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Abstract. The dependence of the conversion depth in CdHg, ,Te alloys subjected to
ion-beam milling (CMT) on alloy composition and treatment temperature is studied both
experimentally and theoretically. It is shown that in compositionally homogeneous
crystals the dependence is defined by internal electric fields, which affect the diffusion of
charged intrinsic defects that arise as a result of the treatment. The results of calculations
of the effect of the potentials of the p-n junction formed by ion-milling on the conversion
depth fit well both the original experimental data and those taken from the literature. The
data obtained confirm the validity of the diffusion model of the formation of the
excessive mercury source in CMT subjected to ion-beam milling, which was proposed by
the authors earlier. The results gained allow one to precisely predict and control the
conversion depth in CMT crystals and epitaxial layers subjected to ion milling for p-n
junction fabrication. This makes the results presented in the paper useful in CMT infrared

detector technology.
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1. Introduction

Ion-beam milling (IBM) of narrow bandgap p-Cd,Hg, (Te
(CMT) alloys is currently an approved technique for p-n
junction fabrication in CMT infrared detector technology
[1, 2]. The method is based on the phenomenon of the
formation of a thick surface layer with n-type
conductivity in an undoped p-type CMT crystal with
~ 10" em™ Hg vacancies subjected to IBM [3]. It is
commonly accepted now that deep p- to n-type
conversion under IBM is due to the diffusion of
excessive interstitial Hg atoms generated under ion
milling. However, the exact mechanisms of defect
interaction in the converted layer and the effect of
external plasma are still under debate [4]; formation
mechanism of the source of the excessive mercury is not
understood either. Some authors believe that the
interstitial Hg atoms come from a layer etched from the
crystal surface during IBM. However, according to [5],
in reality the sputtered atoms originate only from the
depth of the first 2 — 3 atomic layers, which comprises a
layer not thicker than 1 nm. Authors of Ref. [1] believed
that about 0.02 % of mercury atoms released from the
crystal lattice as a result of IBM are first implanted in
the crystal down to the depth of 1 um, and then move
further via plasma-stimulated diffusion. Quite a different

mechanism was suggested in Refs [6 — 8]. There, the
generation of excessive mercury was explained using the
mechanism based on the well-known model of a
“thermal spike” [9]. According to [6 — 8], at the spot
where the ion interacts with the surface, a microscopic
melt area is formed. This area very quickly crystallizes,
forming quite a few point defects in the cation sublattice.
These defects annihilate with each other, however, some
quick interstitial mercury atoms penetrate into the bulk
of the crystal, where they diffuse via relay mechanism
and interact with Hg vacancies and acceptor dopant
atoms, causing conductivity type conversion. The very
top CMT surface layer of 5 — 7 nm in thickness contains
a lot of defects, is depleted with Hg and thus, has p-type
conductivity.

Major features of p-n junction formation in CMT
subjected to IBM have been recently reviewed in [4].
Several conclusions were made there. First, it is noted
that in the majority of the IBM experiments the p-n
junction depth | appears to be proportional to the square
root of irradiation dose divided by the concentration of
the excessive tellurium (or Hg vacancy concentration in
case of homogeneous CMT) in the bulk of the crystal. At
the same time, in Refs [1, 10] where conversion was
studied in CMT epitaxial layers with a cap protective
layer, | depended on this relation linearly.
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Fig. 1. The dependence of the IBM-induced increase in the
electron concentration at 77 K, reduced to a sample area, on
the time of the storage at 300 K for the samples: 1 — P17-1,2 —
P22-1.
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Fig. 2. The dependence of the IBM-induced increase in the
electron concentration, reduced to a sample area, for the
sample P18-1 after storage, on the thickness of the removed
layer.

Secondly, a number of experiments revealed a
complex two-layer structure of the converted n-type
layer. In CMT with x= 0.2 after IBM, the top (surface)
layer up to 3 um in thickness demonstrated the high
electron concentration (10'...10"® cm ™ at 77 K) with the
mobility of the order of about 10* cm*V™'s™". The inner
layer was homogeneous with the electron concentration
and mobility of about 10" cm™ and 10° cm®V's™!,
respectively. According to [1], the top layer comprises a
0.5...1 um-thick radiation-damaged layer and a
2...3 pm-thick second layer, in which the electron
concentration decreases exponentially from the surface.
Actually, radiation-induced damages, such as dislocation
loops located at ~50 nm below the surface have been
observed in CMT after IBM by transmission electron
microscopy [11].

Yet another feature of IBM-induced conversion in
CMT, according to [4], was a strong dependence of the
conversion depth | on the alloy composition X. While in
narrow bandgap CMT with x = 0.2 | may reach hundreds
of micrometers [12], it quickly decreases with X
increasing, so at X> 0.4 the conversion takes place only

in a very thin surface layer [4]. This observation is
especially important since in modern CMT technology it
became a custom to cap free CMT surface with a thin
(~1 pm) wider bandgap protective layer [1, 4]. A drastic
decrease of | in CMT capped with such a layer has been
observed experimentally in [13].

The drastic decrease of | with increasing X is difficult
to interpret, if one believes that a source of Hg atoms is
the layer milled by the ions from the surface. In contrast
to this, the effect of X on | can be easily understood,
when a drift of charged interstitial mercury in electric
field originating at the interface between the very top
p-type defect layer and converted n-type layer is
considered, according to the model suggested in [6 — §&].
As the strength of the field increases with X increasing,
the conversion depth should decrease.

In this work, we report on experimental studies of the
conversion depth dependence in CMT under IBM on the
alloy composition, and correlate the experimental results
with those of theoretical calculations that model the
effect of the internal electric field on the process of
conversion at different temperatures. Calculations were
performed within the frames of the model [6 — 8]. The
results obtained confirm experimentally the validity of
the diffusion mechanism of Hg source formation in
CMT subjected to IBM, as proposed in [6 — §].

2. Experiment

We have studied homogeneous single-crystal vacancy-
doped p-type CMT wafers with Xx=0.16...0.28. The
crystals were grown using elemental Hg, Cd, and Te
with 6N class of purity at “Pure metals” factory
(Svitlovodsk, Ukraine) by vertical-directed
crystallization with replenishment from the solid phase.
They were doped with In, which ensured n-type
conductivity of the wafers with concentration
Np - Na ~3-10" cm™ after IBM or low-temperature
annealing at Hg-saturated conditions. After the growth,
the wafers were annealed at 410 °C in Hg vapors to
obtain p-type conductivity with the mercury vacancy
concentration of 10'cm™. The vacancy concentration
was determined by measuring the hole concentration at
77 K. The measurements comprised investigations of
field dependences for the Hall coefficient and
conductivity, as well as processing the experimental data
using the Mobility Spectrum Analysis (MSA) method
[14] with consideration for the degree of vacancy
ionization at 77 K as depending on their concentration
and alloy composition [15,16]. Parameters of the
samples are given in Table.

IBM milling was performed with Ar” ions possessing
the energy 500 eV, ion current density j =0.2 mA/cm’
and treatment duration t =200 s. The temperature of the
samples during IBM was either 293 K (water cooling of
sample holder) or 345...350 K (no cooling).

The p-njunction depth was determined either by
measuring the Hall coefficient and conductivity of the
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Sample parameters

pr7107"°, [VHg]'loflé,
Sample X
cm’ cm’
P16-1 0.202 1.47 1.30
P17-1 0.162 2.40 2.30
P18-1 0.206 1.21 1.04
P19-1 0.212 1.31 1.22
P20-1 0.242 0.78 0.71
P21-1 0.228 1.16 1.12
P22-1 0.276 0.64 0.72
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Fig. 3. The calculated dependence of the reduced conversion
depth on the alloy composition for T=293 K (1) and 345K
(2). Points designate experimental data from: 3 — this work, 4 —
Ref. [4].

samples with step-by-step chemical etching, or using
scanning electron microscopy in electron beam induced
current mode. To ensure time relaxation of IBM-induced
defects after the IBM, the samples were stored for two
months at room temperature. During the storage, the
Hall coefficient and conductivity of the samples were
periodically measured in various magnetic fields, and
being based on these data the electron and hole
concentrations at 77 K were determined using the MSA
method. Fig. 1 demonstrates an IBM-induced increase in
the concentration of electrons ANs with the mobility
~10° em?V !s™!, as measured at 77 K and reduced to a
sample area. The data are given for samples P17-1 and
P22-1 that represent the specimens with the lowest and
highest alloy composition X, respectively. It is seen from
the figure that the initial ANs value did not depend on X
and comprised ~ 10" cm?; this value corresponds to
that typical of a radiation-damaged layer. With the
storage time 1ty increasing, ANs was decreasing as

1/ J1+t, /T with T~10°...10%s, and reached saturation

at t, > 10°...10* min. Such behavior of ANg corresponds
to donor disintegration by a 3rd-order reaction. The fact

of n' layer relaxation was confirmed by the results of
electrical measurements with step-by-step chemical
etching, performed with the crystals after the storage.
Fig. 2 shows the dependence of ANs on the thickness of
a chemically etched layer for the sample P18-1. It is seen
that the damaged layer after ~10° min of storage retained
only ~1—-2 % of the initial donor concentration; at the
same time, ANs did not exceed the value 3-10"2 cm ™2 in
the bulk of n-layer.

The measured values were used to calculate the p-n
junction depth I; reduced to the vacancy concentration
[Vielo = 10" ¢cm ™ and the ion fluence ®,= 10" cm™:

Ll [(WVad
()

where A=®,/[Vyglo=1m is a characteristic ratio;
O =jt/e.

The experimental data are shown in Fig. 3. It is seen
there that the junction depth increases with temperature
increasing and decreases with X increasing.

(M

3. Modeling

The proposed in this work model proceeds from the
assumption of the diffusion nature of excessive mercury
source as suggested in [6 — 8]. According to [5], CMT
etching with ions possessing ~ 1keV energy sputters
only 2 to 3 atomic surface layers. Thus, the energy
imparted to a crystal by ions is mostly transferred into
heat [6], which leads to the formation of a microscopic
melt area, i.e., a thermal spike of V;, ~ 10" ¢cm in the
volume and with the length L within the limits 5 to 7 nm.
Due to the very small value of V,;,, melt crystallization
and thermal relaxation of the thermal spike last less than
10"%s [6]. Thus, after cooling down, the spike area
contains quite a few (Ny ~102cm”> [6]) non-
equilibrium defects, the majority of them being doubly

ionized mercury interstitials (Hg;") and vacancies (Vy,"),
as well as neutral vacancy complexes, most probably
bivacancies (Wy,'). During relaxation of these defects
by means of mutual annihilation, which lasts t., ~ 107°s
[8], some interstitials penetrate from the defect layer into
the crystal bulk, thus forming a diffusion source of
excessive mercury at the external border of the
conversion layer. The interstitials further diffuse from
this source into the bulk of the crystal and annihilate
with mercury vacancies, causing p-to-n conductivity
type conversion.

Due to the fact that mercury atoms move from the
thermal spike area into the crystal, as well as to
preferential mercury evaporation during IBM of CMT
[5], the defect layer, which is the very thin surface layer
with the thickness L=15...7 nm, is strongly depleted
with mercury. According to [8], 98 % of this mercury
deficiency exist in the form of neutral mercury

bivacancies, which interact with Hg;” much weaker than
ionized single vacancies Vy,". The maximum mercury
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deficiency 9, in the defect layer is reached when this

layer becomes impermeable for Hg;". This condition is
reached when 8§, = 10" cm . Therefore, the defect
layer contains 0.028, (i.e., ~2-10"7 em™)
uncompensated  Vy,", which define its p-type
conductivity [6, 8]. As a result, a p-n junction occurs at
the interface between the defect layer and the conversion

one. Electric field of this junction hinders Hg;" from
penetrating into the crystal.

As the defect layer is impermeable for Hg;", the
etched-out region (the top 1 nm of the layer [5]) cannot

act as a source of Hg; . Hence, the inner part of the
defect layer with a thickness of /Dt = 1 nm, where

D, is the diffusion coefficient of Hg;" in the bulk of the

sample at the milling temperature. The average Hg;
concentration in the source is [8]:

¢ =S ln(l+m).
d

- 4neDr,,
Here S is the effective area of the thermal spike

2

cross-section; N, is the initial concentration of Hg;™ in a

al x/E is the

caption radius for Hg;" on a neutral Hg bivacancy, and
a=0.648 nm is the CMT crystal lattice parameter.

To calculate the conversion depth as a function of
CMT characteristics and IBM parameters, let us consider
a semi-bounded crystal with a flat surface. The
coordinate z will be directed along the inner normal to
the surface, while the reference point z= 0 will coincide
with the interface between the defect layer and the
conversion one. If so, the surface of the crystal is located
at z= —L, where L is the thickness of the defect layer,
and the interface between the conversion layer and the p-
type “core” of the crystal is located at z= |. Within the
frames of the above listed assumptions, the density of
the diffusion flux of Hg at z= | according to [8] is

subject to | >> ry, where ry is the Debye screening
length. Here Ap = ¢(2) — ¢(0); ¢ is an electric field
potential of the structure.

The conversion depth | as a function of IBM duration
t can be calculated considering the conservation law for
the amount of matter at the inner boundary of the
conversion layer z= |, which appears as [6]:

Ay dl = Jy, o,

thermally relaxed thermal spike, r,, =

)

B

“4)

where A, is the density of caption centers for Hg;” in an
initial CMT crystal. In particular, in homogeneous
vacancy-doped CMT crystals A,=[Vy,"]. Upon

integration of the Eq. (4) considering (2, 3), we get the
following equation:

I
I(I —Z)exp 2eA(P(Z) dz= ®S In 1+& . (5
o kT 4nr, A, 3y
Solving the Eq.(5) requires to calculate the

distribution of the potential ¢ in the structure. At| >> ry
and (4m/ 3)N|r03 <<1, where N, is the charged center
concentration in the diffusion region, it can be found on
the basis of the one-dimensional Poisson equation in the
continuous approximation:

d’e _ 4me
dz?

(n-p-N). (6)

s
with N = ND - NA.

As the thickness of the defect layer L is of the order
of the screening length, we calculated ¢ by solving (5)
numerically. According to the above listed estimations
for the vacancy concentration in the defect layer, we
assumed that N = 4.10'7 cm™ at L < z< 0. The donor
concentration in the conversion layer (z> 0) was taken
as N = 110" ecm™, which is a typical value of N in

such an experiment. Since the Hg,” concentration in the
conversion layer is small (~10'...10” cm™ [6 — 8]),
these defects were not considered in (5). In accordance
to [6], we assumed that L =6 nm. The presence of the
damaged layer and top n-layer enriched with donors was
neglected as a first approximation. A possible influence
of these layers will be discussed below.

The electron and hole concentration in (6) were
calculated as

© -1

- | Ne(g)[uexp(—g‘e");f +Eg ﬂ e ()
0

p=N, exp[—%) (8)

The density of states N¢(¢) was calculated using the
well-known formula:

3/2
Ne(s)z% e 1+—= | 1+£ ; )
nh Eq Eq
where m, = dl) [17].
2 K 1 g
_fYS+f.7 1+—-
3 Ey 2 Ap+Ey

We assumed that E;=173eV; ys=05 [17];
Ay =0.96 eV [18]. Here ys is a parameter that allows for
the effect of remote bands similar to the Luttinger
E, =2mP*/n’.
performed using the empirical data from [19] for the
density of states inherent to heavy holes Ny:

parameters; Calculations  were
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Fig. 4. The calculated dependence of the potential difference of
the defect layer field (1, 2) and of the potential of a varyband
protective layer (3, 4) on the composition of the protective
layer in CMT structure with x=0.2 at T=293 K (1, 3) and
345K (2, 4).
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Fig. 5. Temperature dependence of the conversion depth,
reduced to the vacancy concentration 1-10'cm™ and ion
fluence 1-10"® cm™2, in narrow bandgap CMT subjected to
IBM. The points show experimental data from Ref. [12] for
vacancy-doped CMT (x=0.21) with the hole concentration
1-10" (1) and 5-10" ecm™ (2) at 77 K. Line 3 presents the
results of calculations by the formula (12) for x = 0.20.

il

where T; =334 K and T, =594 K are fitting parameters
with the temperature dimensionality, my, =0.40m, is
the effective mass of heavy holes at € 0.

The bandgap value as a function of the
temperature and alloy composition was calculated using
the interpolation formula from [19]:

T
+—+

3/2
szz{ﬂhﬂﬁl} I (10)
Tl

21th?

Ey(xT)=-0.3098 + 1.9409x —0.7351x> +
+0.7061x* + 6.345-10*T(1 —2.195x +

+0.309x* + 0.343x%) eV. (11)

According to [19], (11) accounts for the temperature
dependence of Ey better than other formulae, since it

correctly considers the dependence of pre-exponential
factor o, on Eg, temperature and population of states in
the conduction band in Urbach’s rule.

4. Results and discussion

Eq. (5) was solved in [6 — 8] for conductivity type
conversion in compositionally uniform CMT subjected
to IBM. According to obtained solution, the conversion
depth is given as

eAg
| =I exp| ——— |; 12
Vaa, p( kT:] (12)
where
ly = AS ln[1+N°] . (13)
\| 271y, d

Here Ap = ¢(l) — @(0) is the potential difference
between internal (z= 1) and external (z= 0) boundaries
of the conversion layer.

It is seen that the factor |y defined by (12) and (13) is
independent of the mercury interstitial diffusion

coefficient D;, because the Hg;" concentration in the
diffusion source, according to (2), is inversely related to
D,. Hence, |, does not depend on the diffusion

coefficient of Hg;", and therefore, on the temperature.
The dependence of |y on the alloy composition is
determined by its dependence on S and should be,
therefore, weak. Thus, the dependence of | on T and X is
generally determined by the last (exponential) factor in
(12). Assuming, according to the estimations of [6], that
S~10 8 em?3, Ny~ 102 cem™, and 8~ 10" cm >, we
can assess |y as ~ 155 pm.

Fig. 4 (curves 1 and 2) presents the calculated value
of Ap = (o) — ¢(0) as depending on X for
compositionally homogeneous CMT at T=293 and
345 K; these temperature values correspond to the two
applied IBM techniques, namely, with cathode water
cooling and without cooling, respectively. It is seen that
A >0, therefore, the electric field at the interface
between the defect layer and the conversion one hinders

the diffusion of positively charged Hg;" atoms into the
crystal. When X value is big, A¢ increases with X almost
linearly. When x<0.28, this dependence gets weaker
with X decreasing. With temperature increasing, A
decreases, and the conversion depth | increases.

The calculated conversion depth | in vacancy-doped
CMT is presented in Fig.3. For calculations, we
assumed that ®=1-10"® cm™ and Ar.=1-10"° cm™, so
[=1,. It is seen from the figure that the values of I,
calculated according to the proposed model agree well
with those experimentally observed, if the factor I, in
(12) is assumed to be Iy =143 um. We should like to
emphasize that the |, value obtained by fitting was very
close to lg ~ 155 pm derived theoretically. This strongly
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supports the validity of the proposed conversion
mechanism. Therefore, it is the dependence of Ap on
alloy composition that most probably determines the 1(X)
dependence in compositionally uniform CMT.

The calculated dependence of the reduced conversion
depth |, as defined by (1), on the temperature is given in
Fig. 5 (curve 3). The calculations were performed for
CMT with x=0.2 wunder the assumption that
lo=143 um. Fig. 5 (points 1 and 2) also demonstrates
the values of I, calculated using (1) on the basis of
experimental data [12] for two CMT crystals with the
vacancy concentration 1-10"® cm™ (1) and 5-10"° cm™®
(2) subjected to IBM at the temperatures 130, 170, 230
and 330K, and ion fluence ®=4.5-10%cm™. It is
obvious that, in this case, the calculated values agree
well with the experimental data, too. The fact that
experimentally derived values of |, exceed those
obtained by calculations by the factor of ~ 1.5, can be
explained by higher IBM current density in [12]
(0.6 mA/cm?). Such current density causes strong
thermal effects that mask the pure phenomenon.

We should like to emphasize that in our model the
dependence of | on temperature is explained solely by
the variation of the potential ¢ with T, while in [12] this
dependence was related to the temperature dependence
of the diffusion coefficient of interstitial mercury. In our
model, according to (12) and (13), | does not depend on
this diffusion coefficient.

The results presented in this paper do not account for
the effect of the damaged layer and/or top n-layer with
the high donor concentration. Generally speaking, these
layers may affect the conversion via their effect on the
potential of the electrostatic filed and by capturing
mercury interstitials on radiation-induced defects.

Under the assumption that the potential of the top
n-layer complies with the Poisson equation in the
continuous approximation (6), the potential difference
¢y for electrons in the top n-layer and in the bulk of the
conversion layer is about (2 — 3)ksT/e at N~ 10'7 cm >,
and it can strongly affect the conversion depth I.
However, in reality the effective epy value should be
substantially smaller due to the strong non-uniformity in
the potential of the top n-layer of the range of few kgT,
and mercury interstitials can selectively migrate along its
valleys. This non-uniformity is caused by two factors.
The first of them is high density of dislocations in the
damaged layer (~10" cm™ [11]); these dislocations
strongly polarize the medium by their elastic field due to
deformation reciprocal action. The second one is
insufficient screening of the donor potential at
N, ~ 107 cm™; in this case (47/3)N;ro’ ~ 1, and the
continuous approximation (6) is not valid for the n-layer.
In this situation, the effective value of epy is determined
not by the average value of the potential, but rather by its

values along the real paths of Hg;™ migration. For the
reason, the potential of the damaged layer affects the
conversion depth at | >>1 pm very scarcely.

The other option for the effect of the top n-layer is

the caption of non-equilibrium Hg;" on neutral radiation-
induced defects in this layer. The fact that it is by this
mechanism the top n-layer is formed is favored by the
deep relaxation of its conductivity (see Fig. 1). For this
relaxation, the observed variation of the carrier
concentration with time is best explained by the reaction
of neutralization of a doubly ionized donor by free

electrons: 2¢' + D"— D™,
In such a system, on one hand, one might observe a

specific relay mechanism of acceleration of Hg;
diffusion, since when a free charged defect gets in the
n-layer, it decreases the energy of already captured
defects of the same charge sign, and stimulates the
dissociation of complexes on the distance of the order of
ro. This phenomenon can only weaken the effect of the
top n-layer on the conversion depth. On the other hand,

the caption of Hg~ on radiation-induced defects

decreases the flux of Hg;" in the depth of the conversion
layer, which is equivalent to the decrease of the effective

rate of Hg~ generation by the rate of surface drain
generation. However, the amount of the interstitial
mercury atoms captured on radiation-induced defects
(~5-10" em™, see Fig. 1), is of the same order as that of
the atoms captured on the vacancies in the bulk of the
conversion layer; hence, the latter effect can account
only for a non-crucial |, renormalization.

5. Conclusions

The diffusion model of the formation of the excessive
Hg source in CMT crystals subjected to IBM, proposed
by the authors [6 — 8], explains all the basic features of
the dependence of the conversion depth on the IBM
temperature and alloy composition both quantitatively
and qualitatively. This is true in relation to both
compositionally homogeneous CMT crystals and for the
samples with a wide bandgap protective layer. The
major factor, which defines these dependences, is an
electric field located at the interface between the p-type
defect layer and the n-type conversion layer, as well as
in the varyband region of the structures. The p-n junction
field weakens the flux of Hg atoms from the source into
the crystal, while the varyband region field enhances it.
At small irradiation doses, the drift of charged interstitial
Hg in the varyband region field leads to the linear
dependence of the conversion depth on the ion dose,
while the slope of this dependence becomes inversely
proportional to the initial Hg vacancy concentration. The
results presented in this work allow one to precisely
predict and control the conversion depth in CMT crystals
and epitaxial layers subjected to IBM, which is
important to modern CMT-based photodetector
technology.
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