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Abstract

Bright—field and high-resolution transmission electron microscopy were used for nano-scale structural studies of defects
induced by implantation of arsenic ions with 190 keV energy and 10'* cm™ fluence in n and p-type Hg, ,4Cd, »,Te films
grown by molecular-beam epitaxy. A similarity in defect pattern formed by arsenic implantation in n and p-type material
was observed. The electrical properties of the implanted layers in n and p-type films also appeared to be similar, confirming

the results of microscopic observations.
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Introduction

Ton implantation is the method of choice for ex situ fabrica-
tion of p—n junctions in Hg,; ,Cd, Te (MCT), one of the most
important materials for infrared photo-electronics. Recently,
there has been much interest in photodiodes based on arsenic
implantation in MCT with n—type conductivity (Gravrand
et al. 2009; Mollard et al. 2011; Park et al. 2016; Bazovkin
et al. 2016; Bommena et al. 2015; Guinedor et al. 2019).
Dark currents in ‘p*—n’—junctions, which are fabricated as a
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result of this implantation, are typically lower than those in
‘n*—p’—junctions due to the fact that in the n—‘base’ carrier
lifetime is governed by the band-to-band CHCC recombina-
tion, which ensures an increased lifetime and the low dark
current. As a result of the lower dark current, higher work-
ing temperature or a longer wavelength cut-off sensitivity
threshold of photodiodes can be achieved.

Development of the photodiode technology based on
ion implantation requires microstructural studies of the
implanted material, and arsenic-implanted MCT is not an
exception (Mollard et al. 2011; Lobre et al. 2014; Shi et al.
2016; Bonchyk et al. 2020). These studies allow for assess-
ing the type and the density of implantation-induced struc-
tural defects, which play a key role in controlling the electri-
cal properties of the as-implanted MCT (Lobre et al. 2014;
Shi et al. 2016). Electrical studies, in their turn, allow for
assessing the degree of activation of the implanted ions and
for obtaining the information on the transport properties of
the material. In MCT-based ‘p*—n’—junctions, however the
high electrical conductivity of the n—region hinders obtain-
ing this information due to a very large difference between
electron and hole mobility. As a result, the effect of arsenic
implantation on the electrical properties of MCT is often
studied after implantation into p—type material (Izhnin
et al. 2019). This approach presumes that the formation of
implantation-induced structural defects proceeds similarly
in the ‘base’ MCT layers with p and n—type conductivity. It
is known, however, that defect structure of a semiconductor
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after the implantation is strongly affected by formation,
migration and interaction of primary implantation defects,
such as vacancies and interstitials. As p—type conductivity
of the ‘base’ in ‘n*—p’—type structures in MCT is usually
defined by intentionally introduced mercury vacancies,
which are acceptors in this material, the aim of this work
was to perform a direct comparison of nano-scale structure
in arsenic-implanted n and p—type films to establish the pos-
sible effect of the initial defect structure on the results of the
implantation.

Methods

For the studies, an MCT film was grown by molecular-beam
epitaxy (MBE) at A.V. Rzhanov Institute of Semiconduc-
tor Physics (Novosibirsk, Russia) on a (013) CdTe/ZnTe/Si
substrate. The growth cycle was controlled in situ by means
of an ellipsometer (Yakushev et al. 2011). The ‘absorber’
layer of the film with the thickness 8.1 pm had constant
composition x =0.22, the graded-gap protective surface
layer (400 nm) had composition at the surface x=0.46. The
film was doped with indium during the growth, and accord-
ing to the results of the standard Hall-effect measurements
performed at 77 K, the as-grown material had n—type con-
ductivity with electron concentration ~4-10" cm™. A piece
cut from the film after the growth was subjected to thermal
annealing (220 °C, 24 h) in helium atmosphere at low mer-
cury pressure to generate mercury vacancies. As a result
of the annealing, a p—type sample was fabricated with hole
concentration p=>5.1-10"> cm™>.

Both n—type (sample #1) and p—type (sample #2) samples
were implanted with As* ions with ion energy E=190 keV
and ion fluence @ =10'"* cm~2. The implantation was per-
formed using IMC200 (Ion Beam Services, France) system.
The structural studies were performed in bright-field trans-
mission electron microscopy (BF-TEM) and high-resolution
TEM (HRTEM) modes using Tecnai G2 F20, FEI Company
microscope. Thin foils for the studies were cut out using

Fig. 1 BF-TEM images of the
cross-sectional views of samples
#1 (n-type, a) and #2 (p-type,
b). The samples were implanted
with arsenic with E=190 keV
and #=10" cm™
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FEI Quanta 200 dual-beam focused ion (Ga™) beam machine
equipped with Omniprobe ™" lift-out system. The material
under study was first covered with 300 nm-thick amorphous
carbon layer that prevented the surface from the damage
which could be inflicted by Ga™ ions used for the deposition
of a Pt bar. Next, trench milling was done on both sides of
the bar. The effect of Ga* ions was minimized by limiting
the beam current during the milling, starting from 20 nA,
continuing with 7 nA, and finishing with 5 nA. The final
polishing of the lifted lamella was done starting from 1 nA
ion beam current, continuing with 0.3 nA, and finishing with
0.1 nA. The energy of Ga™ ions did not exceed 2 keV. The
analysis of HRTEM images was carried out using direct and
inverse Fast Fourier Transforms (FFT, IFFT).

Results

The defect pattern of the as-grown material similar to the
one used in this study was investigated on numerous occa-
sions (see, e.g., Bonchyk et al. 2020). Structural defects in
this material were represented by single dislocations, small
(< 6 nm in linear size) dislocation loops, stacking faults and
lattice deformations. These defects did not contribute to the
defect pattern in the implanted material, as their density was
very low and sizes were small.

Figure 1 shows BF-TEM images of the cross-sections of
both studied samples after the implantation. The implanta-
tion-damaged layer could be divided into three characteristic
sub-layers. Top sub-layers A had thicknesses ~ 70 nm in both
samples and possessed a low density of structural defects.
Similar layers with a very low density of structural defects
were first observed by Lobre et al. (2013). Their formation
is explained by the partial re-structuring (recombination)
of the implantation-induced defects that takes place during
the process of implantation; this is a characteristic feature
of materials with the strong ionic nature of the chemical
bonds, which is the case for MCT (Lobre et al. 2013). Sub-
layers A were followed by sub-layers B, which contained
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‘large’ structural defects; the density of these defects was
high. The thicknesses of sub-layers B equaled ~ 120 nm in
both samples. Sub-layers B were followed by ~ 100 nm-thick
sub-layers C, which contained ‘small’ extended defects; the
density of these defects was low. These three sub-layers were
followed by the layers containing quasi-point defects, which
could not be visualized in BF-TEM mode and appeared as
a uniform background. These quasi-point defects were first
detected and identified by Lobre et al. (2013) on the basis
of the results of Rutherford backscattering experiments per-
formed on arsenic-implanted MCT.

Using the free SRIM software, www.srim.org we simu-
lated profiles of implanted arsenic ions and displaced vacan-
cies (conductivity type could not be considered in the simu-
lations). Simulated value of projected ion range R, equaled
93 nm. This value was much lower than the total depth of
the implantation-damaged layers (330 nm for both samples
according to Fig. 1), and the position of R, corresponded
to the upper parts of the sub-layers B. The simulated pro-
file of generated vacancies, in its turn, had maximum at
the depth~30 nm, so the areas with the highest concentra-
tion of implantation-induced defects should have formed
in both samples within the sub-layers A, which, according
to Fig. 1, in reality were almost free of structural defects.
Thus, according to the results of the simulations, the surface

Fig.2 HRTEM images of
selected areas in sub-layers A
of implanted n—type sample #1
(a) and p—type sample #2 (b)
with insets showing their FFT
images and images (c) and (d)
showing corresponding IFFT
images. Red arrows and dashed
ovals in images (c¢) and (d)
mark dislocation loops; yellow
arrows, single dislocations
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layers with low defect density could have been expected to
be much thinner than those observed experimentally. The
actual defect pattern in the TEM images can be explained
by the recombination of structural defects and partial resto-
ration of the crystalline structure that proceeded during the
process of implantation, as mentioned above.

Figure 2 shows HRTEM images of selected areas in sub-
layers A of sample #1 (a) and sample #2 (b). Insets in Fig. 2a,
b show FFT of the corresponding HRTEM images, while
Fig. 2c, d shows corresponding IFFT images. Red arrows
and dashed ovals in Fig. 2¢, d mark dislocation loops; yellow
arrows, single dislocations. As can be seen, for sample #1
(Fig. 2a, c) in sub-layer A one can observe isolated vacancy-
type dislocation loop Py (3 nm in size) and interstitial-type
loop P}, (2 nm), and some single dislocations against the
background of almost perfect crystalline structure. For sam-
ple #2 (Fig. 2b, d) one can also observe isolated vacancy-
type dislocation loops P, (3 nm) and P5 (5 nm), again against
the background of almost perfect crystalline structure. Soli-
tary stacking faults and single dislocations are seen in both
images, but the general defect density in this sub-layer was
low in both samples.

Figure 3a shows an HRTEM image of a selected area in
sub-layer B of sample #1 (n—type). Inset in Fig. 3a shows
the corresponding FFT image, while Fig. 3b shows the
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Fig.3 HRTEM image of a
selected area of sub-layer B in
implanted n—type sample #1

(a) with inset showing its FFT
image, and the corresponding
IFFT image (b). Red arrows and
a dashed oval in image (b) mark
a dislocation loop

corresponding IFFT image. Red arrows and a dashed oval
in Fig. 3b mark a large dislocation loop. According to both
BF-TEM and HRTEM data, sub-layer B contained a high
density of large extended structural defects, namely, dis-
location loops with considerable sizes, single dislocations,
and stacking faults. Large dislocation loops were the domi-
nating defects in this layer. For example, a vacancy-type
dislocation loop shown in Fig. 3b had a linear size 28 nm.

Figure 4a shows HRTEM image of a selected area of
sub-layer B in sample #2. Inset in Fig. 4a shows the cor-
responding FFT image, while Fig. 4b, ¢ shows the cor-
responding IFFT images. Red arrows and dashed ovals in
Fig. 4b, ¢ mark dislocation loops; yellow arrows, single
dislocations. As follows from Fig. 4, sub-layer B in sam-
ple #2 contained high density of large extended structural
defects, defect complexes and agglomerates. The most
typical defects were large dislocation loops, other defects
were single dislocations, stacking faults and lattice defor-
mations. Dark grey areas in Fig. 4a show spots with con-
siderable lattice disorder. IFFT images in Fig. 4b, c show
vacancy- (P4, P5) and interstitial-type (Pg) dislocation
loops. These loops were large in size: for P,, the size of
the loop was ~ 10 nm; for Ps, 12 nm; for Py, ~ 15 nm. The
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loops were accompanied by numerous dislocations and
lattice deformations.

Figure 5 shows HRTEM images of selected areas in sub-
layers C of sample #1 a and sample #2 b. Insets in Fig. 5a,
b show FFT of the corresponding images, while Fig. 5c, d
shows corresponding IFFT images. Red arrows and dashed
ovals in Fig. 5c, d mark dislocation loops; yellow arrows,
single dislocations. The defects in sub-layer C appeared
to be smaller in size than those in sub-layer B. Only one
dislocation loop is seen in each IFFT image in Fig. 5, for
sample #2, it is marked as P,. The linear size of these loops
was ~ 10 nm. Some single dislocations were visible in
IFFT images, but the general defect density in sub-layer C
appeared to be low.

According to the data presented in Figs. 1, 2, 3, 4, 5, the
effect of arsenic implantation on the structural quality of
MCT appeared to be very similar in n and p—type material.
BF-TEM studies showed that the defect layers produced
by the implantation were similar in n and p—type samples
in terms of the thicknesses of the formed defect layers and
of the number of defect sub-layers. Top sub-layers A had
thicknesses ~ 70 nm in both samples and possessed a low
density of structural defects. Sub-layers B (~120 nm in

\

W

Fig.4 HRTEM image of a selected area of sub-layer B in implanted p—type sample #2 (a) with inset showing its FFT image, and corresponding
IFFT images (b, ¢). Red arrows and dashed ovals mark dislocation loops; yellow arrows, single dislocations
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Fig.5 HRTEM image of
selected areas in sub-layers C
in implanted n—type sample #1
(a) and p—type sample #2 (b)
with insets showing their FFT
patterns and images (c) and (d)
showing corresponding IFFT
patterns. Red arrows and dashed
ovals in images (c) and (d)
mark dislocation loops; yellow
arrows, single dislocations

both samples) contained ‘large’ structural defects with high
densities. Sub-layers C were ~ 100 nm-thick and contained
‘small’” extended defects with lower densities. HRTEM stud-
ies showed that the defect layers produced by the implan-
tation were also similar in n and p—type samples in terms
of the types and size of the induced defects. Sub-layers A
contained isolated dislocation loops of small size, stacking
faults and some single dislocations against the background
of almost perfect crystalline structure. Sub-layers B con-
tained high density of large extended structural defects along
with defect complexes and agglomerates. The defects in sub-
layers C were smaller both in size and density than those in
sub-layers B.

As the final goal of the performed implantation was the
formation of ‘p*—n’—junctions suitable for the fabrication
of photodiodes, we also studied the electrical properties of
the implanted material. For that purpose, we measured the
magnetic field B dependences of the Hall coefficient and
the conductivity in the B=0.01-1.5 T range at 77 K. The
obtained data were analyzed with the use of the discrete
mobility spectrum analysis (DMSA, Izhnin et al. 2019);
this technique allows for determining the number of carrier
species and their parameters: concentration, mobility and
partial conductivity. In particular, the analysis of sample #1

Zone axis: [0,1,1]
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(n—type) showed that its conductivity before the implanta-
tion was dominated by high-mobility electrons (majority
carriers) with average (reduced to the total thickness of the
film) concentration 3.9-10" cm3; mobility, 87,500 cm?/
(V s); and average partial conductivity 54.6 (Ohm cm)”!
with directly measured total conductivity equaling 56.6
(Ohm cm)~". Electrons with intermediate mobility were also
detected; these are typically located in the transitional layer
at the film/buffer layer interface (Varavin et al. 2001). In
sample #2 (p—type) before the implantation the conductivity
was dominated by heavy holes with average concentration
5.07-10'° cm™3, mobility 384 cm?/(V s), and average partial
conductivity 0.31 (Ohm cm)~! with directly measured total
conductivity equaling 0.325 (Ohm c¢m)~'. Other carriers
detected in this sample included light holes, transitional-
layer intermediate-mobility electrons and the high-mobility
electrons, which in this case acted as minority carriers.
The results of the DMSA of the Ry; (B) and ¢ (B) depend-
ences for the implanted samples are shown in Fig. 6. In
sample #1 with original n—type, the implantation resulted
in the formation of the n*—n—structure, where the n-region
represented a part of the ‘base’ that was not affected by
the implantation, while the formation of the n*—region
was its direct result. The dominating contribution to the
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Fig.6 Mobility spectrum envelopes (MSEs) obtained with the use
of DMSA for n—type sample #1 (a) and p-type sample #2 (b) after
ion implantation. Curves in graphs (a) and (b) show envelopes: 1, pri-

conductivity in this sample was that by the high-mobility
electrons of the n—region, just because of their high mobil-
ity values and the large thickness of this region. The aver-
age partial conductivity provided by these electrons equaled
55.0 (Ohm cm)~! with the total conductivity of the structure
equaling 74.5 (Ohm cm)™'. These electrons showed off in
the primary MSE (Fig. 6a, curve 1) in the mobility peak at
85,700 cm?/(V s). These carriers obviously originated in
the residual/introduced donors of the n—base, in our case,
indium atoms. Sample #1 also contained the intermediate-
mobility (12,000 cm?/(V s) electrons with the average con-
centration 3.1-10" cm™ and the average partial conductiv-
ity 5.98 (Ohm cm)~!, but of our primary interest was the
contribution to conductivity by the low-mobility electrons.
These carriers are known to originate in the atoms of inter-
stitial mercury captured by implantation-induced structural
defects, such as dislocation loops visualized in our nano-
scale structural studies (Figs. 1, 2, 3, 4, 5 see also Izhnin
et al. 2018, 2019). In sample #1, these electrons provided
partial conductivity 11.7 (Ohm cm)™!, as the primary MSEs
(Fig. 6a) showed a sharp peak at mobility value 3590 cm?/
(V s), which allowed for determining their average concen-
tration as 2.03-10'% cm™,

In sample #2 with initial p—type conductivity (Fig. 6b),
ion implantation resulted in the formation of an n*—n—p
structure. In this structure, the p—type region represented
the ‘base’ that was not affected by the implantation, while
the n*—n-region formed as its result. The dominating con-
tribution to the conductivity was that by the low-mobility
[4650 cm?/(V s)] electrons, which can be seen in Fig. 6b
(curve 1), where the corresponding mobility peak is clearly
dominating. They provided average partial conductivity 14.9
(Ohm cm)™! with the total measured conductivity equaling
24.46 (Ohm cm)™'. The average concentration of these elec-
trons equaled 2.00-10'® cm™. The similarity in the concen-
tration of the low-mobility electrons in implanted samples
#1 and #2 agreed with the data provided by the structural
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studies and confirmed that the process of the formation
of these implantation-induced defects was not affected by
the conductivity type of MCT. Other carriers detected in
this sample included the high-mobility (99,600 cm?/(V s)
and intermediate-mobility (19,400 cm2/(V s) electrons;
their average concentration equaled 4.15-10'* cm™ and
5.50-10'* cm™3, respectively. The high-mobility electrons in
the n—layers of the n*—n—p structures are known to originate
in the residual (or intentionally introduced, as in our case
with indium doping) donors that determine the conductiv-
ity after the atoms of Hg; had diffused into the crystal and
annihilated with mercury vacancies that defined the p—type
conductivity before the implantation (Izhnin et al. 2018).
The intermediate-mobility electrons (or at least a part of
them) originated in the donor complexes that Hg; atoms
form with quasi-point defects induced by the implantation
(Izhnin et al. 2019).

It can be noted that though it could appear from both the
BF-TEM and HRTEM data that in sample #2 the density of
defects in all sub-layers was lower than that in sample #1 and
the size of dislocation loops was smaller, this observation
was not supported by the results of the electrical studies.
Considering the locality of TEM, before any serious con-
clusions can be drawn in this respect, a larger number of
samples should be investigated. This is a subject for future
studies.

Conclusion

In conclusion, the effect of arsenic implantation on the
formation of defects appeared to be very similar in n and
p-type Hg, 14Cd, ,,Te. BF-TEM studies showed that the
defect layers produced by the implantation were similar
in n and p-type samples in terms of the thicknesses of the
implantation-damaged layers. These layers could be divided
into three characteristic sub-layers. The top sub-layers A had
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thicknesses ~ 70 nm in both samples and possessed a low
density of structural defects. Sub-layers A were followed
by sub-layers B, which contained large structural defects
with high densities. The thicknesses of the sub-layers B
equaled ~ 120 nm in both samples. The sub-layers B were
followed by ~ 100 nm-thick sub-layers C, which contained
small structural defects with lower densities. HRTEM stud-
ies showed that the defect layers produced by the implanta-
tion were also similar in n and p—type samples in terms of
the types and size of the defects. Sub-layers A contained
isolated dislocation loops of small size, stacking faults
and solitary single dislocations against the background of
almost perfect crystalline structure. Sub-layers B contained
high density of large dislocation loops along with defect
complexes and agglomerates. Defects in sub-layers C were
smaller in size and density than those in the sub-layer B.
Similarity in defect pattern in n and p—type samples after the
implantation was confirmed by the results of the electrical
studies, which showed almost identical concentrations of
electrons in implantation-induced n*—layers.
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