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Structural transition at the subsurface of few-layer Bi(110) film during the growth
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The structure and growth behavior of Bi(110) ultrathin films on Si(111)-7 x 7 substrate are studied using
real-time x-ray crystal truncation rod scattering measurements. The film grows in units of bilayers up to four
atomic layers and shows a quasi—layer-by-layer growth above four layers in which even-layer-height domains
are preferentially formed. It is revealed that the even-layer-height domains fully consist of black-phosphorus-like
paired layers while the odd-layer-height domains have an additional bulk-Bi(110)-like layer beneath the top
bilayer. This suggests that a structure change occurs at the subsurface when an additional single layer grows on
the even or odd domains. Monte Carlo simulations indicate that a smaller free energy of the even structure than

the odd structure leads to the preferential formation and that a small interface energy at the even/odd domain
boundary allows the frequent transitions during the growth.
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I. INTRODUCTION

Few-layer pnictogens with a black phosphorus (BP)
structure or BP-analog binary and ternary materials have at-
tracted considerable attention in a broad range of research
fields [1-7], because of their unique properties such as promi-
nent carrier mobility [8], anisotropic photon absorption [9],
high capacity for metal ion storage [10], and high catalytic
activity [11]. In particular, heavy pnictogens (Bi and Sb) with
a BP-like structure are of great interest as they are predicted
to host novel two-dimensional Dirac and Weyl states [12—17].

Few-layer-thick Bi ultrathin films adopt the [110] growth
orientation (rhombohedral notation) on various substrates re-
gardless of lateral lattice mismatch [18-30]. The Bi films
show a complex growth behavior, including the formation
of wetting layers, preferential film thicknesses [28], and
a transformation to the [111] orientation at a critical film
thickness [18,31]. For the structure of Bi(110) films, three
different models have been proposed [Figs. 1(a)-1(c)]: a bulk
Bi(110) structure in which each monolayer (ML) forms co-
valent bonds with the adjacent MLs, a BP-like structure,
which consists of paired MLs with a vertical buckling in
each ML, and a sandwich structure, which contains bulk-
Bi(110)-like layers sandwiched by top and bottom BP-like
bilayers (BLs) [12,28,32]. The structure has been studied
mainly using scanning tunneling microscopy (STM). On
most substrates even-layer-height domains (hereafter, even
domains) and less-populated odd-layer-height domains (odd
domains) were observed. The structure of the even domains
was ascribed to the BP-like structure [28] or the sandwich
structure [22]. For the odd domains the sandwich structure
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was suggested, based on the surface lattice alignment between
the even and odd domains [28]. However, the structures of
internal layers, such as stacking structure, interlayer distance,
and vertical buckling remain to be clarified. The structure
determination is necessary for understanding the nature of
the few-layer Bi(110) films, as the electronic structures de-
pend on the stacking structures [33,34] and the topological
properties can be varied by either in-plane or out-of-plane
strains [13,35], amplitude of the vertical buckling [12,36],
interlayer distances [36], and film thickness [32,37].

In this paper, we report the structure and growth behavior
of few-layer Bi(110) ultrathin films grown on a Si(111)-7 x 7
substrate, studied by real-time x-ray crystal truncation rod
(CTR) measurements [38—41], which allow the structure and
coverage of each ML to be quantified during the growth
[Fig. 1(e)]. The change in coverage of each ML shows that
the film grows in units of BL up to four MLs and changes to
a quasi—layer-by-layer growth above four MLs with a prefer-
ential population of the even domains. The structure analysis
clarifies that the even domains fully consist of BP-like BLs
and suggests a new structure model for the odd domains,
which has an additional bulk-Bi(110)-like ML located beneath
the top BL [Fig. 1(d)]. The growth behavior is reproduced by
Monte Carlo (MC) simulations that include the free energy
change due to the structure transition between the even and
odd structures, suggesting that a smaller free energy of the
even structure than the odd structure leads to the preferential
even domain formation.

II. RESULTS AND DISCUSSION
A. Structure of 4-ML-thick Bi(110) film

All the experiments were conducted in an ultrahigh vac-
uum (1078 Pa). Details of the experiments and analysis are

©2023 American Physical Society
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FIG. 1. (a)—(d) Top and side views of the structure models of
few-layer Bi(110) films. The in-plane unit cell is indicated in (a).
The top views show only the surface ML. (e) A schematic illustration
of real-time x-ray CTR scattering measurements with a wavelength-
dispersive mode [38—41] during the growth of Bi(110) film.

described in the Supplemental Material [42]. First, the out-of-
plane structure of nearly 4-ML-thick Bi(110) was analyzed by
static CTR measurements. The specular CTR (00L rod) profile
was measured, and the interlayer distance, buckling ampli-
tude, and coverage (1 ML is defined as the density of Bi atoms
in the bulk Bi(110) ML, 9.27 x 10'* atoms/cm?) of each ML
were deduced by fitting the CTR profile with a least-squares
method. Since the Bi(110) domains have a random in-plane
orientation and show weak diffraction rings [18], which were
difficult to measure accurately, the in-plane atomic structures
could not be analyzed. As shown in Fig. 2(a), the CTR profile
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FIG. 2. (a) Measured (symbols) and calculated (solid curve) O0L
CTR scattering profiles of the nearly 4-ML-thick Bi(110) film grown
on the Si(111)-7 x 7 substrate. (b) Structure model of the film. In-
terlayer distances D, amplitudes of vertical buckling H, and layer
coverages 0 optimized in the structure analysis are indicated.

shows Laue oscillations from the Bi layers and is nicely repro-
duced by the profile calculated for the BP-like structure. The
R-factor value, a measure of the agreement, is 0.06. The struc-
ture model consists of aperiodic wetting layers (WLs) and the
BP-like BLs grown on the WLs, as shown in Fig. 2(b). The fit-
ting parameters are shown in Fig. 2(b) and the optimal values
are shown in Table 1. We also optimized an isotropic Debye-
Waller factor, which represents the thermal vibration and a
possible structural inhomogeneity. The optimized amplitudes
are 0.19£0.05 A for the WLs and 0.14 £ 0.05 A for the
Bi(110) layers, respectively. The optimized structure is almost
the same as the BP-like BLs grown on a Si(11 1)-+/3 x +/3-B
substrate [43]. We note that the film contained small amounts
of fifth (0.13 +£0.02 ML) and sixth MLs (0.1 +0.02 ML)
with the structures described below.

The determined structure is consistent with the previ-
ous STM and theoretical studies. The buckling amplitude
in the top ML (H, = 0.39 £0.03 A) is consistent with the
STM studies on different substrates (0.32 A [20] and 0.31
A [27]). The thickness of the top BL (D, 4+ D3+ 2H, =
6.42 +0.07 10%) is consistent with the STM studies, around 6.6
A [18,28,36]. The height difference between the buckled-up
(or -down) atoms in the bottom and top BLs (H; + D; and
H, + D3), which would be close to the interlayer covalent
bond lengths within the BLs, are 3.2 4+ 0.06 A and 3.09 +
0.05 A, respectively. These values are close to the bond length
of 3.10 A obtained by the first-principles calculations [32].
Here, we discuss the stacking structure of BP-like BLs, based
on the interlayer distances. The previous STM study for the
Bi(110) films on Cu(111) suggested AA stacking, which has
the buckled-up on -up and buckled-down on -down config-
uration at the BL-BL junction as shown in Fig. 2(b), based
on scanning tunneling spectroscopy measurements [36]. The
present result supports the AA stacking, as the height dif-
ference between the buckled-down atoms (D, + H; = 3.27 +
0.07 A) and buckled-up atoms (D, + H> = 3.33 £0.05 A)
are almost identical to the values obtained by the first-
principles calculations for the AA stacking, 3.33 A [36] and
34 A [32]. We note that a buckled-up on -down BL-BL
junction (e.g., the AC stacking [36]) is unlikely, because the
interlayer distance of D, =2.94+0.04 A is significantly
smaller than the covalent bond length in bulk Bi crystal,
3.064 A.

B. Structure transition of Bi(110) film during the growth

The structure and growth behavior of thicker films were
studied by real-time CTR measurements. 00L CTR profiles
were measured with a temporal resolution of 1 s during the
growth (the Bi deposition rate was 0.032 ML/s). Some of
the CTR profiles are shown in Fig. 3(a), and all the detec-
tor images and CTR profiles are shown in the Supplemental
Material [44]. For most of the CTR data the uncertainty in
the measured value is in the range of 5-10 %. Around the
Bragg peaks of Bi(110) and Si(111), their thermal diffuse
scatterings (TDSs) spread over the neighboring detector pix-
els so that a suitable background subtraction was difficult.
Therefore, we excluded the data around the Bragg peaks.
The CTR profiles show Laue oscillations from the Bi(110)
layers, and the period of the Laue oscillations decreases with
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TABLE I. Optimized values of the fitting parameters of the nearly 4-ML-thick Bi(110) film, obtained from the static CTR scattering

measurements (see Fig. 2).

Interlayer distance D [A]

Buckling H [A] Coverage 6 [ML]

Dy, Dy, Do D, D, D;

H, H, OwL1 OwL2 012 034

1.394003  1.021003  2.25:004 2.871004  2.941004  2.70+003

0.331006  0.39:003 1.081008 0.15:1003 0.881007 0881007

increasing deposition time, showing the growth of Bi(110)
layers. The CTR profiles were fitted with the least-squares
method, and the interlayer distance, buckling amplitude, and
coverage of each ML were obtained at each time step. Note
that a diffraction peak of Bi(111) domains appeared above
200 s as indicated in Fig. 3(a), due to the phase transition
from Bi(110) to Bi(111) layers [18,31,45]. We estimated the
fraction of the Bi(111) domain in the analysis, assuming the
Bi(111) structure obtained by the previous CTR study [45],
and found that the Bi(111) domains appeared at around 200 s
and gradually increased to 10% of the total area at 560 s. In
this paper, we focus on the structure and growth behavior of
the Bi(110) layers and do not discuss the Bi(110) —(111)
phase transition, assuming that the Bi(111) domains did not
affect the growth of Bi(110) domains significantly.

All the CTR profiles were successfully reproduced by
the calculations as shown in Fig. 3(a) and the Supplemen-
tal Material [44]; the R-factor values are in the range from
0.05-0.11. The resulting structures and layer coverages are
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summarized in Figs. 3(b) and S2(b) [42], respectively. As seen
in Fig. S2(b), the film grew in units of BL up to four MLs
and the odd domains appeared above four MLs, in agreement
with the previous STM studies [28,36,46]. In the analysis, we
assumed that both of the even and odd domains had the BP-
like BLs at the top and bottom considering that the BP-like BL
eliminates the surface dangling bonds [18], and the structures
of the BLs and WLs were fixed to those obtained for the nearly
4-ML-thick film (Fig. 2 and Table I). In the analysis of internal
layers, first, we tried to optimize individual periodic structures
for the even and odd domains, assuming the BP-like and sand-
wich structures, respectively, and found that they converged
to an identical structure within error except for the residual
ML in the odd domains. Therefore, in the final optimization,
we assumed the identical structure for the common layers as
shown in Fig. 3(c).

Figure 3(b) shows the interlayer distances and buckling
amplitudes of the internal layers of the Bi(110) film thicker
than four MLs. The values do not change significantly over the
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FIG. 3. (a) Measured (symbols) and calculated (solid curves) 00L CTR scattering profiles of the growing Bi(110) film. Bragg peaks of

the Bi(110) domain, Bi(111) domain, and Si(111) substrate are indicated. The inset is a detector image at 140 s, in which the CTR scattering,
Si(111) Bragg peak (attenuated by a beam stop), and a thermal diffuse scattering (TDS) from Si(111) are indicated. (b) Interlayer distances
(top panel) and buckling amplitudes (bottom panel) of the internal layers of the Bi(110) film thicker than four MLs, obtained from the real-time
CTR scattering data. Dashed lines indicate the corresponding values of bulk Bi crystal. (c) Structure model of the even and odd structures. The
interlayer distances d and buckling amplitudes / are indicated. Dashed vertical line indicates an even/odd domain boundary.
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deposition time, indicating no significant structure relaxations
during the growth. The time-averaged values are d; = 2.82 &
0.07 A, dy =2.9040.07 A, and h; = 0.38 £ 0.07 A. They
are different from the corresponding values of bulk Bi crystal,
3.064 A and 0.2 A, and thus reject the sandwich structure.
For another model, termed Brick phase [24,47], its buckling
amplitude is negligible and inconsistent with the value of ;.
Therefore, the Brick phase is unlikely in the present system.
In contrast, the values are consistent with BP-like BLs (see
Fig. 2 and Table I): the value of d; is between the values of
the bottom (2.87 £ 0.04 A) and top (2.70 & 0.03 A) BLs of
the nearly 4-ML-thick Bi(110) film and the values of d, and
h, are identical to those of the BLs (2.94 4 0.04 Aand0.33 +
0.06 A or 0.39 £0.03 A) within the errors. For the residual
ML in the odd domains, the value of ds = 3.08 £0.07 A
is identical to the bulk value of 3.064 A and the buckling
amplitude of 7, = 0.04 & 0.07 A is slightly smaller than the
bulk value of 0.2 A, which indicates that the residual ML has
a bulk-Bi(110)-like structure. Therefore, we conclude that the
even domains fully consist of BP-like BLs, and propose a new
model for the odd domains, which consists of BP-like BLs
and a bulk-Bi(110)-like ML located beneath the top BL.

The structural difference between the even and odd do-
mains indicates subsurface structure transitions between them
when a single ML is added during the growth, as depicted
in Fig. 4(a). The new structure model for the odd domains
would be preferable to the sandwich structure in regard to the
structure transitions. The new model has only one different
layer to the even structure, and all layers can have an in-
phase in-plane lattice alignment with the neighboring even
domains at the domain boundary, provided that the even and
odd domains have the stacking structure shown in Figs. 1(b)
and 1(d), respectively. This would lead to a relatively small
interface energy at the domain boundary. In contrast, the
sandwich structure requires all MLs but the top and bottom
BLs to change and may cause a larger interface energy. We
note that the new model has an out-of-phase surface lattice
with respect to the even domain surface [see the top views
of Figs. 1(b) and 1(d)]. This is inconsistent with a previous
STM study that suggested the in-phase lattice alignment [28],
but a recent STM study showed that the phase of surface
lattice is not uniform due to numerous lattice displacements
and inversions, indicating a difficulty in judging the lattice
alignment [46]. Here, we assume that the film basically has
the stacking structures of Figs. 1(b) and 1(d), considering the
expected low interface energy.

Next, we discuss the growth behavior of the Bi(110) film.
Figure 4(b) shows the change in coverage of each domain,
derived from the layer coverages of Fig. S2(b) [42]. Ini-
tially, the 4-ML-thick BP-like domain is dominant, and then
the odd domains appear with a smaller population than the
even domains as shown in the odd/even population ratio of
Fig. 4(d). We performed MC simulations to understand the
growth behaviors. The simulations adopted the solid-on-solid
model [48]. Details of the simulations are described in the
Supplemental Material [42] (see, also, Refs. [31,49] therein).
The parameters used in the simulations are shown in Fig. 5(a).
A square grid of (4.75 +4.54)/2/+/2 = 3.3 A was used for
the location of Bi atoms, which provides the two orthogonal
in-plane growth directions [see the top view in Fig. 5(a)].
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FIG. 4. (a) A model of the structure transitions during the growth
of Bi(110) film. (b) Coverages of different height Bi(110) domains,
obtained from the time-resolved CTR scattering data. Error bars
are omitted for clarity. (c) Coverages of different height Bi(110)
domains, obtained from the MC simulation. (d) Ratios of odd/even
domain population derived from the experiments (solid line) and MC
simulation (dashed line). (e)—(g) Domain structures of the Bi(110)
film obtained by the MC simulation. The total coverage and deposi-
tion time are shown at the top. The thickness (the number of MLs) of
each island is indicated.

The resulting coverage of each ML is shown in Fig. S3 [42],
and the domain coverages and odd/even population ratio are
shown in Figs. 4(c) and 4(d), respectively. They successfully
reproduce the experimental features.

Snapshots of the simulated surface are shown in Figs. 4(e)—
4(g). The following three features are consistent with the
previous STM images [28,31,36,46]. (i) Initially 2-ML and
4-ML islands are nucleated [Fig. 4(e)], and then the even and
odd domains grow on the 4-ML islands [Fig. 4(f)]. (ii) Most
of the islands show an anisotropic shape with the preferential
growth direction indicated in Fig. 5(a), due to the anisotropy
of the in-plane bond energy (Ec/Enxy = 1.6/0.5). (iii) Some
of the even domains show BL-height islands, while the odd
domains do not show them [e.g., Fig. 4(g)]; this is because
the even domains allow the growth of BP-like BLs without
the structure transitions while the odd domains do not allow
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FIG. 5. (a) Parameters used in the MC simulations. Dashed rect-
angles indicate in-plane unit cells, and double-sided arrows indicate
preferential growth directions. (b) Calculated free energy change
AG with respect to the embryo size r for the even — odd and
odd — even transitions. Dashed lines indicate the critical values of
AG* and r*.

the direct growth (at least two transitions (odd — even and
even — odd) are required).

In the MC simulations, the even <> odd structure transi-
tions were assumed to occur with a probability proportional
to exp[—AG*/(kgT )] when the thickness exceeds four MLs
and the size of embryo (even or odd domains with an adatom
layer) exceeds a critical size of r*, where AG* is a change in
the free energy of the system due to the structure transitions.
The free energy change AG was defined as

AG = nAu — ngA s + nyow, )]

where the first term represents the energy change due to the
creation (even — odd) or destruction (odd — even) of the
bulk-Bi(110)-like ML (7 is the number of atoms in the bulk-
like ML and Apu is the energy change per atom), the second
term represents the change in surface energy (n; is the number
of surface atoms and Ay is the energy per atom), and the
third term represents the interface energy at the even/odd
domain boundary induced by the transition (n, is the number
of atoms facing to the boundary and oy, is the energy per

atom). Since the even and odd domains have the same surface
structure and the domain boundary structure, we assumed that
the second and third terms are common for both transitions.

The change in AG with respect to the embryo size r (in
units of in-plane unit cell) is shown in Fig. 5(b). In the cal-
culations, we used a simplified square-shaped system with
n = r? x 2 (the factor of 2 is due to the two atoms in the unit
cell), ng = r2 x 2, and n, = r x 4 x 2. As shown in Fig. 5(b),
the critical values of r* and AG* were estimated as 3 u.c. and
1.8 eV and 1 u.c. and 0.6 eV for the even — odd and odd —
even transitions, respectively, provided that Ay = 0.1 eV and
—0.1 eV for the even — odd and odd — even transitions,
respectively, Aus = 0.2 eV, and o, = 0.15 eV. The values
of Ap and Aus would be reasonable according to the the-
oretical studies [32,37]. The critical values were used in the
MC simulation to successfully reproduce the experimental
results. When Ap = 0, a conventional layer-by-layer growth
appeared and the preferential even domain formation was
not reproduced (see Figs. S4(a) and S4(b) [42]). When the
interface energy oy, increased to 0.3 eV, the critical values
for the even — odd transition become AG* = 7.2 eV and
r* = 6 u.c. and the transition hardly occurred. Therefore, we
conclude that the smaller free energy of the even domains
leads to the preferential even domain formation and that the
relatively small interface energy due to the structural simi-
larity between the even and odd domains allows the frequent
structure transitions during the growth.

III. SUMMARY

In summary, real-time CTR scattering measurements re-
vealed the structure and growth behaviors of Bi(110) films
grown on Si(111)-7 x 7. The film shows the BL-unit growth
up to four MLs and a quasi-ML-by-ML growth above four
MLs with a preference of the even domains. The even domains
fully consist of the BP-like BLs and the odd domains have
an additional bulk-Bi(110)-like ML located beneath the top
BL. The preferential formation of the even domains is due to
a smaller free energy than the odd domains and a relatively
small interface energy at the even/odd domain boundary al-
lows the frequent even <> odd structure transitions during the
growth. The structure and growth behaviors revealed by this
study provide new insights into research of electronic and
topological properties of the Bi(110) films. The results also
highlight the ability of the real-time CTR scattering method
for the study of irreversible phenomena at surfaces and inter-
faces such as thin film growth.
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