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Investigation of pulsed laser ablation process of HgysCdgoTe
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The vaporization threshold was measured under the irradiation of 1.064-pum, 10-ns pulsed laser. Then
we calculated the vaporization temperature based on the conservation law of energy and analyzed the
vaporization time based on our established model. These results coincided well with the information from
the micrograph of scanning electron microscope (SEM) and the spectra of the plasma. Besides, the laser
ablation rate was also computed and discussed theoretically.
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In the interaction between laser and solid target, the
interests have been widely concentrated on either the
high-density and high-temperature plasmas* 3! or the
generation of shock waves in the unablated material and
the resulting high-pressure statel*5!. Laser ablation, i.e.,
the ejection and separation of matter out of the laser-
heated solid surface, is a basic aspect of laser-matter
interaction. Several mechanisms have been proposed,
which could be responsible for the laser-induced forma-
tion of charged and neutral particlesl®~8l. Apart from
the basic interest, particular applications would benefit
from the improved understanding of ablation process,
which generally involves the laser damage of various ma-
terials and the laser ablative matter removal for pulsed
laser deposition (PLD)I and micromachining%-11],

PLD technique has been extensively employed in
preparing thin films of semiconductors!’?, as well as
superconductors®. In comparison with other meth-
ods, PLD has many advantages and is a very promising
method for growing high quality thin films. Although
high quality thin films of superconductor (Y-Ba-Cu-O)
have been prepared in many laboratories, preparing high
quality thin films of Hgy gCdg.2Te, one of the important
infrared materials, has been being of difficulties. The
studies on the melting and plasma of Hgg sCdg o Te have
been done by lots of groups 14!, but the investigation on
the laser ablation process of it has been seldom reported.
Therefore it is necessary to gain an insight into the laser
ablation process of Hgy gsCdg.2Te at present.

In this paper we measured the vaporization threshold
in the case of 1.064-pum and 10-ns pulsed laser irradiating
the Hgy.sCdg.oTe target. The theoretical result is in good
agreement with the experimental data. Then the vapor-
ization temperature was calculated numerically based on
the energy conservation law and the vaporization time
was also analyzed based on our established modell!3],
These results were also confirmed by the micrograph of
scanning electron microscope (SEM) and the spectra of
plasmas. Then, we computed and discussed the laser
ablation rate theoretically.

The arrangement of the experimental apparatus has
been shown in Ref. [1]. The pulsed laser used in our
experiment is a Nd:YAG laser (Spectra Physics Quanta-
Ray DCR-3) and operates in a @-switched mode. The
laser output has a pulse duration of 10 ns and a wave-
length of 1.064 pm, and the maximum laser energy is
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1 J. The laser energy was measured by a digital energy
meter (OPHIR DGX-30A). The laser pulse was reflected
by a prism mirror, and then focused onto the polished
HgCdTe target surface by a quartz focus lens L1 (f = 6.3
cm). The focus of the lens was adjusted on the target
surface, and the spot size of the laser beam is 0.44 mm
in diameter. The HgCdTe sample was positioned on a
sample holder in a chamber. The chamber and lens L1
were mounted on a two-dimensional (2D) (x,y directions)
movable plates. The y direction is the laser beam axis.
In the z direction, two cylindrical lenses (L2 and L3)
were used to image the plasma emission from the plane
which has a distance dy from the surface of the target to
the entrance of the slit of a spectrum analyzer (ISA, HR-
320). The dispersed emission was subsequently detected
with a 10-ns gated, image-intensified optical multichan-
nel analyzer (PARC OMA III). The area irradiated by
pulsed laser was scanned and analyzed with a SEM at
20 keV.

In the experiment, we measured the vaporization
threshold for six times under 10-ns pulsed laser irra-
diation. The results were shown in Table 1.

In order to decrease the experimental error, we con-
sidered the average data in Table 1 as the vaporization
threshold. The average value is 5.5 x 107 W/cm? or
0.55 J/ecm?. However, the damage threshold is lower
than that measured in Ref. [16] under the 10.6-pm laser
irradiation. We thought that there were two reasons
could explain the difference. Firstly, since the absorp-
tion coefficient of Hggy sCdg.oTe crystal for the laser with
a wavelength of 1.064 pm (1.0 x 10* cm~1%13]) is an
order of magnitude more than that for the 10.6-pm laser
(1.0x10% cm~ ') the surface temperature will increase
more quickly under 1.064-um laser irradiation compared

Table 1. Vaporization Threshold for Hgo sCdg.2Te

Threshold Laser Intensity (x10” W /cm?)
1 5.5
5.6
6.0
5.2
5.8
5.0
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with under 10.6-pm laser irradiation. Also, the more
the absorption coefficient is, the lower the penetration
depth gets, and the thinner layer is vaporized. There-
fore, the vaporization easily occurs when the 1.064-um
laser instead of 10.6-pum laser is focused on the surface
of Hgy.sCdg.oTe crystal. Secondly, it has been reported
that the major response of detector to the irradiation of
in-band light is optical effect, while thermal effect can
be seen when the incident laser intensity is somewhat
higher. However, when irradiated by off-band light, the
major response of detector is thermal effect!!”). In our
work, the response band of Hgy gCdgpoTe is 8 — 14 um,
therefore, the thermal effect of 1.064-pm laser pulse out-
weighs that of 10.6-pum laser pulse.

The vaporization threshold of the pulsed laser could
also be computed using the model established in Ref. [14].
The results are shown in Fig. 1. It is evident that the the-
oretical result, 5.4 x 107 W/cm?, is very consistent with
the experimental data.

In addition, according to the energy conservation law,
an expression can be written as

Ew(1— R) = pd " o(T)dT, (1)

To

where Eyy, is the threshold incident energy density, R the
reflectivity, 75, and T the vaporization temperature and
room temperature, respectively, d the penetration depth
(1/a), and ¢(T') the specific heat. The relation between
¢(T) and T is given in Ref. [14]. Considering the non-
linear change of ¢(T") with temperature, the vaporization
temperature of 1741 K is obtained by numerical solution.

We also investigated the vaporization time based on
the plasma emission spectral'®l. The temporal evolution
obtained in the wavelength of 380 — 620 nm at an ob-
servation distance dy = 0.5 mm is shown in Fig. 2. Tt
is obvious that an intense continuous emission spectrum
appears at the delay time of 10 ns. Thus we could de-
duce that the plasma generates within 10 ns after the
pulsed laser irradiates the target surface. This is because
that the continuum is related to the strong collision be-
tween free electrons and excited atoms or ions known as
bremsstrahlung, and the recombination of electrons and
ions.

In order to further study the vaporization process, we
also derived an expression of vaporization time based on
the model used in Ref. [15],
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Fig. 1. Time dependence of vaporization threshold for
Hgo_ngo_gTe.
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Fig. 2. Evolution of plasma emission spectra in the wave-
length region of 380 — 620 nm. The corresponding laser in-
tensity is 2.0 x 10% W/ cm? and the background pressure is 1
atm.
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where Ty, is the melting point, Iy the incident laser inten-
sity, I, the vaporization latent, I¢ the fusion latent, k, p,
¢, and R are thermal conductivity, density, specific heat,
and reflectivity, respectively, and the footnotes “1” and
“s” denote liquid state and solid state. Using Eq. (2)
and the parameters from Ref. [14], we got the results
shown in Fig. 3. It reveals that the vaporization time de-
creases quickly with the increase of incident laser inten-
sity when the laser energy just exceeds the vaporization
threshold, and it almost becomes constant when the laser
intensity is very high. One could clearly recognize that
the vaporization occurs almost instantaneously when the
pulsed laser with intensity more than 4.0 x 108 W /cm?
reaches the target surface. Meanwhile the SEM micro-
graph shown in Fig. 4 gives that the target surface is
already vaporized at the laser power density of 2.0 x 108
W /cm? for the sputter phenomenon can be observed ap-
parently.

According to the Beer-Lambert law and pondering on
the absorptivity of the target surface and vaporized ma-
terials, a relation can be written as

Id = €Ioe7ad, (3)

where ¢ is the effective absorptivity for incident laser,
here considering the absorption of the surface and formed
plasma, the average value of € is taken as 0.22, I and «
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Fig. 3. Vaporization time versus the incident laser intensity.
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Fig. 4. SEM micrograph of Hgo.sCdo.oTe surface irradiated
by a pulsed laser with the laser intensity of 2.0 x 10® W /cm?,
the magnification of the upper portion is 5 times of the lower.

denote the intensity of the incident laser normal to the
surface of target and the absorption coefficient respec-
tively, Iy is the attenuated laser intensity at the depth d
into the material. When the laser penetrates the depth
dy, its intensity attenuates to I, below which no vapor-
ization occurs any longer. Therefore we define the depth
dy as the ablation depth of laser pulse ablation. Solving

Eq. (3), we get
1 6]0
— Zm (2o 4
dt o n (Ith> 5 ( )

where [y}, is the power density threshold. So for one pulse
the ablation rate can be defined as

1 6]0
Vo=—1In|—]. 5
& « ( Ith ) ( )
It is obvious that the ablation plane moves at a certain
velocity, which depends on the properties of the laser and
target material, within the laser pulse duration. If the

laser irradiates the surface obliquely, the ablation rate
should be changed correspondingly as

vy = 1 I elycost ’ (6)
Iy

«

where 6 is the incident angle.

The ablation rate of the pulsed laser irradiation for
Hgo.sCdp 2 Te was calculated with Eq. (5) and shown in
Fig. 5. From Fig. 5, we can identify two distinct regions.
One is that the ablation rate increases rapidly with the
increase of the incident laser intensity whose value ranges
from the threshold to 1.5 x 10° W/cm?. This means that
if a well stabilized laser with an accurately measurable
output is utilized for ablating, this is the desirable re-
gion where ablation can be performed most efficiently.
However, if the incident laser intensity exceeds 1.5 x 10°
W /cm?, the ablation rate is not very sensitive to it.
Therefore, if the laser output is not stable, the appropri-
ate intensity should be selected in the second region for
the sake of obtaining a steady ablation rate.

Besides, we computed the variation of the ablation rate
with the incident angle. The incident laser intensities
were taken as 5.0 x 108, 8.0 x 108, and 1.0 x 10° W/cm?,
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Fig. 5. Incident power density dependence of ablation rate
fOI‘ Hgo_sto_gTe.
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Fig. 6. Incident angle dependence of ablation rate for
Hgo_gcdo_zTe.

respectively. The results are shown in Fig. 6. It is evident
that when the incident angle is in the range of 0 — 7 /4,
the ablation rate is higher and more stable. Therefore, in
general we mostly choose the incident angle ranging from
0 to 7/4 in practical applications, such as in PLD. From
Figs. 5 and 6, one can easily know that the ablation rate
is 1.16 pm/pulse when the pulsed laser with the inten-
sity of 8.0 x 10¥ W/cm? normally irradiates the surface
of Hgp sCdg.oTe target.

In conclusion, the vaporization threshold of 5.5 x 107
W /cm? was measured under the 10-ns pulsed laser irradi-
ation, which agreed well with the calculated result. The
vaporization temperature of 1741 K was also computed
based on the energy conservation law, and using our es-
tablished model, one can recognize that the vaporization
occurs instantaneously when the laser with the intensity
more than 4.0 x 108 W/cm? reached the target surface.
The ablation rate increased with the increase of the in-
cident laser intensity, and it was about 1.16 ym/pulse at
the laser intensity of 8.0 x 108 W/cm?. The ablation rate
was relatively high and stable in the case of the incident
angle from 0 to 7/4 at a certain laser intensity. There-
fore the laser incident angle should range from 0 to 7/4
in practical applications for high efficiency.
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