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Using a hot-wall technique, BiI3 thin films were deposited on α-Al2O3 substrates at different evaporation rates and
substrate temperatures in order to optimize these conditions. From X-ray diffraction data, it was confirmed that BiI3
layers were regularly stacked. Absorption due to direct excitons in BiI3 was observed in the deposited thin films. To
study the translational symmetry and homogeneity of the films, changes in direct exciton transitions were examined.
Direct excitons could be split into inner XInner and interface XInter excitons due to a collapse of translational sym-
metry along the stacking direction for a finite thickness, and the mean value Ê and the energy difference ∆E for the
transition energies for these excitons were obtained. To evaluate the sample quality, the dependence of Ê and ∆E
on the deposition conditions was investigated based on a tight-binding model for flake-like crystals consisting of a
finite number n of BiI3 layers. In this model, a site shift energy δ was introduced for the interfaced BiI3 layers, which
represents the difference of the on-site energy for the excitons. From the magnitude of ∆E, the BiI3 thin films are
considered to consist of packed flake-like crystals, whose translational symmetry will be maintained within four or
five (n = 4 or 5) BiI3 layers. From the variations of δ, it was found that an evaporation rate of about 0.8 Å/s and a
substrate temperature of 75◦C are the best conditions for BiI3 thin film deposition on α-Al2O3 substrates.
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1 Introduction In certain semiconductors, dipole-
allowed excitonic transitions provide strong and sharp
absorption lines below the fundamental absorption edges
for band-to-band optical transitions [1,2]. These exciton
transitions play an important role in optical nonlinear func-
tionalities [3]. Especially, two-dimensional (2D) excitons
are of great interest [4] because they have significant joint
densities of states at the transition energy.

In the compound semiconductor GaAs, quantum well
(QW) and superlattice [5] structures have been produced
by molecular beam epitaxy (MBE) [6] and metal organic
vapor phase epitaxy (MOVPE) [7]. Optical and electronic

devices based on these quantum structures have become
indispensable in advanced information technology. In stud-
ies of their optical responses, an optical Stark effect [8] in
2D-excitons has been reported in a GaAs-QW and it is
strongly expected that this can be applied to high speed
optical switching devices. In such covalent bonding semi-
conductors, a large dielectric constant shields the electron-
hole binding in excitons and the Bohr radius becomes
large. Recently, 2D-materials represented by graphene
have attracted considerable attention in both condensed
matter physics research and its applications [9,10]. In 2D-
exciton systems in mono-layer semiconductors, various
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excitonic properties are being uncovered in 2D transi-
tion metal dichalcogenides such as MoSe2 [11,12] and
WSe2 [13]. In such excitonic systems, Coulomb screening
of the electron-hole binding in excitons is remarkably re-
duced in contrast to three-dimensional semiconductors [12,
13]. It is expected that 2D-exciton states realized at room
temperature will be widely adopted in next-generation
photonic and optoelectronic applications.

Stacking fault excitons (SFEs) in the layered semicon-
ductor BiI3 [14] are 2D-excitons having a large Coulomb
binding energy between electrons and holes. In each funda-
mental BiI3 layer, a bismuth layer with a honeycomb struc-
ture is sandwiched between iodine layers with a hexago-
nal close-packed (hcp) structure, and the BiI3 layers are
stacked along the z-axis by van der Waals bonding. During
the stacking process in such layered semiconductors, stack-
ing faults can take place [15]. In BiI3 crystals, stacking-
skidding occurs at the van der Waals interface and breaks
the translational symmetry of the regular stacking and, as a
result, very sharp absorption lines appear below the transi-
tion energy for indirect excitons [14,16]. These peaks are
due to 2D-excitons, which are trapped two-dimensionally
at a stacking fault interface. In good quality samples crys-
tallized by sublimation of purified BiI3 under conditions of
excess iodine gas, the in-plane uniformity of the stacking
fault interface is very high and extends over square mil-
limeters. In such samples, the absorption lines associated
with the SFEs have very small spectral widths in about
0.1 meV and the lowest lying T exciton in the SFEs has a
high luminescent quantum efficiency of almost unity [17].
Thus, SFEs in BiI3 crystals are considered to be ideal 2D-
excitons and various optical nonlinearities have been re-
ported, such as optical Stark effects [18] and anomalous
propagation of the quantum coherent excitonic states at the
stacking fault interface [19], which has a threshold exci-
tation density and is considered to be due to many-body
effects among high density 2D-excitons. Recently, studies
of the photovoltaic (PV) effect in BiI3 thin films have been
conducted. Brandt et al. demonstrated that the absorption
edge appears at ∼ 1.8 eV in their BiI3 thin films, and such
thin films are promising candidates for PV absorbers [20].
Furthermore, studies both on the optimization of BiI3 crys-
tal growth [21] and of electrode selection for PV applica-
tion [22] have been conducted.

For applications of the layered semiconductor BiI3, it
is necessary to control thin-film crystallization by a so-
phisticated method comparable to MBE and MOVPE. For
BiI3 thin-film crystals, a van der Waals epitaxy growth
method [23] is effective because there are no dangling
bonds at the upper and lower interfaces of the BiI3 layers,
which are held together only by weak van der Waals bonds.
Takeyama et al. [24,25] have employed a hot-wall method,
which is a van der Waals epitaxy method, using cleaved
single crystals of PbI2 and CdI2 as substrates for stack-
ing BiI3 thin films. From the viewpoint of epitaxial crys-
tal growth, these heavy-metal iodide materials are suitable

as substrates. They have the same hcp structure and the
atomic spacing between iodine sites in PbI2 (4.59 Å [26])
and CdI2 (4.24 Å [26]) are close to that in BiI3 (4.33 Å),
which is a sufficient small lattice mismatches. However,
the use of such heavy-metal compounds should be avoided
due to the potential hazards to human beings, other life
forms and the environment.

We employed α-Al2O3 substrates with a (0001) sur-
face because they are optically transparent and have a van
der Waals interface. The (0001) surface has an hcp struc-
ture of aluminum atoms with an atomic spacing of 4.75 Å
and a lattice mismatch with BiI3 of less than 10%. In this
research, we deposited BiI3 on α-Al2O3 substrates using
the hot-wall method with changing evaporation rate and
substrate temperature. In addition, to optimize these condi-
tions, variations of sample quality were studied from mea-
surements of X-ray diffraction (XRD) and absorption spec-
tra.

In high-quality single crystals of BiI3, direct excitons
give a strong absorption peak with an intensity exceed-
ing 6 × 105 cm−1 in absorption coefficient [14]. The di-
rect excitons also have a small Bohr radius (about 6.1 Å)
comparable to the thickness of the I-Bi-I unit molecular
layer (6.9 Å), reflecting the large binding energy (about
180 meV) of the exciton [14]. As a result, it is expected that
direct exciton transitions are strongly influenced by homo-
geneity and/or inhomogeneity in the stacking and in-plane
translational symmetries in BiI3 crystals, and it has been
reported that the direct exciton states split into two states
in BiI3/CdI2 multilayer structures [27]. In this paper, we
performed spectral analyses of direct exciton transitions in
order to evaluate the homogeneity and/or inhomogeneity
of the deposited thin-films based on a tight-binding model
proposed in a previous study [27].

2 Experimental Figure 1 shows a schematic dia-
gram of the hot-wall furnace used in the present study.
Sample molecules are heated by a temperature-controlled
source heater and are evaporated in a quartz crucible.
The upper part of the quartz crucible is also heated with
another temperature-controlled wall-heater. The sample
substrate is loaded to cover the small outlet port of the
crucible. The substrate block can be also heated with a
temperature-controlled head-heater. The hot-wall furnace
is quasi-enclosed by the heated wall and substrate. When
the substrate temperature is high, unstable molecules are
expected to be released from the substrate and only stable
molecules remain. As a result, slow deposition is realized
under quasi-thermal equilibrium.

As seed-BiI3 crystals for evaporation, we prepared
powder-like crushed single crystals. The crystals before
crushing were grown by sublimation of BiI3 under a con-
dition of excess iodine gas. The BiI3 was purified be-
forehand through several repeated sublimation processes
in vacuum [28]. The seed crystals were filled in a Mex-
ican hat-like groove in the middle of the quartz crucible
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Table 1 Conditions for BiI3 thin-film deposition: †Evaporation rate = (evaporation rate before deposition + evaporation rate after
deposition ) / 2, ††Deposition time = 500 Å / (evaporation rate before deposition). The sample #b1 is identical with #a3.

(a) Evaporation rate dependence (b) Substrate temperature dependence
Sample Index #a1 #a2 #a3 #a4 #a5 #b1 #b2 #b3 #b4 #b5 #b6 #b7

Evaporation rate† (Å/s) 0.42 0.63 0.80 1.0 1.2 0.80 0.83 0.82 0.84 0.83 0.83 0.83
Substrate temp. (◦C) 45 45 45 45 45 45 50 55 60 65 70 75
Wall temp. (◦C) 119 123 126 127 127 126 126 123 125 126 127 127
Source temp. (◦C) 118 122 123 126 128 123 125 122 124 125 122 122
Vacuum (×10−8 Torr) 3.1 4.9 2.1 4.7 3.0 2.1 3.1 4.6 2.6 3.5 3.2 2.6
Deposition time†† (s) 1240 826 624 475 426 624 626 614 626 609 616 618
Estimated thickness (Å) 520 520 500 490 500 500 520 500 520 510 510 510

���������

	����

����
���

����
������

������
������

������
���
��������

����
������

��
������
���
���

������������

�����
�
����

 ����������
�!

������������

Figure 1 Schematic diagram of hot-wall furnace.

as shown in Fig. 1 and were evaporated by the source
heater. The evaporation rate was stabilized by controlling
the temperatures of the source and wall heaters, and it was
monitored by a quartz crystal microbalance method with a
thickness monitor and a crystal oscillation type deposition
controller (CRTM-7000, ULVAC Inc.).

The conditions for the BiI3 thin-film deposition are
summarized in Table 1. The evaporation rate was deter-
mined by the averaged evaporation rate before and af-
ter sample deposition since the thickness monitor was
screened by the substrate block during sample deposition
as shown in Fig. 1. The ambient vacuum was kept at the
order of 10−8 Torr. The deposition time was determined
on the basis of the evaporation rate before deposition to
be 500 Å/(evaporation rate before deposition) so that the

deposited thickness being about 500 Å. For the samples
#a1–#a5 in Table 1(a), the substrate temperatures were
the same at 45◦C, while the evaporation rates were varied
from 0.42 Å/s to 1.2 Å/s. In the samples #b1–#b7 in Ta-
ble 1(b), the evaporation rates were set to be about 0.8 Å/s
and the substrate temperatures were varied from 45◦C to
75◦C. The sample #b1 is identical to #a3.

Although the deposited thin films exhibit a dark brown
color at room temperature, in the case of α-Al2O3 sub-
strates, the thin films decolorize when stored at room tem-
perature. This decolorization occurs peculiarly to α-Al2O3

substrates having a van der Waals surface, and it does
not occur for other substrates of MgO-(111) surfaces and
SiO2. This decolorization is considered to be due to re-
evaporation of deposited BiI3 as a result of weak adsorp-
tivity on the van der Waals surface of α-Al2O3. This shows
that the van der Waals surface of α-Al2O3 is suitable for
reducing the influence of the substrate during BiI3 thin-
film deposition. However, it was necessary to store the de-
posited samples in a freezer and all measurements had to
be carried out promptly after thin-film deposition.

Out-of-plane XRD measurements were performed by
θ-2θ scans at room temperature with an X-ray diffractome-
ter (SmartLab, Rigaku Corp.) using a Cu-Kα line. The de-
colorization hardly occurred over the several hours of the
XRD measurement. Absorption spectra were measured at
4 K using a cryostat (CF-1204, Oxford Corp.) and a spec-
trophotometer (V-650, JASCO Corp.).

3 Results
3.1 XRD Figures 2(a) and 2(b) show typical XRD data

from out-of-plane measurements of the samples in Ta-
ble 1(a) and 1(b), respectively. The ordinate for the diffrac-
tion intensity has a logarithmic scale and the abscissa is
the diffraction angle 2θ. Figure 2(c) shows XRD data for
the α-Al2O3 substrate for comparison and indicates that
the diffraction peaks found at around 20◦ and 40◦ come
from the α-Al2O3 substrate [30]. Diffraction peaks for
the BiI3 thin films are observed at the vertical dashed
lines in Figs. 2(a) and 2(b), and correspond to diffraction
from (0 0 3m) planes [31] (m = 1 ∼ 4) in BiI3. Ta-
bles 2(a) and 2(b) show the diffraction angles 2θ for the
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Table 2 Diffraction angles 2θ in degrees for the (0 0 3m) planes (m = 1 ∼ 4): (a) samples #a1–#a5, (b) sample #b1–#b7, (c) bulk
crystal [29].

(a) Evaporation rate dependence (b) Substrate temperature dependence (c) Bulk
Plane #a1 #a2 #a3 #a4 #a5 #b1 #b2 #b3 #b4 #b5 #b6 #b7
(003) 12.73 12.72 12.75 12.75 12.75 12.75 12.77 12.76 12.75 12.75 12.83 12.80 12.78
(006) 25.71 25.72 25.69 25.69 25.69 25.69 25.72 25.72 25.75 25.72 25.79 25.78 25.73
(009) 39.10 39.07 39.11 39.07 39.07 39.04 39.04 39.04 39.05 39.17 39.12 39.10

(0012) 52.87 52.84 52.84 52.89 52.89 52.84 52.90 52.92 52.96 52.92 53.02 53.05 52.95

 !"!#!$!%!&!

%   '()*+,-./0.1!

 

2
3
4
.
5
6
7
)
6
8
5
7
9
.
'
:
;
*
<
=
5
7
>
?
5
@
.
8
@
<
:
)
,

A:

%

B

$

80C87=<7)

DC$.'"".E/,

DC".' ".E/,

DCF.'F".E/,

D<&.'!+#%.GH8,

D<$.'!+I!.GH8,

D<".'&+!.GH8,

&J&!

#

.@K8

'<,

'C,

'@,

'!!$,

'!! ,

'!!L, '!!&%,

Figure 2 XRD data: (a) samples #a1, #a3 and #a5, (b) samples
#b3, #b5 and #b7, (c) an α-Al2O3 substrate. The dashed lines in
(a) and (b) show the diffraction angles of the (0 0 3m) planes
(m = 1–4) in BiI3.

(0 0 3m) planes in the respective samples #a1–#a5 and
#b1–#b7, respectively. For comparison, the diffraction an-
gles for the same planes in a BiI3 single crystal are listed
in Table 2(c) [29]. We can see that the diffraction angles
for the same diffraction plane coincide within the accu-
racy range of the diffractometer. Focusing on the diffrac-
tion peak intensity, in the BiI3 bulk crystal, the diffrac-
tion peak for the (003) plane is the strongest (0 0 3m)
diffraction peak, and the intensity decreases with increas-
ing m [29]. As can be seen in Fig. 2, a similar tendency
can be confirmed in our samples. Since the (0 0 3m) planes
are perpendicular to the stacking direction, the BiI3 layers
are stacked along the z-direction and it is confirmed that
van der Waals epitaxy growth is realized by our hot-wall
method.

3.2 Absorption spectra As described in the previ-
ous section, no noticeable changes were found in the reg-

ular XRD measurements depending on either evaporation
rate or substrate temperature. To evaluate the homogene-
ity of the BiI3 thin films, further advanced XRD and/or
other atomic scale microscopic measurements are neces-
sary. However, systematic changes were observed in the
absorption spectra of the samples. Hence we evaluated the
homogeneity of the BiI3 thin films based on the changes
in the absorption spectra. This is possible because the ex-
citons providing the absorption peaks are strongly affected
by the translational symmetry in the BiI3 thin films [1,2,4,
27].
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Figure 3 Absorption spectra: (a) samples #a1, #a3 and #a5, (b)
samples #b3, #b5 and #b7. The spectral decomposition is de-
scribed in Sec. 3.3.

Figure 3 shows typical absorption spectra at 4 K. The
evaporation rates and substrate temperatures are denoted
as indicated in the legend. The ordinate represents the ab-
sorption intensity in optical density (OD) and the abscissa
is the photon energy in eV. Although it has been reported
that the PV activity rises at ∼ 1.8 eV [20], no signifi-
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cant spectral structure is found at ∼ 1.8 eV in the ab-
sorption spectrum of our thin films. As reviewed in [14],
the absorption edge for high-quality BiI3 single crystals
is due to indirect exciton transitions at the transition en-
ergy Ei

gx = 2.0081 eV [32,33]. However, it is well known
that various optical transitions appear at energies below
Ei

gx due to stacking faults [14] and other causes. External
strain is known to induce broad absorption bands around
1.9 eV [15], and they have been assigned to exciton transi-
tions confined in mesoscopic domains produced by defor-
mation faults with external strain [34]. It is believed that
such strain does not occur in our thin films.

In high-quality BiI3 single crystals, an intense ab-
sorption peak due to direct excitons appears at an energy
slightly above Ei

gx [14]. In Fig. 3, the vertical solid line
indicates the transition energy Ed

gx (= 2.072 eV [33,28])
for direct excitons at 4 K, and the dominant spectral peaks
of the absorption spectra are considered to originate from
the same direct excitons as in high-quality single crystals,
although clear absorption bands due to indirect excitons
cannot be detected around Ei

gx because of their weak ab-
sorption intensity. Instead of indirect absorption bands, a
broad absorption band appears at about 1.99 eV below
Ei

gx and this transition energy almost coincides with the
transition energies for the SFE transitions R (1.9950 eV), S
(1.9898 eV) and T (1.9856 eV), which are observed in bulk
crystals [18] grown by a sublimation process. Although the
R, S and T transitions have very narrow spectral widths of
less than 1 meV [32] in high-quality bulk crystals, the ab-
sorption band due to SFEs becomes broad in our deposited
samples, as seen in Fig. 3. Therefore, it is considered that
the homogeneity is not high in the samples deposited by
the hot-wall method.

As described in Sec. 2, although all the thin films were
deposited assuming that the film thickness would be about
500 Å based on the product of the evaporation rate before
deposition and the deposition time in Table 1, it is possi-
ble to discuss the actual thicknesses of the deposited BiI3
thin films by examining the absorption intensity. It is found
that the actual film thicknesses are approximately the same,
because the spectral integrated absorption intensity has no
significant dependence on the deposition conditions. This
means that, within the current conditions in Table 1, evap-
orated BiI3 molecules from the hot-wall furnace are stably
supplied to the substrate, and re-evaporation from the sub-
strate is not obvious. When the substrate temperature is too
high, re-evaporation from the substrate would predominate
and we are concerned that the deposited thin films would
become thinner than 500 Å. However, even for sample #b7,
deposited at the highest substrate temperature (75◦C), the
integrated absorption intensity does not decrease as seen
in Fig. 3(b). This means that the deposited BiI3 molecules
are stably adsorbed on the substrate, within the temperature
range from 45◦C to 75◦C.

3.3 Spectral decomposition In BiI3/CdI2 multi-
layer samples deposited by a hot-wall method, Watan-

abe et al. have studied splitting of direct excitons Ed
gx in

BiI3 [27]. They have argued that in such multilayer thin
films, direct excitons split into inner XInner and interface
XInter excitons because of the collapse of the translational
symmetry in the stacking direction. The XInner and XInter

exciton states have dominant envelop wavefunction am-
plitudes at the inside and the interfaced layers of the BiI3
layers, respectively. A surface exciton [35,36] in the bulk
BiI3 crystal corresponds to the interface exciton in such
multilayer samples. On the other hand, the inner exciton is
a quantum confined state of the direct excitons and appears
at a lower energy than Ed

gx because BiI3 is an indirect-gap
semiconductor.

Although similar splitting of direct exciton transitions
are clearly observed in the respective absorption spectra in
Fig. 3, their appearance changes noticeably depending on
the sample. This change is considered to arise from dif-
ferences in thin film morphology and quality. We have de-
composed the main peak structure into two spectral com-
ponents for the XInner and XInter excitons to examine the
morphological changes. The spectral decompositions were
performed by the least squares method. For the XInner and
XInter exciton transitions, we employed Voigt line-shapes,
which are convoluted Lorentzian line-shapes by Gaussian
inhomogeneous broadening. In addition to these exciton
transitions, a background (BG) component was taken into
account. At energies higher than Ed

gx, absorption bands
due to interband optical transitions and excited states of
direct excitons appear and are superimposed as a gradual
slope around Ed

gx. The BG component was approximated
to be a linear function, and its parameters were selected
and fixed to appropriate values. The spectral parameters
for the Voigt functions have been optimized satisfactorily
through minimization of the error function by the least
squares method. In Fig. 3, the dashed and dotted lines in-
dicate the spectral components for the XInner and XInter

excitons, respectively. The dotted-dashed line in the upper-
most spectrum (#a5) in Fig. 3(a) is the BG component. An
example of the spectral reproduction is shown by the open
circles for sample #a5 in Fig. 3(a). The curve represented
by the open circles closely matches the measured absorp-
tion spectrum.

3.4 Deposition condition dependence We decom-
posed the absorption spectra for all the samples and could
thus examine the systematic variations of the transition en-
ergies for the XInner and XInter excitons, where the re-
spective transition energies are represented by EInner and
EInter. Figures 4(a) and 5(a) show the dependence on the
evaporation rate and substrate temperature, respectively. In
these figures, the closed and open circles represent EInner

and EInter, respectively.
The first important point in Fig. 4(a) is that EInner and

EInter change in parallel with each other. This means that
the energy difference ∆E (≡ EInter − EInner) remains
nearly constant, as indicated by the double-headed vertical
arrow in Fig. 4(a). The mean value of ∆E for the samples

Copyright line will be provided by the publisher



6 :

 !"#

 !"$

 !"%

 !"&

 !"'

 !"(

 !")

 !" 

*
+
,
-
.
/
0
/
1
-
2
3
-
4
+
5
6
7
2
 

8
-
0
4
+

9
2
 

8
-
-
4
+

2
:
4
;
<

=! =!""!$"!&"!(

3>,?1+,0/-52@,042:AB.<

'"

("

)"

 "

="

"

C
/
0
4
2
.
D
/
E
0
2
4
-
4
+
5
6
2
 
 
2
:
F
4
;
<

G,= G, G,) G,( G,'

C,F?H428-I4J

 

28-04+

92  

28--4+

92

2K

 !

! 

2G,

:,<

:L<

  

Figure 4 Evaporation rate dependence: (a) exciton transition en-
ergies EInter (◦) and EInner (•), and Ê (⊗), (b) site shift energy
δ.

#a1–#a5 is ∆E#a = 33 ± 1 meV. The second important
point is the variation of the mean value Ê (≡ (EInner +
EInter)/2) of EInner and EInter, plotted by the ⊗ symbols
in Fig. 4(a). The dashed curve shows a fitting result for
the Ê variation with a quadratic polynomial function of
the evaporation rate, obtained by the least squares method.
On the dashed curve in Fig. 4(a), Ê is minimized at an
evaporation rate of about 0.8 Å/s.

In the substrate temperature dependence, a different
trend is observed in the variation of the transition ener-
gies, as seen in Fig. 5(a). In the samples #b1–#b7, the
mean value of ∆E is ∆E#b = 29 ± 1 meV (the double-
headed vertical arrow in Fig. 5(a)), and it is slightly smaller
than ∆E#a. The transition energies EInner and EInter de-
crease monotonically with elevating substrate temperature,
which is a significant different trend. In a similar way as for
Fig. 4(a), the mean values Ê of the transition energies are
plotted by the ⊗ symbols in Fig. 5(a) and the dashed curve
shows the fitting of its variation as a function of substrate
temperature.

By elevating the substrate temperature to approach the
wall temperature, re-evaporation of bonded molecules at
unstable sites predominates on the deposition surface of
the BiI3 thin film, while molecules bonded at more stable
sites are considered to remain. Hence, it is expected that the
homogeneity and crystallinity of the BiI3 thin films will
improve with elevating substrate temperature. It is there-
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Figure 5 Substrate temperature dependence: (a) exciton transi-
tion energies EInter (◦) and EInner (•), and Ê (⊗). (b) site shift
energy δ.

fore considered that the quality of the rightmost sample
in Fig. 5(a), #b7, is higher than the other samples and
that the low energy shift of Ê is an important signature of
an improvement in sample quality. An evaporation rate of
0.8 Å/s is considered to be the best because, in Fig. 4(a),
Ê is minimized for this evaporation rate at a substrate tem-
perature of 45◦C. Thus, for subsequent studies of the sub-
strate temperature dependence, 0.8 Å/s was selected as the
optimal evaporation rate.

4 Discussion In previous work [27] on BiI3/CdI2
multilayer structures, splitting of the direct exciton transi-
tion was analyzed by a tight-binding model. In this model,
the differences in the transfer and on-site energies of direct
excitons due to the collapse of the translational symmetry
at the interface between BiI3 and CdI2 layers have been
considered. In this section, we extend this tight-binding
model for our samples and discuss variations of the sample
morphology and quality.

4.1 Tight-binding model We assume that a BiI3 thin
film consists of flake-like crystals, and the flake-like crystal
is formed by n fundamental BiI3 layers, in which the trans-
lational symmetry for direct excitons is maintained in the
regular stacking direction. Based on a previous study [27],
an effective Hamiltonian Hn for direct excitons can be for-

Copyright line will be provided by the publisher
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mulated as Eq. (1).

Hn = (ε+ δ)a†1a1 + T a†2a1

+

n−1∑
i=2

[
εa†iai + T (a†i−1ai + a†i+1ai)

]
+T a†n−1an + (ε+ δ)a†nan, (1)

where a†i and ai (i = 1 ∼ n) are creation and annihi-
lation operators for direct excitons in the i-th BiI3 layer,
respectively. T is the transfer energy for direct excitons be-
tween neighboring BiI3 layers. ε is the on-site energy for
direct excitons in the respective BiI3 layers. At the top and
bottom BiI3 layers (i = 1 or n) in the flake-like crystal,
the on-site energy differs from that in the inside BiI3 lay-
ers (i = 2 ∼ (n − 1)), where the difference is the site
shift energy δ. ε and T can be determined based on the
exciton band structure in BiI3. In indirect gap semiconduc-
tors like BiI3, the exciton band ε(K) can be represented
as ε(K) = ε + 2T cos(K a) [37] as a function of the ex-
citonic wavenumber K by using T and ε, where a is the
lattice constant. The exciton states at K = 0 and the band
edge (K = π/a) correspond to the transition energies for
direct excitons Ed

gx and indirect excitons Ei
gx, respectively.

Thus, from the transition energies for both excitons at 4 K
in BiI3 crystals [28,33], T and ε can be determined as fol-
lows:

ε =
1

2

(
Ed

gx + Ei
gx

)
= 2.040 eV,

T =
1

4

(
Ed

gx − Ei
gx

)
= 0.016 eV.

By diagonalizing Hn, we can obtain the transition energies
εInner(n; δ) and εInter(n; δ) for the inner XInner and inter-
face XInter excitons, respectively, as functions of n and δ.

4.2 Number of fundamental layers n in the flake-
like crystal can be estimated from the energy difference
∆E described in Sec. 3.4. Figure 6 shows an example of
transition energies which vary depending on n. The open
(△) and closed (▲) triangles show the εInter and εInner,
respectively, obtained from diagonalizations of Hn with
δ = 20 meV. The solid gray lozenges denote the energy
difference ∆ε between εInner and εInter. ∆ε clearly in-
creases with decreasing n, where this trend in ∆ε is as-
sured even if δ is changed.

In Sec. 3.4, we obtained ∆E#a (= 33 ± 1 meV) and
∆E#b (= 29±1 meV), denoted by the double-headed ver-
tical arrows in Fig. 4(a) and 5(a), respectively. ∆E#a and
∆E#b are indicated on the right ordinate for ∆ε in Fig. 6.
From the agreement between ∆E#a and ∆ε, it is consid-
ered that the samples #a1–#a5 consist of flake-like crystals
formed by four (n = 4) BiI3 layers. The samples #b1–#b7
are expected to be flake-like crystals formed from more
than four BiI3 layers because ∆E#b is slightly smaller
than ∆E#a and is between ∆ε(n = 4) and ∆ε(n = 5),
as seen in Fig. 6. However, since the thickness of a BiI3
layer is 6.89 Å [26], a BiI3 thin film should consist of a
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Figure 6 Transition energies εInner (▲) and εInter (△) as func-
tions of the fundamental layer number n with δ = 20 meV.
The solid gray lozenges show the energy differences ∆ε between
εInner and εInter.

total of about 70 (≈ 500 Å/6.89 Å) BiI3 layers based on
the estimated thicknesses of about 500 Å. This discrepancy
between n and the total number of layers in the film indi-
cates that the translational symmetry is not maintained over
the whole thickness (about 500 Å) and it is considered that
many flake-like crystals are packed in the BiI3 thin film.
In these flake-like crystals, the translational symmetry is
maintained within four or five BiI3 layers (about 27.6 Å or
34.5 Å) as analyzed in this section.

To realize SFE states with high homogeneity, it is es-
sential that a homogeneous 2D-space consists of three
fundamental layers sandwiching the stacking fault inter-
face [16]. Hence, we should improve the translational
symmetry continuity in the stacking direction in order
to control the stacking fault formations by the hot-wall
method.

4.3 Site shift energy In Sec. 4.2, we considered that
the translational symmetry is maintained within four or five
BiI3 layers in the flake-like crystals. On the other hand,
the packing density among the flake-like crystals can be
evaluated from δ. In Figs. 4(a) and 5(a), the mean value
Ê (⊗) for the transition energies varies systematically and
this variation arises from the change of δ as described be-
low.

In Fig. 7(a), εInner and εInter are plotted as functions of
δ by closed and open triangles, respectively. The black and
gray colors denote n = 4 and 5, respectively. The ⊗ and ⊕
symbols display the mean value ε̂ (≡ [εInter + εInner]/2)
for n = 4 and 5, respectively. As seen in Fig. 7(a), ε̂ in-
creases monotonically with increasing δ for both values of
n. In Fig. 7(a), the arrows pointing to the left ordinate, la-
beled Ê#a

min. and Ê#b
min., indicate the minimum values of
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Figure 7 (a) Transition energies εInner, εInter and their mean value ε̂ as functions of the site shift energy δ. (b) Energy differences ∆ε
as functions of δ. The black and gray points represent BiI3 layer numbers of n = 5 and 4, respectively.

the dashed curves in Figs. 4(a) and 5(a), respectively. As
described in the last paragraph of Sec. 3.4, Ê shifts to
lower energy as the sample quality improves. Therefore,
from the agreement between ε̂ and these minimum values
(Ê#a

min. and Ê#b
min.), we can determine δ values under the

best conditions for the respective sample groups #a1–#a5
and #b1–#b7 and the difference between Ê#a

min. and Ê#b
min.

corresponds to a change of δ from 4.1 meV to 17 meV in
the case of n = 4, as shown by the double-headed horizon-
tal arrow in Fig. 7(a).

This change in δ can be understood from the viewpoint
of the δ-dependence of ∆ε. The black (⊠) and gray (⊞)
points in Fig. 7(b) show ∆ε as a function of δ for n = 4 and
5, respectively. In Sec. 3.4, ∆E was obtained from spectral
decomposition, and the values of ∆E#a and ∆E#b are in-
dicated by the arrows on the right ordinate in Fig. 7(b).
∆E#a matches ∆ε(n = 4) in the same δ range (4.1–
17 meV). Although ∆E#b is less than ∆ε(n = 4) in the
same δ range, the gray area contains this value as seen in
Fig. 7(b), where the gray area indicates the range of ∆ε be-
tween n = 4 and n = 5. This result is reasonable because
the samples #b1–#b7 consist of flake-like crystals of more
than four (n = 4) BiI3 layers, as discussed in Sec. 4.2.

We now discuss the magnitude of δ. When the transla-
tional symmetry is completely maintained, δ = 0 is strik-
ingly apparent since they are not interface layers. In con-
trast, a large site shift energy of about 80 meV [27] has
been reported for surface excitons [36] of BiI3 bulk crys-
tals. In BiI3/CdI2 multilayer samples, it has been reported
that the site shift energy for interfaced layers with CdI2
decreases to about 47 meV [27]. In our BiI3 thin films, δ
further decreases and asymptotically approaches zero. This
result suggests that very similar substances adjoin just out-
side the flake-like crystals. Therefore, it is considered that,

in our BiI3 thin films, the flake-like crystals are surrounded
by other flake-like crystals and some derivatives of BiI3.
However, because of the finite value of δ, it is evident
that the translational symmetry collapses at the adjoining
boundary.

4.4 Improvement of deposition conditions As
discussed in Sec. 4.3, δ varies in accordance with the pack-
ing density and/or uniformity of other BiI3 substances
surrounding the flake-like crystals, and will approach zero
through improvements in sample quality. The black square
symbols in Figs. 4(b) and 5(b) show the variation of δ
with the deposition conditions. The solid lines are fitting
results of δ variations with quadratic polynomial func-
tions by the least squares method. As seen in Fig. 4(b),
δ has a minimum value at an evaporation rate of about
0.8 Å/s, similar to Ê (⊗) in Fig. 4(a). In Fig. 5(b), δ also
decreases monotonically with increasing substance tem-
perature. Thus, a further asymptotic approach to zero is
expected as the substrate temperature approaches the wall
temperature (119◦C–127◦C).

In conclusion, it is found that an evaporation rate of
0.8 Å/s and substrate temperature of 75◦C are the best
conditions for BiI3 thin film deposition on α-Al2O3 sub-
strates. However, as discussed in Secs. 4.2 and 4.3, trans-
lational symmetry of the regular stacking is assured only
within four or five BiI3 layers, and the thin films are formed
by packing of such flake-like crystals. It is hence important
to improve the thin film quality to control stacking fault
formation in BiI3 by the hot-wall method.

5 Summary By using a hot-wall method, BiI3 thin
films were deposited on α-Al2O3 substrates. To optimize
the deposition conditions, the evaporation rate (#a1–#a5)
and substrate temperature (#b1–#b7) were varied in the
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ranges of 0.42–1.2 Å/s and 45–75◦C, respectively. The
sample quality was studied based on XRD data and ex-
citonic absorption spectra.

The XRD data showed that thin-film growth by van
der Waals epitaxy is realized in the BiI3 thin films. An
absorption peak due to direct excitons in BiI3 can be de-
composed into inner XInner and interface XInter excitons,
and the mean values Ê and the differences ∆E of their
transition energies EInner and EInter were analyzed. We
discussed the deposition condition dependence on Ê and
∆E based on the tight-binding model, which explains the
inner and interface excitons in flake-like crystals. In the
flake-like crystals, it was considered that the translational
symmetry along the stacking direction is maintained within
a finite number of BiI3 layers (the layer number being de-
noted by n) and we introduced the site shift energy δ at the
interfaces between the flake-like crystals. The energy dif-
ference ∆E#a for the samples #a1–#a5 deposited at a sub-
strate temperature of 45◦C matched the calculated result
∆ε(n = 4). In the samples #b1–#b7 deposited at higher
substrate temperatures, the energy difference ∆E#b was
smaller than ∆E#a and was located between ∆ε(n = 4)
and ∆ε(n = 5). These results suggest that the flake-like
crystals consist of four and five BiI3 layers and that the thin
films are formed by the packing of such flake-like crystals.
On the other hand, the mean value Ê varies systematically
depending on the evaporation rate in the samples #a1–#a5
and on the substrate temperature in the samples #b1–#b7.
According to the tight-binding model, the variation of δ can
explain the variations in Ê. For the samples #a1–#a5, the
value of δ obtained from Ê#a has a minimum value at an
evaporation rate of about 0.8 Å/s. In the samples #b1–#b7,
δ decreases monotonically with increasing substrate tem-
perature. Since the decrease toward zero of δ is thought
to represent an improvement in the sample quality, it can
be considered that in our hot-wall method, an evaporation
rate of 0.8 Å/s and substrate temperature of 75◦C are the
best conditions for BiI3 thin film deposition on α-Al2O3

substrates.
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