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Optical reflectance in the visible wavelength range, transmission electron microscopy, and the Hall-effect
measurements with mobility spectrum analysis have been used for the direct comparison of the results of arsenic
ion implantation in samples with n– and p–type conductivity fabricated on the basis of a Hg1-xCdxTe film with
x = 0.22 grown by molecular beam epitaxy on a Si substrate. Optical reflectance studies showed that the effect
of ion implantation on the properties of the surface was very similar in n– and p–type material. Transmission
electron microscopy showed that defect patterns were also similar in n– and p–type samples in terms of the
thicknesses of implantation-damaged layers and types of defects formed. Electrical studies demonstrated that
low- and mid-mobility electrons induced by the implantation in n– and p–type material had similar average
concentration and mobility. It was concluded that the nature of donor defects that produced these electrons was
the same in n– and p–type HgCdTe, and it was suggested that the defects in question were interstitial mercury
atoms captured by dislocation loops and by quasi-point defects formed as a result of implantation.

1. Introduction

‘p+–on–n’ architecture can be implemented with heterojunction technology [10,11], but the success of in situ fabrication of ‘p+–n’ junctions
is still limited because of challenges related to achieving high hole
concentration in p+–type layer and strong Hg/Cd interdiffusion during
high-temperature arsenic activation annealing [3]. Thus, implantation
remains a solid option for this architecture. To fabricate p+–on-n
photodiodes with this technology, implantation is performed into a
‘base’ n–type layer doped with indium to (1–5)·1015 cm−3 [12,13]. The
doping ensures that the properties of the ‘base’ during post-implantation annealing, which is performed for the activation of implanted ions
and healing of implantation damage, are kept stable. At that, high
electrical conductivity of the indium-doped ‘base’ n–layer hinders
electrical studies of the p–type layer formed after the annealing due to
the large difference in electron and hole mobility in MCT. Thus, the
effect of the arsenic implantation on the properties of MCT is typically
studied after implantation into p–type material [14]. This approach

For the last fifty years, HgCdTe (MCT) solid solutions have remained
the basic material for photodetectors operating in the long- and middlewavelength infrared ranges [1–3]. One of the most popular methods
used for the fabrication of MCT-based photodiodes is ion implantation,
and the recent studies of the effect of the implantation on MCT properties involved those of the influence of, e.g., the type of the implanted
specie [4], the implantation dose, energy and temperature [5], the
profile of implanted ions [6], the type of surface passivation layer [7],
etc. Ion implantation serves as a basis for both the extrinsic ‘p+–on–n’
(typically, arsenic implantation) and intrinsic ‘n+–on–p’ (typically,
boron implantation) photodiode technologies. Of these, ‘p+–on–n’
technology currently attracts much attention due to the fact that it allows for reducing photodiode dark current, and thus, for increasing the
operating temperature of the device or its cut-off wavelength [8,9]. The
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presumes that formation of implantation-induced defects, including
electrically active ones, proceeds similarly in the ‘base’ layers with p–
and n–type conductivity. To the best of our knowledge, no direct proof
to this fact has been given yet with the exception of very limited data
obtained with single-field Hall-effect measurements on MCT epitaxial
films implanted with nitrogen [15]. In this work, we performed a direct
comparison of the effect of arsenic implantation on the properties of n–
and p–type samples made from the same epitaxial Hg0.8Cd0.2Te film, –
in relation to their surface, structural, and electrical properties.
2. Material and methods
The 9.1 μm-thick film was grown at Rzhanov Institute of
Semiconductor Physics (Novosibirsk, Russia) by molecular beam epitaxy (MBE) on a (0 1 3)CdTe/ZnTe/Si substrate with the growth cycle
controlled in situ by means of an ellipsometer [16]. The ‘absorber’ layer
of the film with CdTe molar fraction (composition) xa ≈ 0.22 was in situ
covered with ~0.4 μm-thick graded-gap protective layer with xv ≈ 0.46
at the surface. The film was doped with indium during the growth with
calculated concentration in the absorber layer 6.0·1015 cm−3. The indium concentration was gradually increasing in the graded-gap surface
layer and reached 1.6·1016 cm−3 at its surface.
Indium doping provided n-type conductivity of the as-grown film. A
piece cut from the film after the growth was subjected to thermal annealing (220 0C, 24 h) in helium atmosphere at low mercury pressure.
As a result of the annealing, a p–type sample was fabricated with hole
conductivity resulting from the presence of mercury vacancies, intrinsic
acceptors in MCT.
Both n– and p–type samples were implanted in one implantation
cycle with As+ ions with the energy 190 keV and fluence 1014 cm−2
using IMC200 (Ion Beam Services, France) machine.
The surface characterization was performed with optical reflectance
measurements performed at the temperature T = 295 K in 300–750 nm
wavelength range with 0.2 nm step with the use of Shimadzu UV-3600
(Japan) spectrophotometer with 5 mm diaphragm.
The microstructure of the implanted material was studied with
Transmission Electron Microscopy (TEM) in bright-field (BF) and highresolution (HRTEM) modes with the use of Tecnai G2 F20, FEI
Company microscope. Thin foils were prepared using FEI Quanta 200
dual-beam focused-ion (Ga+) beam machine equipped with an
OmniprobeTM lift-out system.
The electrical properties of the material were studied by measuring
the magnetic field B dependences of the Hall coefficient RH and the
conductivity σ in the B = 0.01–1.5 T range at T = 77 K. The obtained
data were analyzed with the use of the discrete mobility spectrum
analysis (DMSA) [14]; this technique allows for determining the
number of carrier species and their parameters: concentration, mobility
and partial conductivity. In particular, the analysis of the as-grown film
(sample 1, n-type) showed that its conductivity was dominated by highmobility electrons of the ‘absorber’ layer (majority carriers) with
average (reduced to the total thickness of the film) concentration
3.9·1015 cm−3; mobility, 87500 cm2/(V·s); and average partial conductivity 54.6 (Ohm·cm)–1 with directly measured total conductivity
equaling 56.6 (Ohm·cm)–1. Electrons with mid-mobility were also detected; these are typical of the structures grown by the MBE method
considered and are located in the transitional layer at the film/buffer
layer interface [17,18]. Their parameters were as follows: average
concentration 4.93·1014 cm−3 (sheet concentration Nsh = 4.4∙1011
cm–2); mobility, 12200 cm2/(V·s); average partial conductivity, 0.96
(Ohm·cm)–1. The total partial conductivity provided by holes was 0.1%,
so their parameters could not be appropriately resolved.
In p–type sample 2 the conductivity was dominated by heavy holes
of the ‘absorber’ layer (majority carriers) with average concentration
5.07·1015 cm−3, mobility 384 cm2/(V·s), and average partial conductivity 0.31 (Ohm·cm)–1 with directly measured total conductivity
equaling 0.325 (Ohm·cm)–1. Light holes also contributed to the

Fig. 1. Optical reflectance spectra of the studied samples: 1 (n–type, not implanted); 2 (p–type, not implanted); 3 (n–type, implanted); 4 (p–type, implanted).

conductivity, their parameters were as follows: concentration
4.93·1014 cm−3; mobility, 12600 cm2/(V·s), partial conductivity, 0.009
(Ohm·cm)–1. The transitional-layer mid-mobility electrons were also
present in this sample, they had average concentration 1.77·1012 cm−3,
mobility, 13000 cm2/(V·s), and average partial conductivity, 0.004
(Ohm·cm)–1.
The high-mobility electrons (minority carriers) were also present in
sample 2. Their partial contribution to the conductivity was the lowest
one and the parameters were as follows: average concentration,
6·1010 cm−3, mobility, 83100 cm2/(V·s), average partial conductivity,
0.001 (Ohm·cm)–1. This mobility value appeared to be in good agreement with that in sample 1, which confirmed the validity of the DMSA
procedures performed.
3. Results and discussion
3.1. Optical reflectance studies
Fig. 1 shows optical reflectance spectra of the studied samples. The
spectra contained a typical doublet of the peaks E1 and E1 + Δ1, which
originated in transitions Λ4,5 → Λ6 and Λ6 → Λ6, respectively [19]. To
assess the structural perfection of the surface of the samples, we used
the value of “peak sharpness” Q = ΔR/R1, where ΔR is the value of the
‘dip’ between the peaks and R1 is the reflectance in the maximum of the
peak E1 [20]. The chemical composition on the surface was determined
on the basis of the position of peak E1.
The analysis of the transformation of values of Q showed that the
crystalline perfection of the surface layer of sample 2 (Q = 2.68) was
much lower than that of sample 1 (Q = 4.59). This tentatively could be
considered to be a result of the evaporation of mercury from the surface
of the material, as the exact aim of the annealing used to obtain sample
2 was the generation of mercury vacancies. The evaporation also explained the substantial (Δxv ≈ 0.04) increase in the composition at the
surface after the annealing; this result of heating is typical of Hg-related
compounds irrespective of the source of the heat (for the most recent
studies on this topic, see, e.g., [21]). Ion implantation resulted in significant decrease in the value of Q for both samples; in sample 3 Q
equaled 2.67, in sample 4, 1.05. According to the results of the TEM
studies, which are given below, the origin of this effect was the formation of extended structural defects in the sub-surface layers of the
samples.
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Fig. 2. BF-TEM images of the cross-sectional views of samples 3 (a) and 4 (b). The material was implanted with arsenic with ion energy 190 keV and ion fluence 1014
cm−2.

3.2. Transmission electron microscopy studies

obtained from an area located in sub-layer A. The results of the BF-TEM
study shown above suggested that this sub-layer contained isolated
structural defects with low density. Indeed, in Fig. 3 one can observe
isolated vacancy-type dislocation loops P2 (3 nm in size, see Fig. 3(b))
and P3 (5 nm) against the background of almost perfect crystalline
structure. A stacking fault and some single dislocations are seen in the
image, but the general defect density is indeed low.
The damage produced by ion implantation was most clearly seen in
the sub-layer B. It contained high density of large extended structural
defects along with defect complexes and agglomerates. The most typical
defects were large dislocation loops, other defects were single dislocations, stacking faults and lattice deformations. Fig. 4 shows an example
of defect area in the sub-layer B. Dark grey areas in Fig. 4(a) show spots
with considerable lattice disorder. IFFT images in Fig. 4(b,c) show vacancy- (P4, P5) and interstitial-type (P6) dislocation loops. These loops
were large in size: for P4, the size of the loop was ~10 nm; for P5,
12 nm; for P6, ~15 nm. The loops were accompanied by numerous
dislocations and lattice deformations.
The defects in the sub-layer C were smaller in size than those in the
sub-layer B. This is illustrated in Fig. 5, where an image of a defect area
in the sub-layer C is shown. Only one dislocation loop P7 with 7 nm in
size is visible in Fig. 5(b), along with few single dislocations. In general,
the defect patterns formed by the implantation in MCT with p–type
conductivity (Figs. 3–5) and n–type conductivity (as presented in Ref.
[22]) appeared to be very similar.
Fig. 6 shows simulated profiles of arsenic ions and displaced atoms
(vacancies) in MCT for ion implantation of arsenic with energy 190 keV

Fig. 2 shows TEM images of the cross-sectional views of the implanted samples. The defect patterns observed in the two images were
very similar and appeared to be typical of the arsenic-implanted MCT
[22–24]. First, the whole implantation-damaged layer extended to a
considerable depth, almost to 330 nm. Secondly, the layer could be
divided into three characteristic sub-layers. The top sub-layers A had
thicknesses ~70 nm in both samples and possessed a low density of
structural defects. Similar layers were first observed by Lobre et al.
[24], and their formation was related to the partial re-structuring (recombination) of the implantation-induced defects that took place
during the implantation. This is a characteristic feature of materials
with the strong ionic nature of the chemical bonds [24]. The sub-layers
A were followed by sub-layers B, which contained ‘large’ structural
defects; the densities of these defects were high. 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’ extended defects; the densities of these defects were low. These sub-layers
were followed by the layers containing quasi-point defects, which could
not be visualized in BF-TEM mode and appeared in the images as a
uniform background.
More detailed information on the specific types of defects formed in
the implanted material was obtained in the course of HRTEM studies.
The structural defects produced by ion implantation in n–type sample 3
were analyzed in detail by Bonchyk et al. [22], so in this work we focused on the defects in p–type sample 4. Fig. 3 shows HRTEM data

Fig. 3. HRTEM image of an area in the sub-layer A of sample 4 with inset showing its fast Fourier transform (FFT) image (a), and corresponding inverse FFT (IFFT)
image (b). Red arrows and dashed ovals in image (b) mark dislocation loops; yellow arrows, single dislocations; dashed line, a stacking fault. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. HRTEM image of an area of the sub-layer B of sample 4 with inset showing its FFT image (a), and corresponding IFFT images (b,c). Red arrows and dashed
ovals in images (b) and (c) mark dislocation loops; yellow arrows, single dislocations. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

and fluence 1014 cm−2. The simulation was performed with the use of
SRIM-2013 free software [25]. The profiles are plotted against the
background of the BF-TEM images of the cross-sections of the samples.
The simulated value of the projected ion range Rp equaled 93 nm. As
follows from Fig. 6, the position of Rp corresponded to the upper parts
of the sub-layers B, while the whole defect layer extended much deeper.
According to the simulated profiles of generated vacancies, the areas
with the highest concentration of implantation-induced defects should
have formed within the sub-layers A. Thus, according to the results of
simulations, the surface layers with low defect density could be expected to be much thinner than those observed experimentally. The
actual defect pattern in the TEM images can be explained only by the
recombination of structural defects and partial restoration of the crystalline structure that proceeded during the implantation, as mentioned
above.
The SRIM software does not allow for considering the conductivity
type of the material under implantation, thus the profiles of the vacancies in Fig. 6 were the same in n– and p–type samples. It could be
expected that the presence of intrinsic vacancies in the vacancy-doped
p–type sample could somehow affect the defect formation in the damaged area (e.g., via favoring the formation of vacancy-type dislocation
loops), but no effect of this kind was observed. Most likely, the concentration of the vacancies in the initial sample was too low as compared to that of the vacancies generated with the implantation.

Studies of the profiles of structural defects in implanted MCT (see,
e.g., Ref. [24]) for various energies of the arsenic ions showed that
extended structural defects spread to the depths approx. 1.8–2 larger
than the Rp (see also Ref. [26]). In the crystals with prevailing covalent
bonding, the maximum of the concentration of implantation-induced
extended defects is located close to Rp. In MCT, which is a material with
the prevailing ionic bonding, the maximum is located much deeper than
Rp. Once more, this is indicative of the fact that primary implantationinduced defects in MCT are undergoing transformation already during
the implantation with their recombination proceeding much easier than
that in the covalent-bonded crystals.
3.3. Electrical studies
Fig. 7 shows primary mobility spectrum envelopes (MSE) of the
studied samples. These MSEs were calculated using the classic MSA
algorithm developed by Beck and Anderson [27]. As mentioned above,
the analysis of the MSEs showed that in the initial n–type sample 1 the
conductivity was dominated by the high-mobility electrons (curve 1),
while in p–type sample 2 it was dominated by the heavy and light holes
(curve 2). After ion implantation (curves 3 and 4) the shapes of the
MSEs were substantially changed, reflecting the changes in the types of
the carriers that were dominating the conductivity.
The results of the DMSA of the RH(B) and σ(B) dependences for the

Fig. 5. HRTEM image of an area of the sub-layer C of sample 4 with inset showing its FFT image (a), and corresponding IFFT image (b). Red arrow and dashed ovals
in image (b) mark dislocation loops; yellow arrows, single dislocations. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 6. Simulated profiles of arsenic ions and produced vacancies in MCT for arsenic implantation with energy 190 keV and fluence 1014 cm−2 plotted against the
background of BF-TEM images of the cross-sections of samples 3 (a) and 4 (b).

conductivity equaled 1.71 (Ohm·cm)–1. These electrons are also located
in the n+–region, as carriers with these parameters were absent in the
initial sample. These electrons originated in the donor complexes that
HgI atoms formed with quasi-point defects [14]. A similar assortment of
carriers with three types of electrons possessing low-, intermediate- and
high mobility, respectively, was observed in boron-implanted p–type
MCT samples [30].
As mentioned above, in ion-implanted n–type MCT samples, the contribution to conductivity by the donor centers formed as a result of implantation is ‘masked’ by the high conductivity of the n-type base, especially if the ‘base’ was doped with a donor (indium). This makes it
challenging to determine the partial conductivity due to the defects induced by the implantation and to separate this conductivity from that due
to the electrons of the n–base. This was exactly the case for sample 3
(Fig. 8(a)). 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 n+–region was its direct
result. The dominating contribution to the conductivity of the structure
was that by the high-mobility electrons of the n-region. The average partial
conductivity provided by these electrons equaled 55.0 (Ohm·cm)–1 (which
value agreed well with the conductivity in as-grown sample 1, 56.0
(Ohm·cm)–1), with the total conductivity of the structure equaling 74.5
(Ohm·cm)–1. These electrons showed off in the primary MSE (Fig. 8(a),
curve 1) in the mobility peak at 85700 cm2/(V·s). Their average concentration equaled 4.01·1015 cm−3, and as the thickness of the n+–layer
was small, this value appeared to be very close to the average electron
concentration in sample 1, 3.9·1015 cm−3. These electrons originate in the
residual/introduced donors of the n–base, in our case, indium atoms.
The next contribution to conductivity was that of the low-mobility
electrons that provided partial conductivity 11.7 (Ohm·cm)–1. Indeed,
this value was much smaller than that of the ‘base’ layer, yet the primary MSE (Fig. 8(a)) still showed a sharp peak at mobility value
3590 cm2/(V·s), which allowed for determining their average concentration as 2.03·1016 cm−3. It can be suggested that these electrons,
similar to those in sample 4 (which also had electron concentration
~2·1016 cm−3), originated in HgI atoms captured by dislocation loops
[14,28]. Thus, the process of the formation of these donor defects
seemed to be in no way affected by the conductivity of the material, be
it n–type or p–type.
Sample 3 also contained the mid-mobility (12000 cm2/(V·s)) electrons with the average concentration 3.1·1015 cm−3 and the average
partial conductivity 5.98 (Ohm·cm)–1. The concentration of these
electrons in sample 3 was almost an order of magnitude higher than
that in sample 4. Most likely, this was due to the fact that in sample 3
there were two sorts of electrons with similar mobility values, with one
sort being electrons of the n–‘base’ (to be exact, the electrons of the
transitional layer near the CdTe buffer layer), and the other one originating in HgI atoms captured by quasi-point defects induced by the
implantation.

Fig. 7. Primary mobility spectrum envelopes for samples 1, 2, 3 and 4 (curves 1,
2, 3 and 4, respectively). The negative part of the mobility axis was introduced
for the clarity only.

implanted samples 3 and 4 are shown in Fig. 8. Images (a) and (b) show
the MSEs, while images (c) and (d) show the corresponding experimental and calculated, as a result of the performed analysis, RH(B) and
resistivity ρ(B) dependences. In sample 4 with initial p–type conductivity (Fig. 8(b)), ion implantation resulted in the formation of an
n+–n–p structure. Similar structures were formed in p–type MCT with
xa≈0.2 after arsenic implantation with fluences in 1012–1015 cm−2
range [14,28]. In these structures, the p–type region represents the
‘base’ that was not affected by the implantation, while the n+–n–region
forms as its result. In sample 4, the dominating contribution to the
conductivity was that by the low-mobility (4650 cm2/(V·s), average
concentration 2.00·1016 cm−3) electrons, which provided average
partial conductivity 14.9 (Ohm·cm)–1 with the total measured conductivity equaling 24.46 (Ohm·cm)–1. This can be seen in Fig. 8(b)
(curve 1), where the corresponding mobility peak is clearly dominating.
These carriers originate in implantation-induced structural defects and
are localized in the n+–region, which is the layer containing extended
structural defects, such as dislocation loops (Fig. 2, see also Refs.
[14,28]). The donors producing these electrons are mercury atoms that
were displaced by the implantation, became mobile interstitials HgI,
and got captured by dislocation loops. The next contribution to the
conductivity was that by the high-mobility (99600 cm2/(V·s), average
concentration 4.15·1014 cm−3) electrons. Their average partial conductivity equaled 6.61 (Ohm·cm)–1. These electrons are known to originate in the residual/introduced donors that determine the conductivity after the atoms of HgI had diffused into the crystal and
annihilated with mercury vacancies that defined the p-type conductivity of the ‘base’ before the implantation [28,29]. Also, electrons
with the mid-mobility (19400 cm2/(V·s), average concentration
5.5·1014 cm−3) were found in sample 4. Their average partial
5
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Fig. 8. Mobility spectrum envelopes obtained with the use of DMSA for samples 3 (a) and 4 (b), and corresponding experimental (points) and calculated (lines) RH(B)
(1, RH < 0) and ρ(B) (2) dependences (c, d). Curves in graphs (a) and (b) show envelopes: 1, primary envelopes; 2, 3 and 4, envelopes after the first, the second and
the third discretization steps, respectively. A good agreement between the corresponding experimental and calculated RH(B) and ρ(B) dependences in graphs (c) and
(d) confirms the validity of the analysis performed.

4. Conclusion
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