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Thermodiffusion model of laser annealing and decomposition of the material is pre-
sented. It has been shown that phonon flux plays a significant role in this process. The
magnitude of the phonon flux is closely related to the area of the material, where the
temperature gradient has a significant value, as a result of which Hg atoms are gath-
ered in a place corresponding to the maximum value of the temperature gradient. It
has been shown that the processes of atoms diffusion at laser annealing of HgCdTe
(MCT) can cause the specific conditions of decomposition of the solid solution. The
idea of the possible formation of p-» heterojunction, which was shown by computer
modelling of mass transportation processes under laser treatment of the MCT was ex-
perimentally realized. MCT samples were irradiated without melting with an YAG
neodymium laser. The presence of a heterojunction not far below the surface has been
verified by photovoltaic measurements and X-ray microanalysis as well as by current-

voltage characteristics.

Mercury cadmium telluride solid solution is
still one of the most important material for in-
frared devices. However, that kind of semicon-
ductors has a serious fault: the weak mercury
bond in crystal net. The velocity of mercury dif-
fusion coefficient is significant even at room
temperature, therefore physical properties of
mercury cadmium telluride depend on diffusion
processes of mercury. After obtaining HgCdTe
thermal heating is used for improvement of its
properties.

On the other side, this peculiarity - the
weak HgTe bond - has an another aspect: the
possibility to modify the properties of that ma-
terial by external influences, for example, by
laser irradiation.

The results of recent investigations for
MCT semiconductors group after laser anneal-
ing are contradictory. Some of them give the
evidence for the influx of Hg atoms to the irra-
diated material surface [1-3] and influx of Te
atoms to this surface [4], others indicate the out-
flux of mercury atoms from annealed surface
[5,6]. Ref. [7] presents ambiguous data on laser
annealing of HgCdTe without melting.

In this paper it is shown that the diffu-
sion processes of atoms at laser annealing of
Hg.xCdyTe can cause the specific conditions of
decomposition of solid solution which deter-
mine its inner periodic structure.

The possibility of obtaining sharp p-n junc-
tions in Hg; «Cd,Te by laser treatment has been
reported earlier [8,9]. The authors of Ref. [8,9]
restricted their analysis to the quantity aspect of
the dynamic of one of the ingredients (mer-
cury). But there is a lack of diffusion model de-
scribing changes in physical properties of mer-
cury cadmium telluride in the presence of high-
power laser beam.

The purpose of this paper is to describe the
thermodiffusion model of mass transport
mechanism at laser annealing condition and
subsequent verification results of simulation of
mercury diffusion processes by microanalyses
of components of MCT specimens after an-
nealing,

Thermodiffusion model

Diffusion processes are described by the
standard diffusion equation. However, there is
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a large increase in the diffusion parameters, pends on the sign of the derivative of the tem-
such as diffusion coefficient, length of diffu- perature gradient. This means the inversion of
sion, etc. {10, 11] in the case of laser anneal- sign in the case, when an extremum of the tem-
ing. This is caused mainly by the following perature gradient exists, provides an influx of
factors: large temperature gradients (for time atoms or defects from two sides to the point of
pulse length equal to 250 us they are even the temperature gradient extremum. At this
about 1000 K per centimetre), which produce point atoms are gathering.

the flux of phonons ("phonon wind") taking To solve the diffusion equation the infor-
impurity atoms away, and the field of ther- mation about temperature and temperature gra-
moelastic deformations [12, 13]. dient fields is necessary. The required informa-

These factors are taken into account in the tion can be obtained by solving the thermocon-
diffusion equation by the additional atom flux ductivity equation. The standard thermocon-
arising from the action of the phonon wind at ductivity equation must be complemented with
the laser annealing [14, 15]: the term describing the laser energy:
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where D = D, exp(-E, / k;T) is mercury diffu- where ais temperature conductivity coefficient,
sion coefficient, £, — the activation energy of o — laser absorption coefficient, x is the ana-
vacancy creation, C, — specific heat, N — the lysed depth of the sample, 4 — thermoconduc-
impurity concentration, VI - the temperature tivity, W- the power of the laser beam ab-
gradient. sorbed by a volume unit of the sample.

One can notice from Eq. (1) that the direc- One of the methods of solving this differen-
tion of diffusion of atoms or defects caused by tial equation is a finite-difference method [16].
phonon wind depends on the sign of the second For this purpose both these equations were used
term in the right side of (1) and therefore de- in the subtraction form:
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where k is a number of time layer, /i is a sion length in the case of diffusion equation,
number of spatial layer (i =1,2,3,...,30),, # isa and in the case of thermodiffusion equation -

spatial step (h=d/30), d =30um, and 7is a than the heat transport during the time step.
Our considerations were restricted to the

one-dimensional case, because the condition for
one-dimensionality is fulfilled here: the diame-
ter of the homogenous laser beam is much

time step (the details of the calculation
procedure are presented in [15].

For this method the stability condition is the

following:z <4, (x is equal to D for ther- greater than the thickness of the sample. Equa-
modiffusion equation or x is equal to a for tion (1a) enables us to interpret the nature of the
thermoconductivity equation). This means that local concentration of impurities caused by
the space step must be much greater than diffu- phonon wind (the last term in (la) after laser
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annealing. It can be seen from equation (1a) that
the sign of the second term on the right side of
the equation depends on the sign of the curva-
ture of the temperature distribution. The set of
30 linear equations for 30 spatial layers (we as-
sumed this number of layers) should be solved
for each time step.

The calculations were performed for
specimen of HgCdTe (x=0.2) for first 30 layers
(the width of each layer is 1uym). YAG: Nd**
laser (A=1.06 um, pulse time t=250us) was
chosen.

In MCT semiconductors the prominent role
is played by intrinsic defects such as vacancies
of mercury atoms which are acceptors, and in-
terstitial mercury atoms (IMA) which are do-
nors. At high temperature the main model of
diffusion of IMA in HgCdTe is a vacancy
mechanism, which allows the chemical diffu-
sion of mercury. This diffusion process of IMA
determines the concentration of both donors and
acceptors and brings about a change in chemical
composition of the material [17]. For this reason
the initial concentration of IMAs was accepted

as N,.O =1-10"'m73. An increase in the concen-

tration of defects is included into the thermal de-
pendence of the diffusion coefficient
D(T)=D,exp(-E,/kzT). The diffusion pa-

rameters are the following: D, =6-10°m?s™",

E,=0.96eV[18].

Thermoconductivity equation was solved
under the following boundary and initial condi-
tions: the initial temperature of the semicon-
ductor was equal to room temperature; a linear
gradient of temperature on the other side of the
sample, where the layer is contact with the sub-
strate, was assumed; the irradiated surface was
assumed to be thermally isolated from the envi-
ronment. In the boundary conditions for the dif-
fusion equation the concentration of mercury in
the air was taken as N, = 0. That determines
the negative diffusion, i.e. mercury atoms are

evaporated from the irradiated surface (the first
layer). It was also assumed that

Ny =Nyerf (%JDT) ’
Ni =N é‘oerﬁ( %_ﬁj{)

where erfc(y)=1-—erf(y)is the Gauss error
function, N;, is the concentration of IMAs in

the first layer in the sample, and N, is the last

layer in the annealed width of the sample.

The following parameters describing the ther-
mal properties of the sample were used for the
calculation: mass density p= 7.63-10° kg-m™,
A=43 Wm'K' a=npCy, a=8310"°
m?s7}, the melting temperature of Hg,gCdy,Te
is T, =1050K , the laser beam power was fitted

in order to keep the maximum temperature in
the sample less then 7, [19].

Results of simulations and discussion

In our calculations the diffusion of intersti-
tial mercury atoms was simulated.

The results of calculations of the time-
spatial distribution of the temperature gradient
and concentration of IMAs in HgCdTe for the
laser pulse length =250 ps are presented in
Fig. 1. More results of simulation for different
parameters of laser annealing are presented in
our previous paper [15]. As can be noticed from
Fig.la, the temperature gradient exists into the
whole investigated depth of material and is
equal to 10°K/cm. As one can see from Fig. 1b,
laser treatment induces a non-homogenous dis-
tribution of IMAs and causes a sharp maximum
in the IMA concentration with a value two
times greater than the initial value, after laser
treatment by three successive pulses. The
maximum is at a depth of 1.2um from the sur-
face and this position correlates with the posi-
tion of the extremum of VT (Fig.1a). Compar-
ing these results with those in Fig.1c, where the
concentration distribution was calculated with-
out the last term in Eq. (1), we can state that this
non-homogenous concentration is caused only
by phonons.
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Fig.1.a) Time spatial distribution of the tempetature gra-
dient VT(x,t) with pulse after irradiation of pulse length
of t=250us and  absorbed power  density
?/V=3.O8-1013W-m‘3 and absorption coefficient o= 1-10°m"

b) Time spatial distribution of the mercury concen-
tration N(x,t) after irradiation by three successive pulses
with length t=250us (parameters of annealing as in (a)).

¢) Time spatial distribution of the mercury concen-
tration N(x,t) without the action of the phonon wind (pa-
rameters of annealing as in (a)).

Experimental results

With the aim of experimental verification of
the computer simulated results, the distribution
of Hg concentration in HgCdTe specimens
subjected to laser treatment was investigated
under the above mentioned conditions
(A=1.06um, t=250us, energy density of the

beam 0.82J-cm™). Annealing was performed
with three successive pulses. Before irradiation
the samples were chemically etched. With the
aim of obtaining sufficient resolution of the
measurements a wedge with an angle of 2°, was
made on the surface of the sample. The con-
centration distribution was determined by micro
X-ray analysis using a XL30 Philips spec-
trometer by scanning an electron beam along
the wedge surface. The distribution of Hg, Cd,
Te concentrations before (dashed lines) and af-
ter (solid lines) annealing of p-type epitaxial
layer (pEL2) group samples and n-type bulk
(bN2) group samples is presented in Figs. 2a
and 2b.

It can be seen from Figs. 2a and 2b that the
non-monotonous concentration curves appeared
after laser treatment without melting. It can be
seen that the laser annealing has caused a de-
crease in the Hg concentration on the ir radiated
surface. The first maximum of the Hg concen-
tration is at the depth of 1.5 pm from the irradi-
ated surface. This position is in agreement with
the maximum of the Hg concentration caused
by the thermodiffusion effect discussed above.
Nevertheless, the next maxima appear. The
minima of the Cd concentrations correspond to
the maxima of the Hg concentration. The tellu-
rium concentration has also changed. In the
case of bulk n-HgCdTe group of probes nB2
(Fig.2b) the distinct phase opposition for oscil-
lations of Hg and Cd component concentrations
has been observed, and phase shifting of both of
these dependences can thus be stated. The new
feature for the curves in Fig. 2b can be noticed:
distances between adjacent maxima (minima)
became larger with depth being increased. Os-
cillations are attenuated at a depth of 13-14 um.
Similar depth profiles for other kinds of sample
(low and high p-bulk) have been obtained.
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Fig.2. Depth profiles of laser irradiated (solid curves) and
nontreated (dashed curves) areas for: a) epitaxial layers
pHgysCdg,Te (pEL2), b) bulk nHg,sCdy,Te (nB2).
(A)Te, (¢)Hg, ((HCd.

The possibility of interpreting the experi-
mentally obtained oscillations of concentration
can be explained with the help of Khachaturian
[21] and other [22, 23] thermodynamical mod-
els of the two-component solid solution.

Following this thermodynamical model we
can say that the amplitude changes of the con-
centration oscillations with a depth x can be
related to the different thermal history in vari-
ous points of the sample at laser annealing.

At the laser annealing great temperature
gradients arise, which can cause thermodiffu-
sion of the Hg atoms. This leads to a local
maximum of Hg concentration. Therefore, the
sample becomes divided into two parts with un-
balanced thermodynamical equlibrium. This
results in the metastable state of the two-
component solid solution, which undergoes de-
composition into mixing of two phases with dif-
ferent concentrations [20].This decomposition
leads to the regular oscillations of composition.

Theoretical (Fig. 1b) and experimental (Fig.
2a, 2b) distributions are in a good agreement.

The mercury segregation at the depth of
about 1.5 um and Hg lower concentration near
the surface can cause a decrease in the energy
gap and vice versa. The mechanism of forma-
tion of the heterojunction in this case is fol-
lowing: the annealing of the surface layer
causes a significant loss of Hg atoms, thus
forming a great number of Hg vacancies. This
leads to an inversion of the type of conductivity
of the surface layer, i.e. a p-n junction is
formed. The model of the p-n heterojuncion is
shown in Fig.4b.
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Fig.3. a) Photoresponse obtained from the contacts (1,2)
in the photovoltaic regime during the process of scanning
by the CO laser (A, =5.33um, E=0.7Jcm™) probe in steps
of 0.1mm over the nHg,sCdo,Te (nB3) surface contain-
ing the annealed areas (3,4).

b) Current-voltage characteristic for the sample
nHgosCdy,Te (nB4) after annealing with neodymium
laser ( t=250us, E=0.7 J.cm™ ). The inset shows the for-
ward current branch in logarithmic scale.
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Fig.4. a) Distribution of Hg along the depth of the speci-
men (bN5) after annealing with three successive pulses
with an energy density of 0.7 J.cm™ and pulse lengths of
250ps, obtained by X-ray microanalysis.

b) The probably diagram for the energy bands for the
heterojunction obtained.

The linear voltage-ampere characteristic
(Fig. 3b) for HgCdTe after laser treatment is
typical for heterojunctions.

The spatial distributions curves of the photo-
signal in the photovoltaic mode Ufx,?) are pre-
sented in Fig.3a. Initially, samples were not pho-
tosensitive in the spectral range from 5 to 10 ym
at 77 K. The photosignal decreased to zero when
the probing laser beam was scanned beyond the
irradiated area, as can be seen from Fig.3a. The
photosignal observed may be only due to the
presence of a potential barrier inside the sample.

Conclusions

The method using laser treatment for segre-
gation of impurities or IMAs in solid phase
Hg,,Cd,,Te is presented. The model of ther-

modiffusion processes at laser annealing with-
out melting is proposed. Computer simulation
of these processes reveals the possibility of ob-
taining a sharp maximum of mercury concen-
tration for chosen parameters of laser pulse. The
result was experimentally verified with MCT
specimens annealed by using a neodymium la-
ser. X-ray analysis of the annealed samples has
shown unexpected oscillations regularly re-
peated in each sample. Photoresponse and volt-
age-ampere characteristics show that the het-
erojunction is created in laser annealed
HgCdTe. The heterojunction is photosensitive
in the range 9-11 um.
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IpeacrasieHo TepMoaudys3iliHy MoJesb JIa3epHOro Bilnany i po3kialy MaTtepiany.
[Toka3zaHo, 10 3HAYHY PONb ¥ LOMY INpolleci Bilirpae GOHOHHuUI moTik. Benuuina
(OHOHHOTO ITOTOKY TiCHO MNMOB’s3aHa 3 06JacTi0 MaTepially, A€ € 3HAYHUI rpajficHT
TeMIepaTypH, BHacJigok 4oro atomu Hg 36mparoTsca B obnacti, 1o BignoBinae
MaKCHMajbHOMY 3HaYeHHIO rpanienTta Temnepatypu. [loxazano, mo mpouecu audy3ii
atoMis npu nasepHoMmy Bignani HgCdTe MoxyTh BUKIMKAaTH 0coOnuBi ymMOBH
PO3KIaZy TBEPHAOrO PO3UMHY. EKCIEpUMEHTANbHO Ppealli3oBaHO A MOXIIMBOrO
YTBOPEHHA  p-H-TE€TEPONepexojly, [OKka3aHy B  pe3yiasTaTi  KOMI'IOTEPHOIO
MOJENIOBAHHA NPOLECY TPAHCIIOPTY MAacH Npu nasepHii o6pobui HgCdTe. 3pazku
HgCdTe 6yno ompomineno Ge3 ruiasnenrs YAG:Nd-naszepom. HasBHicTs rerepo-
Hepexoqy HEJAIeKo BiI MNOBepxHi MNiATBEpIKEHO (OTOBONBTATYHMMHA BHMIpIO-
BaHHSMM T4 PEHTTCHIBCBKUM MIKpOAHaNi30oM, a TaKOXX BONbT-aMICPHUMH XapakTe-
PHUCTHKAMH.
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