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The real-space atomic surface structure of mercury cadmium telluride was successfully achieved on the (111)B
surface of Hg0.78Cd0.22Te by ultrahigh-vacuum scanning tunneling microscopy (STM). The work casts light on the
reconstructions of the (111)B surface unraveling a (2×2) surface reconstruction induced by adatom adsorption
of Cd. The other (2×2) surface reconstruction is clarified to be induced by the single Te vacancy, which is more
stable than the reconstruction of multivacancies in contrast to the prevailing view. The simulated STM images
are in good agreement with the experiments. We also observed an in situ morphology transition from the (1×1)
structure to those (2×2) reconstructions, implying the stability of the reconstructions.
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I. INTRODUCTION

The ternary compound mercury cadmium telluride (MCT,
or Hg1−xCdxTe) has been the most important semiconductor
for infrared (IR) technology [1]. Recently, it has attracted
further attention due to its close relationship with topological
insulators (TI) [2–5]. However, the atomic surface structure
of real space of the material has not been unveiled experi-
mentally up to date. We report herein the development of the
issue achieved by scanning tunneling microscopy (STM) with
atomic resolution.

Hg1−xCdxTe has the same zinc-blende structure as CdTe
or HgTe. It is generally viewed as a narrow-band-gap semi-
conductor with the energy band gap tunable from tens of
meV to about 1 eV with the variation of composition [1,6].
However, when x is below the critical value (∼0.17), the
semiconductor phase turns to the TI phase which is classified as
a massless Kane-fermion system [5,7]. The surface property is
an important issue for Hg1−xCdxTe and has been investigated
with many conventional surface techniques such as reflection
high-energy diffraction (RHEED) [1,8–12]. However, there
are only a limited number of STM characterizations on the
Cd(Hg)Te group in literature [13–19]. In particular, the STM
work with atomic resolution on Hg1−xCdxTe has remained
absent until now. It is in most extent due to the fact that the
bond between Hg and Te atoms in Hg1−xCdxTe is weak in
contrast to many semiconductors. It was indeed observed in our
STM experiment that the surface atoms of HgCdTe manifest
high mobility and the rearrangement of surface atoms could
be induced easily by the STM tip during the imaging. The
similar phenomenon was also noted in the previous STM on
CdTe [14].
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Nonetheless, the present STM experiment has succeeded
in the atomic structure imaging on the (111)B surface of
HgCdTe. The achievement illuminates a Cd-adatom-induced
2×2 reconstruction dominant for the (111)B surface, which
was not shown previously. Employing the first-principles
calculations, we elucidate that the 2×2 reconstruction induced
by the single Te vacancy is energetically more stable than
the widely referred multivacancies model [8,11], which was
demonstrated for GaAs [20].

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

The material for the STM experiment is a HgCdTe film
about 15 μm thick, grown by liquid-phase epitaxy on the
CdZnTe (111)B substrate. The HgCdTe surface also has the
(111)B orientation, or noted as (1̄1̄1̄) sometimes, which means
that the growth direction is along [111] and the topmost layer
is terminated by Te atoms. The orientation is commonly used
in the epitaxy of HgCdTe since the direction entails the least
Hg flux in comparison with the others [1]. The stoichiometry
of Hg/Cd is 0.78/0.22, which is a typical ratio for the long-
wavelength IR detectors and generates a band gap of ∼0.2 eV
(300 K) [1,6]. For the STM characterization, the fresh surface
was obtained through the following treatment: the sample was
dipped into the 1% bromine/methanol for about 10 s followed
by the subsequent rinsing with methanol and distilled water. It
was then immediately dried with a stream of pure nitrogen gas.
To avoid the oxidation in air, a thorough isolation process was
available by using a home-built glove box, which can be sealed
with the load-lock chamber so that the etching and transfer
was manipulated in the nitrogen atmosphere. The pump-down
with a turbo pump was then switched on and continued for
3 h before the sample transfer into the UHV. The instrument
was the Omicron LT STM performed under ultrahigh vacuum
with a base pressure of 1.0×10−10 mbar [21]. In the STM
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experiment, we selected the sample bias within the range of
0.2 ∼ 0.3 V and the setpoint within 5 ∼ 10 pA.

To model the surface reconstructions, we applied the
density-functional theory (DFT) calculation with the projector-
augmented wave method implemented in the Vienna ab initio
simulation package (VASP) [22,23]. The cutoff energy for the
plane-wave basis set was 450 eV. In comparison with the local
density approximation (LDA), the formalism of LDA + U
introduces modification with the on-site Coulomb interaction
[24]. The surface energy calculation presented was based on
the LDA + U formalism with U = 8.5 eV. We also performed
the LDA calculation to check the robustness on the prediction
by LDA + U. Despite that the absolute values of surface energy

calculated by LDA are about 1 ∼ 4 meV/Å
2

larger than those
by LDA + U, we find that both conclusions have no difference
and the use of U does not affect the relative stability. The
surface was simulated with a slab consisting of eight bilayers
with a composition of (Hg/Cd)-Te and vacuum thickness of
20 Å. The atoms in the bottom two bilayers were kept fixed at
the bulk position, and those in upper bilayers were fully relaxed
until the Hellmann-Feynman forces on them were smaller
than 0.01 eV/Å. The dangling bonds of bottom cations were
saturated by pseudohydrogen atoms. A (5×5×1) k-point mesh
was employed for (2×2) surface unit cell. The other details on
calculation are shown in the next section.

The stability of the surface reconstructions are examined by
their relative surface free energy with respect to that of pristine
HgCdTe (111)B surface,

�γ = 1

A

[
Erecon

slab − Eideal
slab −

∑
i

�Ni

(
�μi + Ebulk

i

)]
, (1)

whereErecon
slab andEideal

slab are the total energy of the reconstruction
and pristine (111)B surface derived from a slab calculation,
respectively; the integer �Ni indicates the number of atoms of
type i that have been removed (�Ni < 0) or added (�Ni > 0)
from the slab of the pristine surface to form the reconstructed
structure, �μi is the chemical potential of the ith element refer-
ring to the total energyEbulk

i (eV/atom) of its most stable phase,
andA is surface area. Determining the chemical potential under
different growth condition is complicated due to the ternary
alloy effect. In the present work, the chemical poten-
tial is simply evaluated from the formation enthalpy of
CdTe [�H (CdTe) = −0.96 eV] and HgTe [�H (HgTe) =
−0.55 eV] using virtual crystal approximation. Hence,
the chemical potential of Te (�μTe) is 3/4�H (HgTe) +
1/4�H (CdTe) = −0.65 eV under (Hg, Cd)-rich condition
(�μHg = �μCd = 0). Under Te-rich condition (�μTe = 0),
the chemical potential of Hg and Cd is also −0.65 eV.

III. RESULTS AND DISCUSSION

A. General features of STM images

A typical STM morphology is shown in Fig. 1(a), which
displays mounds with the atomic flat terraces having the
lateral dimension of tens of nanometers. Figure 1(b) shows a
topography line profile measured across the steps as designated
by the dashed line in Fig. 1(a). It indicates that the step
height is about 0.37 nm, which is equal to the bilayer distance
along [111] of HgCdTe. Figure 1(c) is a zoom-in image which

FIG. 1. STM images and topographic line profiles on (111)B of
HgCdTe acquired with the sample bias of 0.25 V and setpoint of
5 pA. A mound displays terraces with the step height of 0.37 nm as
indicated by the line profile in (b). (c) Zoom-in image with two atomic
flat terraces. The dotted line designates four reconstructed regions of
A–D, for which the height variation is indicated by the line profile
in (d).

displays four regions with different image contrast, as labeled
with A/B/C/D. Figure 1(d) presents the height profile of the
line across the regions. Note that the brighter regions of B
and D are about 0.05 nm higher than region C, but region A
is ∼0.03 nm lower than C. The measurement uncertainty in
the vertical direction is roughly ±0.005 nm and in the lateral
is roughly ±0.04 nm. As indicated later, we resolved three
types of atomic structures, for which B and D are induced by
Cd adatom adsorption and C by the Te vacancy, respectively.
Region A displays a type of (1×1) structure. The height
variations reflect different normal relaxations of surface atoms
with the reconstructions, as discussed in the text later.

Figure 2(a) presents the atomic resolution of a terrace,
which displays two reconstructed areas as designated with
the parallelogram (A) and rectangle (B), respectively. The A
region contains a (2×2) reconstruction whose unit cell is a
rhombus with the side length of ∼0.96 (±0.04) nm. The region
B displays the other (2×2) reconstruction for which the four
vertexes of the unit cell are bright spots. The two regions differ
slightly in height. For the dashed line designated in Fig. 2(a),
its height profile is shown in (b) disclosing that the top atoms
in the rectangle are about 0.05 nm higher than those in the
parallelogram. Note in Fig. 1 that the height difference between
the regions B and C is also of the same magnitude, implying
the same reconstructions to which they belong.

Comparing the two reconstructions of A and B, we find
two main differences: (i) the center of the unit cell of A is
a hollow whereas the center of B is a bright spot; (ii) the
two regions display different heights between which B is
about 0.05 nm higher than A according to the eye guidance
of two dashed lines drawn in Fig. 2(b). The reconstruction
type of region B was also observed to have higher surface
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FIG. 2. Two typical (2×2) reconstructions of (111)B surface of
HgCdTe. The STM images of (a) and (c) were acquired with the
sample bias of 0.22 V and setpoint of 5 pA, respectively. In (a), two
reconstructions are indicated with a parallelogram (A) and rectangle
(B), respectively. The rhombus designates the unit cells. (b) Height
profile for the dotted line across the regions A and B marked in (a).
(c) The other high-resolution image with the same reconstruction as
region B in (a). (d) is the height profile for the dashed line in (c). The
comparable simulated STM images based on the DFT calculation
are presented in (e) and (f). The color spots for different atom species
are designated.

coverage than the others. Figure 2(c) presents the other im-
age with improved resolution on the B reconstruction type.
Figure 2(d) is the topographic line profile for the dashed line
in (c), which indicates that the bright vertex spots of the unit cell
are about 0.03 nm higher than the other atoms in the cell. The A-
and B-type reconstructions can also be well reproduced by DFT
simulation, results of which are displayed in Figs. 2(e) and 2(f).
The details on the calculation as well as the comparison with
Figs. 2(a) and 2(c) will be shown later in the text.

B. Calculation models and results

To elucidate the reconstructions, we resorted to the DFT
calculation. In terms of the ternary compound Hg1−xCdxTe, the
construction of the model is quite complex due to the different
permutations with two cations (Hg/Cd), which significantly
affect the stability and electronic property. It is feasible to
construct the model using x = 0.25 instead of the nominal
x = 0.22 so that the composition of Cd and Hg for a supercell
is treated succinctly with a ratio of 1:3. For Hg0.75Cd0.25Te,
the energetic stability of the cation orderings was examined
based on a (2×2×1) supercell (24 atoms) whose lattice vectors

FIG. 3. Calculation models on Hg0.75Cd0.25Te and the calculated
surface energies of several reconstructions. (a) Side view of slab.
The dashed frame indicates a supercell. The color spots for different
atom species are designated. (b) Top view of (111)B surface. The
dashed line marks a (2×2) surface unit cell. The notations H1, H2,
and T designate three possible sites of the cation adsorption. (c), (d)
Plots of (2×2) reconstructions induced by single Te vacancy (Tev)
and by Hg/Cd adatom at H1 site, respectively. (e) Surface energies
calculated for the (2×2) reconstructions which are related to the
(Hg/Cd) adatoms at H1 sites, Tev, and multivacancies (2Tev + Hgv),
respectively.

are along [110], [011], and [1 1 1], respectively. Figure 3(a)
is a side view of a slab containing eight bilayers, and the
dashed frame indicates (2×2×1) supercell mentioned above.
We found totally 15 possible configurations for Hg0.75Cd0.25Te,
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resulting from the different permutations of Hg/Cd atoms.
Our calculation shows that these configurations have small
difference in total energy, being less than 2 meV per formula
unit. Hence, we can reduce the modeling complexity simply
by using one supercell as a prototype of the slab model.

Realizing that the surface is likely to have a different
chemical composition from the bulk, we need firstly clarify the
favorable permutation of the cations (Hg/Cd) for the surface.
The calculation was performed with the different distributions
of two Cd and six Hg atoms in the two bilayers on top. Using
the ratios of 0:4, 1:3, and 2:2 for Cd and Hg of the surface,
we find that the total energy with the ratio of 0:4 is about
0.1 eV per (2×2) cell smaller than the others. The result
implies the pure phase segregation of HgTe on the surface,
in accordance with the previous study by the other approach
[25]. This configuration was then used as the pristine surface
for further investigation of the surface reconstruction.

In many cases, the reconstructions of a semiconductor
surface obey the so-called electron counting rule (ECR),
predicting that the electronic structure of the reconstructed
surface should be nonmetallic [26]. In terms of the (111)B
surface of a zinc-blende structure, there are two vacancy types
of (2×2) reconstructions reported previously. For HgTe (111)B
surface, the single vacancy type is formed by removing one Te
atom for every (2×2) cell [8] and we denote this configuration
herein as Tev. Another multivacancy (2×2) type is formed by
removing two Te and one Hg for every (2×2) cell [20], which
we denote as (2×2)2Tev + Hgv. We point out that both the
above vacancy configurations are conformed to ECR. In the
present work, we reveal that there exists the other adatom type
(2×2) reconstruction, which does not only satisfy ECR but also
displays even lower surface energy than those vacancy (2×2)
types. The description is given below.

The adatom type is formed in such a way that an adatom
of cation (Cd or Hg) is adsorbed for every (2×2) cell. For
this type, three adsorbed sites are involved, including one site
on top of a surface Te atom denoted T in Fig. 3(b) and two
hollow sites denoted H1 and H2. The notation H2 refers to
the adatom directly on top of a surface Hg atom. The adatom
at H1 is threefold coordinated with Te atoms [see Fig. 3(d)]
and it also faces downward to a “full hollow” position so
that the adatom has a possibility to diffuse into the bilayer.
We distinguish the two configurations of the H1 site with
the notations Cd(Hg)up@H1 and Cd(Hg)dw@H1, respectively.
The single Te vacancy model is illustrated by Fig. 3(c) and
the model of the above adatom configurations is illustrated by
Fig. 3(d), in which the green spot represents the adatom.

Figure 3(e) presents the calculation results of surface energy
which is a function of chemical potential of Te (�μTe). The
plot shows that Cddw@H1 is the most stable configuration and
Cdup@H1 may transform to the more stable Cddw@H1 through
the diffusion of adatom downward if the adatom initially stayed
above the surface. Among the three cation-adsorption sites
(H1, H2, and T), our calculation shows that the H1 site is ener-
getically lower than the other two sites (H2 and T). For instance,
the calculation indicates that the surface energy of Hgdw@H1
configuration is 0.11 eV/(2×2) cell and 0.08 eV/(2×2) cell
lower than that of Hg@H2 and Hg@T, respectively. Thus,
the energy levels for the H2 and T sites are not put together
in Fig. 3(e) for conciseness of the diagram. In terms of the

vacancy-induced (2×2) reconstructions, Fig. 3(e) shows that
both Tev and 2Tev + Hgv reconstructions have lower surface
energy than the pristine surface. The vacancy reconstruction
models on (111)B surface of zinc-blende structure were ini-
tially addressed on GaAs by Chadi [20], who showed that the
(2×2) reconstruction of 2Asv + Gav is more stable than that
of Asv. The conclusion therein was later referred by the other
studies on the zinc-blende structures including the Cd(Hg)Te
group [8,11]. To the authors’ knowledge, the adequacy of
the extension has not been justified by the first-principles
calculations until now. Our result shown in Fig. 3(e) indicates
that the energy order of the two types of vacancy models
for HgCdTe is contrary to that on the counterparts of GaAs.
Namely, the Tev (2×2) reconstruction is more stable than that
of 2Tev + Hgv. Additionally, the 2Tev + Hgv reconstruction
was not yet observed by the STM.

C. Comparison between calculation and experiment

Figures 2(e) and 2(f) present the simulation results on the
STM images based on the DFT calculation. Since the measured
STM images were acquired with the positive sample bias, the
tunneling current arises from the electron transport from the
STM tip to the empty states of sample surface. The calculation
has taken into account the total density of empty states at
the bottom of conduction band (Ec), which is integrated over
the energy range of Ec ∼ Ec + 0.2 eV. The simulated images
in Fig. 2(e) and 2(f) reflect the spatial distribution of empty
charge states at the height of 0.2 nm above the surface. We
find that the bright contrast arises mainly from the empty
states of topmost Te atoms. Figures 2(e) and 2(f) are well
compared with the STM measurements of Figs. 2(a) and 2(c),
respectively.

Precisely speaking, Figs. 2(e) and 2(f) should be viewed
as the STM images based on the acquisition of constant
height mode rather than the constant current mode. Since
the constant current imaging mode was practically used by
our instrument, one should also take into account the vertical
relaxation of surface atoms to fully interpret the STM contrast.
Our calculation reveals that the reconstructions discussed
previously are associated with appreciable relaxations of the
surface atoms. For the case of Cd(Hg)dw@H1, the topmost
layer is Te terminated, which can be classified into two site
groups. One group of Te atoms with a unit cell consists of
the three Te atoms bonding to the Cd adatom, which move
upward by 0.012 nm from the ideal case, whereas another
group is the other Te atom which moves upward by 0.053 nm.
Hence, their height difference between the two site groups
of Te is 0.041 nm, close to the experimental value indicated
in Fig. 2(d), which is ∼0.03 nm as measured by the average
height difference between the bright vertex spots and the other
darker ones.

The calculation also provides the comparison of verti-
cal relaxation between the different reconstructions. For the
Tev (2×2) reconstruction, the surface Te and Hg atoms move
upward and downward from the original ideal case by 0.024
and 0.007 nm, respectively. In contrast, the surface Te atoms
in the Cddw@H1 (2×2) case move upward by 0.053 nm
so that the topmost layer of the Cddw@H1 (2×2) should
be 0.029 nm higher than that of Tev (2×2). The value is
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FIG. 4. Morphology transition observed with the STM acquired
with the sample bias of 0.22 V and setpoint of 5 pA. (a) A (1×1)
surface structure initially observed. (b) Image after several imaging
cycles subsequent to (a). Two reconstructions can be resolved, which
are the reconstructions due to Cd adatom and single Te vacancy,
respectively. (c) Zoom-out image indicating large overlap between
the two image areas in (a) and (b).

reasonably comparable with the measured ∼0.05 nm indicated
in Fig. 2(b) as well as in Fig. 1(d) while the influence of other
factors such as the local density of states and tip geometry has
not been taken into account.

D. Observation of (1×1) structure and its
transformation to (2×2) reconstruction

We also observed a (1×1) structure, as shown in Fig. 4(a).
However, the (1×1) structure did not survive with a long time
repeated imaging. Note that the frame of image in Fig. 4(a)
displays the blurred morphology at the lower part. The image
in Fig. 4(b) was acquired later roughly in the same area as
that for Fig. 4(a). The spatial relationship of the two imaging
areas for Figs. 4(a) and 4(b) can be further illustrated with the
zoom-out image in Fig. 4(c), in which the overlapped region
had displayed the (1×1) structure in the very beginning. The
subsequent image in Fig. 4(b) contains two reconstructions
which redisplay those structures shown in Fig. 2(a). The
phenomenon implies that the two (2×2) reconstructions are
energetically stable, in accordance with the previous prediction
by the surface energy calculation.

Generally, the reconstruction with lowest surface energy
should be most favorable. Indeed, the Cd-adatom-induced
(2×2) reconstruction is the most commonly observed surface
structure, whose surface coverage by rough estimation is about
70%, whereas the coverage of (2×2) Tev and (1×1) structures
together are less than 30%. Regarding Fig. 3(e), one might
question why it is possible to observe the reconstructions

with different surface energies simultaneously. We remind
that the approach used to calculate Fig. 3(e) is essentially
a simplified treatment, which has assumed the same global
chemical environment for an ideal surface. Practically, the local
chemical environment such as the atom species and numbers
with respect to a specific surface location may deviate from the
ideal case leading to spatially different reconstructions. Once
the reconstruction forms, it is metastable. The energy barrier
may exist preventing the spontaneous transformation to the
other lower energetic type, unless the lattice bonding could
be broken by an external disturbance such as the tip-surface
interaction in the STM or the high-energy electrons with the
RHEED measurement.

In fact, the coexistence of different reconstructions was also
observed by some other STM experiments. For instance, in
both STM studies of CdTe(001) and HgTe(001) surfaces, the
STM with atomic resolution revealed the mixed reconstruc-
tions of c (2×2) and (2×1) [14,16]. The other experiment
by the RHEED technique revealed that the (1×1) structure
of (111)B can indeed stand alone but the high-energy elec-
tron beam with the RHEED measurement eventually induced
the structure transformation to the other 2

√
3× 2

√
3R30◦

reconstruction [10]. In our STM experiment herein, the (1×1)
structure is of similar metastable feature. The eventual trans-
formation to the (2×2) reconstruction may have been induced
by the tip- surface interaction in contrast to the high-energy
electrons in RHEED shown in Ref. [10]. In addition, we
mention that the 2

√
3× 2

√
3R30◦ was the other reconstruction

observed for (111)B of CdTe [11]. However, Duszak et al.
showed that 2

√
3× 2

√
3R30◦ was observed above 310 ◦C,

below which the reconstruction vanished and the (1×1) and
(2×2) reconstructions occurred instead [11]. Nevertheless,
we do not exclude the possibility of other reconstructions
which could be probed by the STM exploration in the
future.

Regarding the interference of high mobility of surface atoms
on stable STM imaging, one might expect to ameliorate the
effect with the low-temperature measurement. Although we
performed the experiment at liquid nitrogen (77 K), we did not
succeed to acquire atomic resolution. The failure may be due to
the following fact. Since the narrow-band-gap semiconductor
is concerned, the temperature affects sensitively the concen-
tration of free carriers of the semiconductor, which drops
drastically by several orders when the temperature changes
from RT to 77 K [1]. The stable STM imaging is difficult
due to poor carrier concentration, as observed by other STM
experiments [27]. We also found that it was difficult to obtain
atomic resolution with the negative voltage bias due to the large
band-bending effect with the reverse bias [28].

IV. CONCLUSION

The real-space imaging on atomic structure of MCT surface
is successfully demonstrated by the present STM work. Among
the observed surface structures, the (2×2) reconstruction
induced by the Cd adatom is most favorable energetically.
Along with the first-principles calculations, the STM study
shows that the (2×2) reconstruction induced by the single
Te vacancy is more stable than that by multivacancies. We
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had also observed a metastable (1×1) structure which was
transformed to the more stable (2×2) reconstructions. The
success demonstrated by the present experiment paves the way
for further STM characterizations at the atomic level, which
are not only promising for clarifying the crucial defect issues
for the device physics but also for providing significant insight
into TI on account of the uniqueness of Hg1−xCdxTe which
inherently bridges the two phases of normal semiconductor
and TI.
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