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The influence of the procedure of iron doping of CVD-ZnSe
using high-temperature diffusion on the composition
and spatial distribution of impurity-defect centers
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The spatial distribution of impurity-defect centers in CVD-ZnSe crystals formed after the procedure of doping
these crystals with iron using high-temperature doping is investi- gated.The experiments were carried out using the
method of two- photon confocal microscopy, which allows recording luminescence in the range of 0.44—0.73 um
with a spatial resolution of several ym. It is shown that as a result of this procedure, the crystal becomes significantly
inhomogeneous not only in the doping zone. Regions hundreds of microns in size are formed in it adjacent to all
its surfaces with a composition of intrinsic point defects and their complexes different from the main volume. It
is found that the sizes of these regions depend on the doping time. Assumptions are made about the nature of
complexes of intrinsic defects with residual impurities formed during doping and the mechanism of formation of

the above regions.
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1. Introduction

Semiconductor doping by means of high-temperature
diffusion (HTD) is an essential part of many technological
processes. However, during these processes, significant
changes in the characteristics of semiconductor materials
can occur, not only in the doping range, but also in
the crystal areas where the doping component is virtually
non-existent.  Perhaps, vaporization of one or another
component of the semiconductor during HTD, formation
or rearrangement of various structure defects and intrinsic
point defects etc. For example, during HTD in CVD-ZnSe,
the process of recrystallization of grains [1,2] occurs. Many
works have been devoted to these processes. Their main
focus was on the changes occurring either in the doping
range or in the whole volume of crystals. At the same
time, the authors of this article are not aware of any
works in which the spatial distribution of these or those
characteristics outside the doping range was studied in
detail. However, it is possible that semiconductor crystals
can become significantly heterogeneous in their properties
not only in the doping range. The purpose of this work
is to investigate the possible effect of the HTD procedure
on the homogeneity of crystals that have undergone this
procedure. At the same time, the primary focus will
be on the study of the parts of the samples that are
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outside the doping range. For such experiments it is
necessary to use methods with high spatial resolution
and allowing the study of large volumes of crystals. In
this paper we attempt to investigate the effect of iron
doping of CVD-ZnSe crystals by means of HTD on the
spatial distribution of luminescence characteristics of the
whole sample subjected to this procedure. The use of
luminescence to study the characteristics of crystals is
due to the fact that this technique is highly sensitive to
the presence of impurity-defect centers (IDC) in crystals.
In addition, the authors have a technique for recording
the luminescence characteristics of ZnSe crystals with a
spatial resolution of several microns, which allows us
to study areas in the crystal volume at distances up to
several millimeters from their surface (two-photon confocal
microscopy — TPEF). This technique combines good
spatial resolution, the ability to study relatively large
volumes of crystals, and high rapidity of experiments.
Thus, the luminescence characteristics in the 0.44—0.72 um
range of an 1 x 1 x2um portion of a crystal can be
determined in 10min with a spatial resolution of a few
microns [3,4].

The choice of the investigated material is connected with
the fact that in the case of two-component semiconduc-
tors the influence of high-temperature heat treatments on
their characteristics should be greater than in monoatomic
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crystals due to the difference in the evaporation rate of
different components. Also, CVD-ZnSe-Fe crystals doped
with HTD are widely used to create mid-IR lasers [5-9].
The works on increasing the efficiency of the systems
created on the basis of these lasers require the study of
the composition and spatial distribution of IDC in these
crystals.

2. Experiment description

High-purity polycrystalline CVD-ZnSe was used as the
starting material in all experiments. In the study, a
series of iron-doped polycrystals were investigated at a
temperature of 1000°C in an Ar atmosphere and a pressure
of 1 atmosphere. The annealing times were 8, 12, 20, 40,
and 90h (samples 1—5 respectively). Iron-doped crystals
doped in zinc vapor atmosphere at 1 atmosphere 1000°C
temperature for 20 h (sample 6) and undoped ZnSe samples
annealed in zinc and argon atmospheres (1000°C, pressure
1 atmosphere, time 72h, samples 7,8) were also studied.
A detailed description of the high-temperature diffusion
doping technique is given in [2].

The impurity composition of the samples before and after
doping was analyzed by inductively coupled plasma atomic
emission spectrometry (AES—ICP). The results are given
in the table. The table shows that there was no significant
contamination by side impurities during doping.

The studied samples had the shape of parallelepipeds
with the size of 10 x 15 x 2.7mm. The doping was carried
out from one surface of size 10 x 15mm. This surface
will be further referred to as the ,,doping surface”. The
surfaces perpendicular to it will be designated as ,,surfaces
of chipping®, the opposite doping surface — as ,free”
surface. The crystal edges between the doping surface and
the chipping surface will be called doping edges, between
the chipping surfaces — chipping edges, between the free
surface and the chipping surfaces — free edges.

The luminescence characteristics and their spatial distri-
bution were investigated using TPEF. TPEF studies were

Impurity composition, wt.%

) Initial Fe?* :ZnSe
Impurity CVD-ZnSe (Ar, 1000°C, 90h)
Al 3.107° 3.107°
Ca <2-1073 4.10°°
Cr <3-107° 7-107°
Cu 4.107* 3.107%
Fe <2-1073 3.1073
K <4-107* <4-107*
Mg 3.107* 7-107°
Mn <5.107°¢ <5.107°
Mo <1-107* <1-107*
Na 4.107° 4.107°
Ni <4.107° <5.107°
Si <1-107* <1-107*
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carried out using a Carl Zeiss LSM 710 NLO confocal
microscope. The main attention was paid to the determi-
nation of the spatial distribution of IDC luminescence in the
spectral range 480—725nm. A detailed description of the
technique is provided in [3,4].

The concentration profile of iron was determined accord-
ing to the method developed in [11].

The results of the study of the doping range and the
adjacent part of 1—5 crystals are given in [10]. However,
in this work, a small part of the sample volume was
investigated. The depth of the doping range in these samples
did not exceed 500 um. In [10] this range of the crystal
and the adjacent region with a depth of also ~ 500um
were investigated. Thus, the total depth of the crystal area
investigated in [10] did not exceed 1 mm. In addition, a
part of this region with a width of 2mm and at a distance
from the surface ,,of the chipping® at 200—400um was
investigated. Thus, in a sample of size 10 x 15 x 2.7mm,
a parallelepiped of size 2 x 1 x 0.2mm was investigated.
In this study, the entire volume of these crystals will be
investigated.

3. Resllts

Figure 1 shows flat luminescence maps of the sample
doped with iron in argon atmosphere for 20h (sample 3)
taken at a wavelength of 541nm at the distances from
the surface of the ,,of the splinter 40, 200 and 350 um,
respectively, and luminescence spectra in the 480—700 nm
range of different regions of this crystal.

Figure 2 shows detailed flat luminescence maps of
the luminescence areas I, 3 of the same sample at wave-
lengths 541 and 628 nm. Also shown are the depen-
dences of the luminescence intensity at wavelengths 541
and 628 nm on the distance from ,,of the free“ facet and the
»facets of the chipping” and doping, taken from the regions
shown in the flat maps shown in Figure 2.

It can be seen that the areas on all sides of the crystal
adjacent to its surfaces differ from the main volume of the
crystal in their luminescence characteristics. The following
areas of the crystal can be distinguished:

1 — the area of the crystal adjacent to the ,,doping®
surface;

2 — the area of the crystal adjacent to the chipping
surface®;

3 — the area of the crystal adjacent to ,the free surface®;

area 4 — the main volume of the crystal, which does not
include the areas 1, 2 and 3.

The area / (doping range) was investigated in [10].
It consists of an area with a high (~ 10"°—10!% cm~3)
concentration of iron ions, in which luminescence in the
entire spectral range is suppressed — the so-called ,,dead*
area. Its width in this crystal is ~ 50 um. It is adjoined by
a broad (100 um in this crystal) band parallel to the doping
surface with high luminescence intensity in the range of
520—541 nm (Figures 1,2). The concentration of iron ions
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Figure 1. Flat luminescence maps at 541 nm and spectra at the indicated points of the sample 3 at distances of 40 (a), 200 (b),

and 350 um (c) from the ,surface of the chip®.

in it falls to 107 cm—> and becomes below the detection
limit of the technique used. The luminescence spectrum
of this part of the crystal is dominated by a broad band
with a maximum of 520—541 nm (line 541, Figure 1). The
intensity of the line 541 increases with increasing distance
from the doping edge. It reaches its maximum at the
distance ~ 100um (Figure 2). Then its intensity begins
to decrease, resulting in the formation of the enhanced
luminescence intensity area (ELIA) of this line in the form
of a band parallel to the doping surface. At the distance
~ 200 um from the doping face, the intensity of the line 541
reaches a plateau (Figure 2). The ELIA line looks like a
fairly regular line parallel to the surface, which is slightly
curved in the case of crossing it by the grain boundary
(Figure 1,2). This type of ELIA indicates that the ELIA line
was formed as a result of diffusion of some point defects
deep into the crystal. The shape of the line spectrum in
the / area independent of the distance from the chipping
surface (Figure 1).

The 2 area is close to the luminescent characteristics of
the / area. Both the dead area and the ELIA area are also
registered in it. The parameters of these regions are similar

to the characteristics of the same regions in the area /
(Figures 1,2).

The area 4 can be conditionally divided into at least two
areas. The luminescence of the part of the area 4 located
at a distance less than or ~ 50um from the ,surface of
the chip“ has a spectral composition close to the spectra
in ELIA — line 541 nm (Figure 1, a). The situation changes
when examining the regions of the area 4 located at a
distance > 50 um from the surface ,,0f the chipping”. As
can be seen in Figure 1,5, in the luminescence spectrum
of the area region 4 located at a distance of 200 um from
the chip surface, a shift of the luminescence intensity
maximum of the line 541 to the long-wavelength area is
observed. It shifts to 560 nm. Further shifting the region
of investigation into the depth of the sample shifts the
line 541 to a line with a luminescence intensity maximum
near 570—580 (line 570) in the entire volume. As a result,
as can be seen from Figure 1,c, the spectrum of the part
of the area 4 located at a distance of 350 um from the chip
surface is homogeneous. It is dominated by the line 570.

The results of the area I and the part of the area 4 located
at distances > 200 um from the chip surface are similar to

Semiconductors, 2024, Vol. 58, No. 12
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Figure 2. A flat map of the luminescence of a sample 3 at 628 nm and a distance of 300 um from the surface of the “chipped®.
The diagrams show the distribution of luminescence intensity at these wavelengths as a function of the distance from the ,,doping” facet

(graph 1), the ,facet (graph 2), and the ,free facet (graph 3).

the results obtained in [10]. In the area I, a dead area
and an ELIA area are also recorded. The luminescence
spectra in the ELIA area and part of the above area 4
observed in this study are also similar to those recorded
in [10]. However, in [10], a small fraction of crystals
located at a distance of > 200um from its surface were
investigated. Accordingly, there is no information in [10]
that the luminescence characteristics of the part of the
area 4 adjacent to the surface of the ,,of the splinter are
similar to those of the ELIA area and differ significantly
from those of the rest of the area 4.

The area 3 has also not been investigated in [10]. As
can be seen from Figure 1, its spectrum consists of a line
close to the line 541 and a broad line with a maximum
near 628 nm (line 628). In this part of the crystal there
is no ,dead” area in which luminescence in the range
under study is suppressed. The intensities of almost all
lines are maximal at the free edge of the crystal. The

3* Semiconductors, 2024, Vol. 58, No. 12

intensities of the lines 541 and 628 are different in different
regions of the area 3. The intensity of the line 541 is more
uniform in this area while the intensities of the line 628 vary
significantly in different regions of the area 3 (Figures 1,2).
This area does not look monolithic-type in contrast to
ELIA; it consists of areas of different sizes with different
spectra and luminescence intensities. Its boundary with the
area 4 is inhomogeneous. The luminescence intensities of
all lines decrease with distance from the free edge of the
chip (Figure 2). The luminescence intensity of the line 628
decreases most rapidly (Figure 2). The luminescence
spectrum of the area 3 does not change at different distances
from the chipping surface. However, the spatial distribution
of regions with different luminescence characteristics in
the area 3 at different distances from the chipping surface is
different.

These results were typical for all series of samples doped
with iron in argon atmosphere studied in this paper. Only
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Figure 3. The normalized distribution of luminescence intensity at
a wavelength of 541 nm from the distance from the doping surface
of samples 1, 2 and 5 (doping time 8, 20 and 90 h, respectively).

the distance from the doping, ,.chipping“ and ,of free*
surfaces occupied by the areas /, 2, 3 varied. These changes
for the area / are described in detail in [10]. Increasing
the doping time leads to an increase in the dead area width
and the distance to the exciton and luminescence intensity
maxima 541. The width of the ELIA line also increased.
As a result, the area width I reached 500 um during doping

N
(e}

1, arb. units

20

850 um
I, arb. units

> N 500

850 um

for 90h. The changes of the area width 2 were similar to
those mentioned above. Figure 3 shows the dependence of
the luminescence intensity of the line 541 on the distance
from the free edge for crystals doped for 8, 20, and 90h
(i.e., actual area widths 3). It can be seen that the area
width 3 also increased with increasing doping time. The
luminescence spectra of the ELIA and areas 3 and 4 of the
whole series of 1-5 samples were unchanged.

In Figure 4,a, b shows the flat luminescence maps taken
at wavelengths 541 and 628 nm, and at a distance from
the surface of approximately 100um, and luminescence
spectra from different regions of ZnSe crystals annealed
at 1000°C for 72h in zinc and argon atmospheres at a
pressure of 1 atmosphere (samples 7 and 8). The annealing
conditions were approximated to the doping conditions of
the samples investigated in this study. It was assumed
that the luminescence characteristics of the near-surface
area of the crystal annealed in argon would be close to
those of the area 3. However, it can be seen that in the
crystal annealed in argon atmosphere, the area adjacent
to the surface has a homogeneous, reduced compared to
the volume of luminescence intensity in the entire spectral
range. Its spectrum consists of a weakly intense IDC
luminescence line with a maximum near 550nm. The
luminescence characteristics of this area differ qualitatively
from those of 3 samples 1—5. At the same time, the area
of the crystal 8 annealed in zinc, adjacent to the surface,

*

550 600 650 700
Wavelength, nm

600 700
Wavelength, nm

Figure 4. Flat luminescence maps at wavelengths 541 (a) and 560 nm (b) of samples 7 (annealed in zinc) and 8 (annealed in argon).
The luminescence spectra in the above regions (regions /—3 of sample 7, points 4—6 — sample 8) are shown in the plots.

Semiconductors, 2024, Vol. 58, No. 12
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Figure 5. Flat luminescence maps at wavelengths 541 (a)

and 640nm (b) of the sample 6 and spectra in the above regions.

has luminescence characteristics close to the area 3 of
the samples doped in argon. The spectrum of this part
of the crystal 8 also consists of the luminescence of two
IDC lines with maxima near 520—541 and 628 nm. Like
the area 3, this region consists of separate regions with
different luminescence intensities.

Figure 5,a, b shows flat maps and luminescence spectra
of different areas of an iron-doped ZnSe crystal in a
zinc atmosphere at 1000°C for 20h at a pressure of
1 atmosphere (sample 6) at wavelengths 541 and 638 nm.
The portion of this sample adjacent to the ,free“ surface
is shown. It can be seen that this area of crystal 6
also has spectral characteristics similar to the luminescence
characteristics of the area 3 of crystals 1-5. Its spectrum
consists of a line with a maximum at 628nm with high
luminescence intensity, which merges with a line with
maxima from 520 to 560 nm. This part of the crystal also
consists of regions with different luminescence intensities.

4. Results and discussion

The results obtained can be explained based on the
following models. During the deposition of iron film on
ZnSe crystals, iron sputtering occurs not only on the doping
surface but also on the chipping surface. The area 3 is

Semiconductors, 2024, Vol. 58, No. 12

covered by iron during sputtering, and iron does not fall on
it or almost does not fall on it. As a result, during doping,
dead areas and ELIA are formed in the areas / and 2
according to the mechanism proposed in [10]. These areas
are formed on all surfaces of the ,.chip“. his explains the
change in the luminescence spectral composition of the 4
area when the distance from the ,surface of the* chip
is varied. The luminescence map taken at a distance of
50 um from the ,surface of the” chip falls within the ELIA
area. Accordingly, its spectrum is characteristic of this area
of the crystal — line 541 nm. As the distance from the
surface ,,of the chip® of the carrier excitation area increases,
the latter leaves the ELIA area adjacent to the surface of
the chip, from which the excitation of carriers comes, and
enters the area 4. The luminescence spectra on flat maps
taken at distances of 200 and 350 um change accordingly.
These spectra characterize the changes occurring in the
composition of IDC in the main part of the crystal outside
the doping area.

This assumption allows us to explain part of the results
obtained. However, the fact that the area 3 of crystals
doped with iron in an argon atmosphere is similar in
its characteristics not to crystals annealed in argon, but
annealed and doped in a zinc atmosphere, under this
assumption is not explained. The following hypothesis
is proposed to explain this fact. It is assumed that
there is a process of formation of Zn; atoms taking place
simultaneously with the diffusion of iron ions, for example,
as a result of the displacement of zinc ions from the node by
iron ions. Part Zn; is gettered (dissolved) by the iron film,
and part — diffuses into the crystal volume. The possibility
of the process of zinc atoms being gettered by metal films
was reported in [14,15]. During the annealing process, the
zinc from the surface of the iron film evaporates and enters
the ,free“ surface through the atmosphere in which the
doping takes place. The gettering of Zn; in the studied
crystals takes place both on the doping surface and, most
likely, on the surfaces of ,chipping“. Zinc atoms, having
got on ,free” surface of the crystal, begin to diffuse into
its volume and form complexes with other point defects
and impurities. A similar process occurs during annealing
and doping of ZnSe crystals in a zinc atmosphere. This
explains why the characteristics of the ,free“ surface after
doping in argon are close to those of crystals annealed in a
zinc atmosphere and doped with iron in a zinc atmosphere.
This hypothesis also explains that the width of the area 3
increases with increasing doping time.

From the proposed hypothesis, it follows that the
lines 628 and 541 nm are formed by complexes that include
intergranular zinc. In the literature [16] a line with
characteristics (maximum, spectral width) similar to the
628 nm line is associated with the luminescence of the
donor-acceptor pair {Ose - ZnVz,//}—Zn’. This line is
observed in the area 3 in its separate regions.

A similar (maximum, spectral width) to the 541 nm line
has been observed [15,16] in copper-doped crystals. This
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line is thought to be formed by the luminescence of a donor-
acceptor pair, which includes copper (more likely as an
Cuz,—Cu;) center) and as a minor donor — its own defect.
According to our ideas, this small donor is, as in the case of
the 628 nm line, Zn;.

As can be seen from the table, the studied crystals contain
copper, so the formation of such a complex is possible.
Given this hypothesis and taking into account that the
spectrum of the area 3 includes the line 541 nm forming
ELIA, it is the interstitial zinc becomes the point defect,
which, according to the data of [10], is formed in the doping
area during the doping of ZnSe crystals with iron. As noted
above, it is assumed that part of the Zn; formed during the
doping process diffuses into the crystal volume and forms
complexes with other defects. The spatial distribution of
these complexes will correlate with the spatial distribution
of interstitial zinc. The luminescence of these complexes
will lead to the ELIA formation. This explains that both in
the ELIA and in the area 3 the luminescence of the 541 nm
line dominates, since the nature of the — complex Zn; with
some background impurity — is the same.

The 570 nm line dominating in the spectrum of the area 4
by its characteristics (position of the maximum, line width)
is close to the IDC luminescence, which in [17] is associated
with excess selenium.

Thus, as a result of the standard procedure of iron
doping of ZnSe crystals, regions adjacent to all its surfaces
are formed in them, the luminescence characteristics and
composition of the IDC of which differ significantly from
those of these samples’ volumes. The doped sample appears
to be surrounded by these regions from all its surfaces. The
depth of penetration of these areas into the sample volume
depends on the doping time and can be of the order of
several hundred microns. This must be taken into account
when using for research methods in which the excitation of
carriers occurs in a narrow (several um thick) near-surface
layer. It is clear that the influence of doping on the surface
of the chip due to their contamination with iron during the
sputtering of the iron film can be avoided. But then the
chipping surfaces become similar to the free surface and
arcas {3 are formed on them. To prevent the formation of
these areas during doping in an inert gas atmosphere, it is
probably possible only by covering all crystal surfaces with
some material. However, in this case, other problems may
arise, such as contamination of the near-surface regions with
this material. Most likely, the situation with the formation
of large-scale near-surface regions with properties different
from the main volume in crystals that have undergone the
procedure of doping by means of HTD, is quite general (at
least for multicomponent semiconductors).

5. Conclusion

1. Doping of ZnSe with iron from a metal film using HTD
in an argon atmosphere leads to the formation of areas with
altered properties on all surfaces of the doped sample, the

sizes of which increase with increasing doping time and can
reach 500—1000 um.

2. These areas are formed, among other things, as a
result of gettering by the iron film of zinc atoms and their
subsequent evaporation and transfer through the doping
atmosphere to ,,free” surfaces of the crystal.

3. It is shown that the point defect, the formation of which
leads to the formation of ELIA in this method of doping
is likely to be Zn;, and the ELIA itself is the result of
luminescence of the donor-acceptor pair Cu—Zn;.

4. The obtained results indicate that the possibility of
forming large-scale areas with different characteristics from
the volume during doping of the crystal from all its sides
should be taken into account. This is especially necessary
when using the so-called surface and integral methods of
investigation.
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