvious that the maximum thermal
stress caused by multi-pulsed laser is much less than the thermal
stress reported by Ref. [4] and not enough to make the crystal
crack. This is mainly due to the fact that the crystal surface
temperature rapidly rises in an extremely short time, thus the
bigger thermal stress is produced in the irradiation zone. Once
thermal stress is greater than the tensile strength of the material,
the obvious crack will appear in the crystal surface. However,
temperature rising is mainly due to thermal accumulation for
multi-pulsed laser ablation, the crystal surface temperature slowly
rises in the longer irradiation time, and thermal stress caused is
smaller and not enough to engender the crack. Therefore, it gives a
reasonable explanation that the main method of Hg0.826Cd0.174Te
crystal damaged by multi-pulsed CO2 laser should be melting.

5. Conclusions

In summary, melting damages of Hg0.826Cd0.174Te crystal irra-
diated by multi-pulsed CO2 laser were measured in this paper, and
temperature rising and thermal stress were calculated by three-

dimensional theoretical model. The research results show that
thermal accumulate effect of the crystal damaged by multi-pulsed
laser is obvious, damage threshold mainly depends on laser
irradiation time and does not depends on repetition frequency.
Once laser average power density is less than 0.95 kW/cm2,
melting damage will not occur. Furthermore, Hg0.826Cd0.174Te
crystal irradiated by multi-pulsed CO2 laser should be melting
damage, melting and solidification phenomenon were evident in
the laser ablation zone, and the obvious crack which was caused
by thermal stress was not found. In theory, the maximum thermal
stress obtained by thermal stress model is only 5�107 Pa, which is
not enough to engender the crack. It is very reasonable to explain
the experimental phenomena. The conclusions of the study have a
reference value for HgCdTe crystal in the application of manufac-
turing infrared detector.
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