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Domain wall formation at the c„2Ã2…-„2Ã1… phase transition of the CdTe„001… surface
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~Received 18 February 2000!

A specific type of line defect was detected at the temperature-drivenc(232)-(231) phase transition of the
CdTe~001! surface, the formation ofparallel domain wallsin the (231) phase, using high-resolution low-
energy electron diffraction. The domain walls arise because of spontaneous ordering of Cd surface vacancies
in the Cd-terminated top layer and yield an effective relaxation of surface strain. Their general relevance for
structural and thermodynamic properties of~001! semiconductor surfaces is discussed.
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The structures of polar~001! surfaces of binary and
multiple-element semiconductor materials@e.g., InAs,1

CdTe,2 and GaAs~Ref. 3!# are of considerable interest be
cause of fundamental aspects and because of their tec
logical relevance for optoelectronic devices. One import
issue is to understand the relation between structural pro
ties on the one hand and stoichiometric and thermodyna
parameters on the other. In particular for the GaAs~001! sur-
face, a number of experimental studies have been directe
the atomic details of the surface reconstructions and h
related them to theoretical energy calculations partially p
formed from theab initio level. One specific aspect of thi
approach is that energy differences between different id
surface reconstructions may be only small,4 and therefore
structural defects of the reconstructions, e.g., surface va
cies or antiphase boundaries, may become relevant. Fo
stance, the importance of Ga vacancies in the second l
was recently deduced for theb(234) phase of GaAs~001!
grown by molecular-beam epitaxy~MBE!.3

Whereas many investigations have been performed
room temperature, only a few experiments have conside
the structures and the phase transitions between them a
evated temperatures~e.g., Refs. 3 and 5!. Nonetheless, the
details of these are of equal importance, e.g., for the opt
zation and understanding of MBE growth, as well as
basic aspects concerning surface phase transitions
multiple-element semiconductors. For the latter, interes
phenomena may arise from small variations of the surf
stoichiometry of the constituent elements. In this work,
have investigated the temperature-drivenc(232)-(231)
phase transition of the Cd-terminated CdTe~001! surface5 by
high-resolution low-energy electron diffraction~HRLEED!.
We observe a splitting of the HRLEED spot profiles for t
(231) phase, which indicates spontaneous formation of p
allel domain walls. Such defects have not been noted so
and presumably this has general implications for the und
standing of polar semiconductor~001! surfaces from ener
getic and thermodynamic viewpoints.

In comparison to III-V semiconductors, II-VI~001! sur-
faces exhibit less complex reconstructions. For
CdTe~001! surface considered, there exists a well-defin
structural model for the low-temperaturec(232) phase,
which is based on x-ray diffraction results6 and supported by
scanning tunneling microscopy7 ~STM! and surface core
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level shifts ~SCLS’s! in photoemission data.8 The c(232)
structure is formed by half a monolayer~ML ! of Cd atoms in
the top layer~Fig. 1!. The overall important structural featur
is a strong inward relaxation of the terminal Cd atoms, brin
ing them down to only 0.07 Å above the first Te layer, whi
reduces the surface dipole. The second-layer Te atoms
horizontally pushed away along the@11̄0# direction into the
Cd vacancies, leading to a rotation of the Te bonds to the
atoms in the third layer. This type of reconstruction is b
lieved to relax the surface strain most effectively.6

FIG. 1. ~Top! LEED patterns of the Cd~001! surface at 250 °C
~left! and 300°C~right! for 33.8 eV electron energy. The arrow
mark the positions of the superstructure spots from the recons
tions. ~Bottom! Hard-sphere models of the corresponding ide
c(232) and (231) surface reconstructions with primitive un
cells indicated. The horizontal displacements of the top-layer
atoms from the bulk positions are indicated. Note that the (231)
structure can be transformed into thec(232) structure by a shift of

every second row of Cd atoms along the@11̄0# direction. Larger
and smaller filled circles denote Cd atoms of the first and th
layer, and open circles represent second-layer Te atoms.
2542 ©2000 The American Physical Society
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The (231) reconstruction at high temperatures~Fig. 1!
has so far not been subject to a detailed structural inves
tion. From temperature-dependent Auger measurements~see
below!, however, the same surface termination~0.5 ML Cd!
as for thec(232) is deduced for the ideal (231) recon-
struction. The temperature-drivenc(232)-(231) phase
transition was identified as afirst-order phase transition5

from its hysteresis, in accordance with expectations fr
Landau rules.9 On top of the aforementioned issues, th
phase transition is of interest, since fromab initio calcula-
tions the energetic difference of the two structures is
pected to be only very small, i.e., of the order of 0.02 eV p
(131) unit cell.4

The experiments were performed in ultrahigh vacuum
the ~001! surface of a nominally nondoped CdTe~001! crys-
tal, purchased from Japan Energy Corporation. A clean
face with large terraces of up to 1000 Å was prepared
Ar-ion sputtering and subsequent annealing at about 300
Photoemission SCLS measurements showed that the
terminated surface is obtained by this preparation rou8

Temperatures were measured by a thermocouple in d
contact with the sample holder. The transfer width of t
commercial HRLEED instrument was about 1800 Å.10

Auger intensities were measured for the CdMNN ~376 eV!
and TeMNN ~483 eV! peaks with a cylindrical-mirror analyze
in the differential mode (E053 keV). For calculation of the
Cd coverage (uCd) in the top layer we used the layer mode11

and an ineleastic mean free path of 13.5 Å for Cd and
layers.10 For the Cd-terminated surface considered here~with
a complete Te layer as the second layer!, the layer model
yields a correlation of the ratio of the Auger intensiti
(@CdMNN#/@TeMNN#) and the Cd coverage that is approx
mately linear: @Cd#/@Te#5(I Cd

` /I Te
` )@3.1uCd(ML) 10.85#.12

Here I Cd
` /I Te

` denotes the ratio of the Auger sensitivity fa
tors. For absolute Cd coverages,I Cd

` /I Te
` was calibrated to

1.65 from the structural model of the surface at 270 °C~see
below!.

Figure 1 displays two typical HRLEED patterns of th
surface, which were taken at temperatures just be
~250 °C! and above~300 °C! the phase transition, showin
clearly thec(232) and (231) superstructure spots, respe
tively. The phase transition between the two structures
curs at 270610 °C. This can be derived from Fig. 2~a!, in
which the integrated intensities of the superstructure sp
@numerically obtained from one-dimensional~1D! spot pro-
files# are plotted as a function of temperature. As expec
for a first-order phase transition, thec(232) superstructure
spots vanish at the transition without further broadeni
which would be significant for a second-order pha
transition.9

From Fig. 1 one observes that thec(232) spots are elon-
gated along the@110# direction. This effect is due to an
tiphase boundaries betweenc(232) domains along the

@11̄0# direction, partially caused by Cd vacancies on t
surface, i.e., a deficiency of Cd in the top layer compared
0.5 ML.10 Experimental evidence for these Cd vacancies
given by ~i! SCLS photoemission data,8 ~ii ! the fact that the
intensity of thec(232) spots can be enhanced by addition
Cd dosing,12 and ~iii ! STM measurements.13 The last reveal
that at room temperature small (231) domains, pinned a
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Cd vacancies, coexist with thec(232) structure. We note
that the rise of thec(232) spot intensity in Fig. 2~a! on
approaching 200 °C from low temperatures is due to dep
ning and vanishing of these (231) domains.10

Figure 2~b! shows the Cd/Te Auger ratio and the Cd co
erage (uCd) as functions of temperature. Between room te
perature and 350 °C a reversible increase ofuCd with tem-
perature from 0.25 to 0.40 ML is detected, which indicate
reduction of the Cd deficiency at higher temperatures.
note that this Cd increase clearly rules out the possibility
a Te-terminated (231) phase above 270 °C, discuss
earlier,14 since this would imply a decrease of the Cd/T
Auger ratio at higher temperatures.

The reversible change of the Cd surface coverage a
function of temperature is understood from the fact that
bulk serves as a particle reservoir that allows the surf
stoichiometry to adopt a value according to the requirem
of the chemical potential of the surface. Especially at hig
surface temperatures, this is easily possible, since congr
sublimation of Cd and Te also starts at about 270 °C,15 i.e.,
the temperature of the phase transition. Therefore the
31) phase is formed on a sublimating surface in a quas
namic equilibrium. As a consequence, the (231) recon-
structed surface investigated here corresponds to
thermodynamic-equilibrium surface under UHV, and th
differs from those surfaces prepared under external flux
this temperature by MBE and subsequent quenching.5

As can be seen in Fig. 2~a!, the intensity of the (231)
superstructure spots rises very sharply above the trans
temperature within only about 20 K. However, the HRLEE
pattern of the (231) phase~Fig. 1! already indicates that the
superstructure spots of the (231) phase are considerabl

FIG. 2. Integrated intensities of thec(232) and (231) super-
structure LEED spots~a! and the CdMNN to TeMNN Auger peak-to-
peak intensity ratio and Cd coverage (uCd) in the top layer derived
from the Auger data~b! as a function of temperature. Solid lines a
guidelines to the eye.
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broadened in the@110# direction. These spot profiles wer
investigated in detail by 1D line scans. Three profiles of
~0,1

2! superstructure spot at different temperatures~see the
arrow in Fig. 1!, scanned along the@110# and @11̄0# direc-
tions, are displayed in Fig. 3~a!. Remarkable is the pro
nounced splitting into two symmetric and broad peaks of
profiles along the@110# direction. Both the size of the split
ting and the width of the two peaks are reduced reversibly
a factor of about 2 from 270 to 340 °C. Quite differently, t
profiles along the@11̄0# direction are very sharp and con
stant in width, which indicates a large correlation leng
~300–450 Å! of the (231) domains in this direction.

FIG. 3. ~a! Line scans of the first-order (231) diffraction spots

along the@110# and @11̄0# directions as a function of temperatur
The solid lines are fits to the data as described in the text.~b!
Schematic hard-sphere model of domain walls~dashed line! be-
tween (231) ordered domains. Cd and Te atoms are denote
in Fig. 1.
e

e
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It is noteworthy that no indications of such profile spl
ting were observed for the (131) or c(232) spots. An
explanation of this effect by parallel steps due to the su
mation process can be excluded straightaway, since
would lead to energy-dependent (231) profiles,16 which are
not observed. In addition, no time-dependent oscillating
havior of the (231) spots was observed as found for t
integer-order spots due to layer-by-layer sublimation ab
270 °C.16 The splitting must thus stem from parallel and a
most regularly spaced antiphase boundaries that have s
taneously formed between translational domains of
(231) ordered phase.17

In order to determine the average distance^L& between
these antiphase boundaries and the corresponding stan
deviations, fits to the profiles along the@110# direction were
performed using a superposition of two Lorentzian

I (ki)5I 1(ki)1I 2(ki), with I 1/2(ki)5 Ī 1/2$11@(ki6k0)/

k)#2%21 and adjustable parametersĪ 1/2, k0 , and k. As de-
scribed in detail in Ref. 17, this profile shape corresponds
a geometric distribution of the domain widthL, which is
found to be well justified here because of the excellent ag
ment of the fit and the experimental data in Fig. 3~a!. We
thus derive that̂L&54/k ~Ref. 17! increases from 18 to 26
Å for temperatures of 270 and 340 °C, while values ofs/^L&
change from 0.72 to 0.78. Evidently, the fluctuation ofL is
rather broad.

On the basis of this result we propose a structural mo
of the observed antiphase boundaries@Fig. 3~b!#. It accounts
for the ~antiphase! displacement of the adjacent (231) do-

mains by one lattice constant along the@11̄0# direction and
contains a row of additional Cd vacancies at the dom
boundary to account for the Cd deficiency of the surfa
Such domain boundaries between (231) ordered domains
can be termedlight domain walls~DW’s!, because they ex
hibit a lower local Cd coverage than the (231) domains.
This specific type of DW is also supported here from t
observed temperature dependence of^L& in correlation with
the change of the Cd coverageuCd in the top layer deduced
from the Auger data. From the structure model,uCd is calcu-
lated asuCd50.5(12a/^L&) ML ~a being the surface lattice
constant of 4.58 Å!, which yieldsuCd50.37 ML at 270 °C
and 0.41 ML at 340 °C, using the experimentally determin
values of ^L&. Calibrating the coverage deduced from t
Auger ratio at 270 °C to 0.37 ML@see Fig. 2~b!#, the uCd
value derived from the Auger data at 340 °C, is in excelle
agreement withuCd50.41 ML, as expected on the basis
the DW model, thus giving further evidence for it.

The most plausible reason for the formation of such DW
is the reduction of surface strain. Due to its symmetry,
(231) phase does not allow an effective relaxation of t
surface strain by bond rotations around the Cd atoms of
third layer, as it is possible for thec(232) phase.6 As a
consequence, the binding geometry of the second-laye
atoms to the third-layer Cd atoms cannot preserve the te
hedral angles as in thec(232) phase. A considerable su
face strain along the@110# direction is therefore expected
Since the DW’s break the twofold surface symmetry, th
constitute sites for strain relief by the locally different su
face geometry.

as
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The average distance^L& between the DW’s is determine
by the strain relief in the domain cores, and by the ene
required for the formation of the DW’s with respect to th
ideal (231) reconstruction. The short spacing of 4–6 latti
constants indicates a rather strong surface strain in
(231) phase. At higher temperatures the surface strain
pears to diminish slightly, possibly due to a small therm
expansion of the bulk lattice and/or to relief of the surfa
strain by excitation of transverse surface phonons, leadin
the increase of̂L&. The most important aspect is, howeve
that the presence of the DW’s lowers the free energy of
(231) phase with respect to that of thec(232) phase and
thus causes the phase transition to occur at a lower temp
ture than it would without formation of DW’s.

To our knowledge, no such observation of a temperatu
driven formation of DW’s in a binary semiconductor surfa
has been reported previously. Nevertheless, this scenario
served for the CdTe~001! surface is expected to be meanin
ful for other binary semiconductor surfaces, too. For
stance, one may speculate that on the As-termina
GaAs~001! surface, a similar formation of DW’s is respon
sible for the anti-phase disorder at the temperature-dri
c(238)-(234) phase transition, which is similar from th
viewpoint of symmetry.18

Concerning the CdTe~001! surface, several important im
plications arise. First of all, the results indicate that vacanc
in the top layer may already be energetically favored un
equilibrium conditions at higher temperatures, since by f
mation of DW’s they offer a mechanism by which the su
face can reduce its strain. Secondly, the important role of
DW’s derived for the (231) phase illustrates that theoretic
predictions of the most stable surface reconstructions, ba
on comparisons ofideal reconstructions, may be misleadin
especially when energy differences of the ideal reconst
n
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tions~as mentioned! are small.4 A third important point is the
implication of the observed DW’s for desorption and grow
processes. Evidently, the DW’s constitute a preferential
for the nucleation of vacancy islands during sublimation a
can thus reduce the corresponding effective activat
energies.15,19 The DW’s should also play a key role for th
understanding of the surface morphology during ion ablat
of CdTe~001!, for which strongly anisotropic islands hav
been observed.20 Finally, the presence of DW’s probably an
swers a long-standing question for the CdTe~001! surface,
namely, why ac(232) phase is observed under external C
flux, e.g., under growth conditions, whereas a (231) phase
is found under UHV at the same temperatures.5 The reason is
most likely that the DW’s are annihilated by the high co
centration of Cd atoms on the surface due to the exte
flux, which causes a high surface strain of the (231) phase,
thus making thec(232) phase energetically more stabl
even at temperatures above the UHV phase transition t
perature~>270 °C!.

In summary, from high-resolution low-energy electro
diffraction data we have deduced the formation of para
domain walls in the (231) phase at the temperature-drive
c(232)-(231) phase transition of the CdTe~001! surface.
These are formed by spontaneous ordering of Cd sur
vacancies and lower the surface strain in the (231) recon-
struction. This type of phase transition has to be expected
other ~001! surfaces of binary semiconductors, too, and h
important implications for several of their properties.
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