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Staircase model of GaSb(001) (1X3) and c(2X 6) phases
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We show that the (1X3) and c(2 X 6) diffraction patterns of the reconstructed GaSb(001) surface are the
result of characteristic disorder in the positions of the (4 X 3) reconstructed surface unit cells. The recon-
structed cells form uniform rows in the 4 X direction with the rows shifted with respect to each other. Random
shifts of the rows result in the (1 X 3) diffraction pattern. If only shifts by = 1/4 between the unit-cell rows are
allowed, we obtain the ¢(2 X 6) pattern. Our results agree with the electron counting rule, previous scanning
tunneling microscopy studies, and our own reflection high-energy electron-diffraction observations.
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The termination of a semiconductor bulk crystal at its
surface results in dangling bonds. The surface reconstructs to
minimize the number of these dangling bonds and hence the
surface energy. A fundamental understanding of the surface
reconstructions is therefore necessary to develop smooth,
abrupt interfaces for III/V semiconductor devices, since sur-
face reconstructions may lead to anisotropic growth mor-
phologies, causing roughness at a heterointerface, or may
produce nonstoichiometric interfaces that are not composi-
tionally abrupt (see e.g., Ref. 1 and references therein).

GaSb is a technologically important direct band gap semi-
conductor used for photonic applications in the long wave-
length range. It is closely lattice-matched to InAs and AlSb,
allowing the growth of band gap engineered device
heterostructures.>® GaSb features a sequence of surface re-
constructions that is different from the other II-V zinc
blende structure semiconductors. Several surface reconstruc-
tions of GaSb(001) have not been determined until now.

The known diffraction patterns of GaSb(001) are as fol-
lows, in the sequence of decreasing temperature. The (1
X 3) diffraction pattern is observed at typical device growth
conditions.* This pattern shows clear and intense 3 X reflec-
tions along the [110] azimuth. At lower temperatures, the
(1 X 3) pattern changes to ¢(2 X 6). The transition is gradual,
a mixture of (1X3) and ¢(2 X 6) diffraction patterns is fre-
quently observed.>® Further cooling gives rise to a 5X peri-
odicity in the diffraction pattern along the [110] direction.
The Sb-rich 5X phases are believed to be metallic and (1
X5), ¢(2X10), and (2 X 10) models are discussed.’

In this work, we focus on analyzing the (1X3) and c(2
X 6) patterns. We show that the (1 X3) and ¢(2 X 6) diffrac-
tion patterns are compatible with the (4 X 3) unit cell. They
arise due to different types of one-dimensional disorder be-
tween unit cell rows. To verify our model, we prepare both
GaSb(001)—(1x3) and c¢(2X6) structures by molecular
beam epitaxy (MBE) and determine their in-plane diffraction
patterns by reflection high-energy electron diffraction
(RHEED) azimuthal scans.

Figure 1 shows azimuthal reflection high-energy electron-
diffraction (RHEED) scans of these two surface symmetries.
Such a top view of the reciprocal lattice is produced by ac-
quiring the diffracted intensity along a line parallel to the
shadow edge in RHEED while azimuthally rotating the
sample. The intensity map is then obtained by plotting this
linear intensity in the plane parallel to the surface according
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to its azimuthal recording angle.® The GaSb(001) (1 X 3)
and c(2 X 6) phases were prepared by MBE. Typical ultra-
high vacuum (UHV) conditions were used. The chamber
pressure was around 10~ mbar during the measurements.
We used unintentionally doped p-type GaSb(001) = 0.02°
wafers. After oxide desorption under a constant Sb flux, the
Ga cell was opened to grow a buffer layer with a constant
HI/V flux ratio of approximately 1:3. The growth rate was
determined from RHEED growth oscillations to 1 nm/min.
The substrate temperature was kept constant at 526 =5 °C
and 467 =35 °C for the (1 X3) and ¢(2 X 6) phases, respec-
tively. RHEED patterns were acquired during azimuthal
scans with constant rotation speed and fixed incidence angle
of the electron beam. The primary beam energy was 20 keV.
The images were generated and acquired using a commercial
RHEED data acquisition and processing software.'” The re-
sults are shown in Fig. 1. Figure 1(a) shows the (1 X 3) phase
and Fig. 1(b) the ¢(2X6) phase. The (1 X 1) unit cell is
marked by a dashed square. The additional rows of centered
spots along the horizontal direction half way between the
bright 3X rows are clearly visible in Fig. 1(b).

The structure model of the (1 X 3) reconstruction,'! pro-
posed on the basis of photoemission and scanning tunneling
microscopy (STM) measurements, consists of Sb dimer rows

along [110] separated by a row of Ga. In STM, partial dis-
order and zigzag features of the dimer rows are observed. A
structure model with a ¢(2 X 6) unit cell,'? based on RHEED

(a) (1x3)

FIG. 1. Azimuthal RHEED scans of a GaSb(001) surface with
(a) (1 X3) and (b) ¢(2 X 6) symmetry. The Sb flux corresponds to a
stoichiometric growth rate of 3 nm/min. Substrate temperature in
(a) 5265 °C and in (b) 4675 °C.
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(a) (b) random shifts along [110]
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FIG. 2. (Color online) (a) Structure models of
. the GaSb(001) « and B(4X3) reconstruction.

(b),(c) Schematic views of shifted unit cell ar-
rangements with (b) random up and down unit
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cell shifts and (c) with up and down shifts strictly

(c) a shifts along [110]

by one quarter of the reconstructed cell. Only the
top 2 ML of GaSb are shown in (b),(c). The
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bright and dark (red online) spheres are Sb and
Ga atoms, respectively. The structure motifs were
taken from the arrangements that were used in the
structure factor calculations.
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and photoemission studies, terminates the surface by an Sb
dimer row, similar to the (1 X 3) model, but without a row of
Ga. The ¢(2 X 6) periodicity is created by Sb dimers in the
second layer. These two models do not obey the electron
counting rule.’® This rule allows the identification of prob-
able structure models by simply counting the electrons
within a surface unit cell. It determines the surface to be
semiconducting and charge neutral by counting the number
of III-III, V-V bonds and the number of dangling bonds of
group III and group V elements. Both above mentioned mod-
els could not be confirmed by density functional theory
(DFT) calculations.'* We are not aware of any other structure
models based on a (1X3) or ¢(2X6) unit cell. The recon-
structions of AISb(001) and GaSb(001) are very similar.
Both materials have similar lattice constants (0.7% differ-
ence) and produce the same (1 X3) and (2 X 6) diffraction
patterns, which exist in similar temperature ranges."> STM
studies'®!” find a (4 X 3) unit cell for both the GaSb(001)
and AISb(001) reconstructions. Two phases can be distin-
guished, @ and B. Subsequent DFT calculations'* indicate
that the (4 X 3) unit cell has the lowest surface formation
energy for both the AISb(001) and GaSb(001) reconstruc-
tions. The most likely structures of the GaSb(001)—(4 X 3)
unit cells are shown in Fig. 2(a). The a phase involves four
Ga-Sb dimers on top of an Sb layer. The B phase is more Sb-
rich and has three Sb-Sb dimers and one Sb-Ga dimer on top
of the Sb layer. Both structures satisfy the electron counting
rule and have smaller surface formation energies than both
the (1 X 3) and ¢(2 X 6) models. However, despite the micro-
scopic observation and theoretical stability of the (4 X 3) sur-
face reconstructions, a GaSb(001)—(4 X 3) diffraction pat-
tern is not observed in the diffraction experiments (Fig. 1).
A (4 X 3) surface unit cell spans 4 X 3=12 elementary sur-
face cells. An elementary cell of the truncated bulk zinc
blende crystal is defined by the square with the sides along

the bulk_[llO] and [110] directions and an edge length of

a,=a,/ 2, where a, is the bulk lattice constant. The (4 X 3)
cell can therefore be placed on the bulk crystal underneath in

12 nonequivalent positions. This produces 12 translational
domains and the corresponding antiphase boundaries be-
tween the domains. The STM images of GaSb(001) and
AISb(001)'%-18 show that the unit cells form rows, i.e., there
are very few phase boundaries along the X3 direction. On
the other hand, the rows shift rather freely with respect to
each other in the 4 X direction, implying that the correspond-
ing domain boundary energy is small.

Figures 2(b) and 2(c) sketch possible arrangements of the
rows by introducing different types of disorder in the relative
positions of the rows. Let A, B, C, D be four possible posi-
tions of the surface unit cell obtained through an integer
number of shifts in the 4X direction by 1/4 of the surface
unit cell spacing (or equivalently, by one unit cell of the
unreconstructed surface). Figure 2(b) illustrates the case of
random shifts: The neighbor of an A row is, with equal prob-
ability, an A, B, C, or D row. Figure 2(c) presents another
type of disorder, which involves only relative shifts between
rows by 1/4 of the surface unit cell. In this case, the neigh-
bors of a row A are either B or D, the neighbors of B are A
or C, and so on. Our aim now is to show that each type of
disorder gives rise to either the (1 X 3) or the ¢(2X6) dif-
fraction pattern, respectively.

In the calculation of the diffraction patterns, we restrict
ourselves to the kinematical approximation. It is well known
that the kinematical approximation is generally not sufficient
to simulate RHEED intensities since dynamical (multiple
scattering) effects are strong in the diffraction of high-energy
electrons.'® However, we are interested in the superlattice
reflections of the reconstructed unit cell that originate from
very few atomic layers at the surface and are therefore less
prone to dynamical effects. Besides that, our primary interest
is the symmetry of the diffraction pattern, rather than the
precise calculation of the intensities.

An ideal periodic repetition of the reconstructed unit cells
gives rise to a two-dimensional crystal with a scattering
amplitude?’
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Alq) = E F(q)expliq - (n,a; + nya,)], (1) structed unit cell, only integer order reflections survive along

ny.ny
where the sum is performed over the two-dimensional Bra-
vais lattice and F(q) is the scattering amplitude of the single
unit cell,

F(q) =2 f, expliq - /). (2)
/

Here, f; are the atomic scattering factors of the atoms /, r; are
the positions of atoms within the reconstructed unit cell, a;
=(3a,,0) and a,=(0,4a,) are the lattice vectors of the (4
X 3) cell, and n;, n, are integers. The sum (1) gives rise to
the Bragg peaks at the wave vectors q=2m(m,/a;,m,/a,),
where m,, m, are integers. Expressed in units of the surface
lattice ~ parameter a,, the wave vectors are q
=2m(m,/3a;,m,/4ay).

The first type of disorder, shown in Fig. 2(b), is a random
shift of each row of (4X3) cells in the 4X direction by
multiples of the fundamental a, spacing, i.e, by t,=na,/4.
There are four independent shifts, n=0,1,2,3. When calcu-
lating F(q) by Eq. (2), the shifts are taken into account by
the substitution r;—r;+t, and provide additional phase fac-
tors exp(iq-t,). Since all four displacements occur with
equal probabilities, the sum (1) is multiplied by the factor

l(l + eiq-a2/4+ eiq»a2/2+635q-32/4). (3)
4

Substituting ¢, we can rewrite this factor as
1 . ) )
_(1 +emmz/2+el7'rm2+63177m2/2)_ (4)
4

It is equal to 1 for m,=0,4,8,... and O for all other integer
values m, that are not multiples of 4. In terms of the recon-

the 4X direction. The resulting diffraction pattern has (1
X 3) symmetry. It is shown in Fig. 3(b).

The second type of disorder, Fig. 2(c), involves relative
shifts of the neighboring rows of unit cells by *a,/4. It
corresponds to the AB, BC, DC, etc. states. A similar disor-
der involving random shifts by a quarter of the surface unit
cell is known for the GaAs(001)—(2 X 4) reconstruction.?!22
Let us assume that the first row is in position A. Then, the
position of the next row is, with equal probability, either B or
D, i.e., it is shifted with respect to the first row by *a,/4.
The next row is either A or C, and is shifted with respect to
the first row by either O or a,/2. Continuing further, one
finds that all odd rods are shifted with respect to the first rod
by *a,/4 and all even rods by either O or a,/2, with equal
probabilities. It is therefore advantageous to count unit cell
rows by pairs and perform the summation using 2a; instead
of a; in Eq. (1). A pair of rows with the first row in position
A and the second in B or D give rise, on average, to an
additional factor in the sum (1),

(5)

1+ leiq~a1(eiq-az/4 + e—iq<az/4)'
2

If the reference row is in position C rather than A, an addi-
tional phase factor exp(iq-a,/2) arises. When A and C posi-
tions are equally probable, Eq. (5) is multiplied by an addi-
tional factor,

(6)

1 .
S0+ e),

Now we take into account that we have doubled the period
along a; and collect the factors (5) and (6) for the wave
vectors q=2(m,/2a,,m,/a,) to obtain
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1 . 1. . .
5(1 +el71'm2) 1+Eelﬂml(elﬁm2/2+e—lﬂ'mz/z) ) (7)

The first term allows only reflections with even m,. The sec-
ond term is nonzero only if m;=0,2,4,... for m,
=0,4,8,... and m;=1,3,5,... for m;=2,6,10,.... The re-
sulting diffraction pattern has the ¢(2 X 6) symmetry and is
shown in Fig. 3(c).

We verify the analytical results by a direct numerical cal-
culation of the scattering from a large ensemble of surface
unit cells with different types of disorder. In doing so, we can
follow the continuous transformation from one type of dis-
order to the other by varying the probabilities of the shifts.
Figures 2(b) and 2(c) show typical arrangements of the unit
cells. We obtain the atomic coordinates in the B(4 X 3) cell
from first principles using density functional theory.???* The
thickness of the cell is five monolayers of GaSb, which is
approximately the penetration depth of RHEED electrons.
The atomic scattering amplitudes, f;(q), are calculated using
the tabulated Doyle-Turner scattering factors.!” The size of
the simulated domain is 120 surface unit cells, which ap-
proximately corresponds to the coherence length of RHEED.
The intensities calculated for such a domain are averaged
over 103 repetitions generated at random with the same prob-
abilities.

The probabilities pp, to have adjacent rows without a
shift, pap and p,p to have a shift by 1/4 of the surface unit
cell either up or down, and p,c to have a shift by 1/2 of the
surface unit cell are related by paa+pap+PactpPap=1. We
consider only equal probabilities of up and down shifts,
Pap=Pap- In case they were unequal, the diffraction peaks
would deviate from their symmetric positions,?> a phenom-
enon which is outside the scope of the present paper. Hence,
there are only two independent probabilities, which we de-
note as paa and pag.

Figures 3(d) and 3(e) show the diffracted intensities along
the lines K=1/2 and K=1/4 in reciprocal space (HK are
continuous Miller indices). The top curves correspond to al-
most perfect (4 X 3) order: The probability psa=0.99 pro-
duces a mean size of AAAA... domains equal to 1/(1
—paa) =100, while the probabilities of the AB, AC, and AD
shifts are equal. Figure 3(a) shows the (4 X3) diffraction
pattern obtained from such a configuration. The radii of the
dots in Figs. 3(a)-3(c) are proportional to the scattering am-
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plitudes |A(q)| so that the areas of the dots represent inten-
sities |A(q)|>. As the probability p,, decreases, the diffrac-
tion peaks broaden and become less intense. For a
probability ps=0.95 (a mean domain size of 20 unit cells),
the peaks are still intense and sharp. Only when the probabil-
ity decreases to 0.7 (mean domain size 3.33 unit cells), the
diffraction peaks have low intensity and become difficult to
detect experimentally. In the kinematical calculations, the in-
tegrated intensity of the peaks is constant (proportional to the
number of scatterers), so that, as the disorder is increased,
the intensity redistributes from the narrow and intense peaks
into wide ones with low intensity. Such peaks are hard to
distinguish from a diffuse background in the experiment. Fi-
nally, in the case of a complete disorder of (4 X 3) unit cells,
paa=0.25, the K=1/2 and K=1/4 diffraction peaks are too
broad to be distinguished from the background. The diffrac-
tion pattern is (1 X 3) [Fig. 3(b)], in agreement with the ana-
lytical calculations above.

As the probability p,p increases further, the *£1/4 shifts
begin to dominate. Such a kind of order gives rise to sharp
(n/6,1/2) peaks as seen in the bottom curves in Fig. 3(d).
On the other hand, the reflections along K=1/4 remain very
weak and broad and cannot be distinguished from the back-
ground [Fig. 3(e)]. This arrangement produces the ¢(2 X 6)
symmetry as shown in Fig. 3(c).

Thus, we have demonstrated that the (1X3) and c(2
X 6) diffraction patterns are due to different types of disorder
of the (4 X 3) surface reconstructed unit cell rows and not
due to a change in symmetry of the basic surface unit cell.
Random shifts of the rows by *£1/4 with respect to the ad-
jacent rows along the 4X direction give rise to the centered
¢(2X6) diffraction pattern. This is the low-temperature
phase observed by RHEED [Fig. 1(b)]. Higher substrate tem-
peratures result in an increased disorder, where all rows are
randomly shifted along the 4 X direction with respect to each
other. This high-temperature configuration produces the (1
X 3) diffraction pattern [Fig. 1(a)]. Our model agrees with
the published STM measurements, where partial disorder
was observed.!1%18 It explains the experimentally observed
RHEED patterns using the energetically favorable surface
unit cell, and agrees with the electron counting rule.

The authors would like to thank Steffen Behnke for tech-
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