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Absorption-spectral-shape analysis of the band-edge exciton in a BiI3 crystal
based on the exciton-phonon interaction
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We have observed optical-absorption spectra of the band-edge direct-exciton absorption line at
temperatures from 4.2 to 293 K in BiI3 thin-film single crystals grown by the hot-wall crystal-
growth technique. The absorption spectral shape has been calculated by use of the weak-coupling
exciton-phonon interaction theory. At low temperatures, the calculated results are in good agree-
ment with the experimental measurements in the spectral regions of both the indirect-exciton
edge and the direct-exciton peak.

Bile is one of the layered semiconductors, and has at-
tracted much attention as a material for nonlinear optics.
The exciton absorption edge of the crystal is an allowed
indirect type, and has been relatively well investigat-
ed. At the low-energy side of the indirect-exciton
edge, several sharp absorption lines have been observed.
It has been proposed that the origins of these lines are the
exciton transitions localized at various stacking disorders
contained in the crystal. Strong nonlinear-optical effects
have been found in some of these lines.

A direct-exciton absorption line is situated at energy a
little higher than the indirect-exciton edge. The Bohr ra-
dius of the direct exciton has been estimated to be very
small compared with usual semiconductors. In these cir-
cumstances, it is expected that the direct exciton has large
optical nonlinearity and provides a typical example of ex-
citon systems having small radii. There are, however, few
investigations on the dynamical behavior of the direct ex-
citon due to the following reason.

The absorption coefficient is very large, of the order of
8 x 10 cm ' at the peak energy. Therefore it has been
difficult to obtain the absorption spectra of the direct exci-
ton by transmission measurements. Accordingly, the di-
rect-exciton absorption spectra have been obtained only
by a Kramers-Kronig (KK) transformation of the re-
flection spectra or by transmission measurements in thin
samples cleaved by an adhesive tape, ' using bulk crys-
tals.

Recently, BiI3 thin-film single crystals have been grown
by the hot-wall crystal-growth technique. ' '' This has
enabled us to directly observe the transmission spectra in
the energy region of the direct exciton. The surface-
exciton transition was clearly observed in the film crys-
tals, ' suggesting the good quality of the film surface.

In this paper, we present experimental results of the
direct-exciton absorption spectra in a wide temperature
range, and the Raman spectra of BiI3 thin-film single
crystals. The absorption spectral shape including both the

direct-exciton peak and the indirect-exciton edge is calcu-
lated, based on the exciton-phonon interaction theory.
The exciton-phonon interaction is one of the most basic
problems in the studies of excitons, and has been investi-
gated from various points of view. ' The absorption line
shape of the direct-transition-type exciton and its temper-
ature dependence have been theoretically studied. '

However, experimental investigations of the line shape
have been left behind, especially for semiconductors. In
Bili, the absorption intensity of the direct-exciton peak is
much larger than that of the band-to-band transition, and
the peak persists even at room temperature. Accordingly,
we can analyze the line shape of the direct exciton in a
wide temperature range. BiI3 is therefore one of the most
suitable systems to investigate the exciton-phonon interac-
tion.

Thin films of BiI3 were grown on substrates of PbI2 and
CdI2 single crystals by the hot-wall technique. ' '' The
surfaces of the substrates are parallel to the layer plane
and perpendicular to the c axis. The direct-exciton energy
of Bili is located in the optically-transparent region of the
substrates. The good crystallization of the films was
confirmed by both transmission electron-diffraction mea-
surements" and the absorption spectra of the direct exci-
ton

In the optical measurements, the samples were im-
mersed in a liquid- or gaseous-helium bath. The sample
temperature was measured by a calibrated AuFe-Cr ther-
mocouple located in the vicinity of the samples. Absorp-
tion spectra were measured for E&c with nonpolarized
light with a single-grating monochromator (Narumi
RM-L21), where E is the electric-field vector of the in-
cident light. The spectral resolution was better than 3 A
in the absorption spectra. In the measurement of the Ra-
man spectra, the samples were excited by a tunable dye
laser (Lexel model 700L) and an argon-ion laser (Lexel
model 95) system. The spectra were measured for EJ c
with nonpolarized light in the back-scattering configur-
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FIG. 1. Raman spectrum of a BiI3 thin-film crystal on a PbIq
substrate at 4.2 K. "exc."denotes the excitation energy.

ation by a double-grating monochromator (Jobin Yvon
U-1000). The spectral resolution was about 0.3 A in the
Raman spectra.

A Raman spectrum of a BiI3 thin-film crystal on a PbIp
substrate is shown in Fig. 1. The thickness of the film was
estimated to be about 100 A. The excitation energy in the
Raman spectrum was close to the direct-exciton energy.
In the Raman measurements, we chose samples which had
absorption intensities at the direct-exciton-peak energy
that were relatively small in order to reduce the reabsorp-
tion of the scattering light. Five Raman lines were
resolved in the spectrum. These lines are denoted as Ri,
Rp, R3, R4, and R5 in the figure, and the Raman shifts of
the lines were 23, 58, 87, 97, and 113 cm ', respectively.
Karasawa et al. ' reported that the Raman shift of the
most prominent lines in BiI3 bulk crystals were 22.8, 58.5,
and 113.3 cm ' at 4.2 K. These lines have been assigned
to the three A~-mode optical phonons at the I point,
which are called 8, 8, and C phonons, respectively. The
Raman shift of R~, Rp, and R5 are equal to the respective
energies of the A, 8, and C phonons at the I point, while
the Raman shifts of the R3 and R4 lines are equal to those
reported for PbI~ crystals. ' ' The R3 and R4 lines result
from Raman lines from the PbIq substrate.

The Raman intensities of R&, Rz, and R5 are strongly
dependent on the excitation photon energy, while those of
R3 and R4 do not change with energy. The intensities of
R), Rp, and R5 take the maximum around the excitation
photon energy corresponding to the peak position of the
direct-exciton absorption line. This fact suggests that the
direct-exciton state, which is excited by the incident pho-
ton, becomes the intermediate state in the resonant
Raman-scattering process. The intensity of the C-phonon
Raman line was the largest among the three lines. Hence,
the coupling of the C phonon with the direct exciton is ex-
pected to be the largest among the related optical pho-
nons.

Figure 2 shows the absorption spectra of the direct exci-
ton in a BiI3 thin-film crystal on a PbIz substrate at
diAerent temperatures between 4.2 and 227 K. The thick-
ness of the film was estimated to be 320 A. The peak
energy position and the full width at half maximum
(FWHM) of the line were found to be 2.07 eV and 33
meV at 4.2 K. These values coincide with those of the
bulk single crystals determined by the KK transforma-
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FIG. 2. Absorption spectra of a BiI3 thin-film crystal on a
PbIq substrate at different temperatures. OD represents optical
density. Temperatures are 4.2, 23, 40, 59, 89, 121, 176, and 227
K for the spectra from the top to the bottom, respectively.

tion. As the temperature is increased from 4.2 to around
50 K, the peak position shifts to the higher-energy side,
while between 50 and 293 K, it shifts to the lower-energy
side. At all temperatures, the line shape is Lorentzian-
like, and has a tail in the higher-energy side, which is
more prominent at high temperatures. Below 40 K, the
FWHM is nearly constant, and above, it increases with
temperature. This may be mainly due to the C phonon
with a population that starts to increase from around 40
K.

Next, we discuss the width of the present exciton-
absorption line. If the exciton band has its bottom at
K =0 and only intraband scattering is taken into account,
the width of the zero-phonon line resulting from phonon
scattering should become zero at T=O (K is the wave
vector of the exciton, T is temperature). Consequently,
the width at T=O should be determined by the inhomo-
geneous broadening or homogeneous broadening due to
the scattering by imperfections (defects or impurities). In
the case that the width is dominated by the inhomogene-
ous broadening, the line shape should be a Gaussian type,
but the present line shape is a Lorentzian type.

For the weak-coupling exciton-phonon interaction case,
the direct-transition-type exciton line has a Lorentzian
shape, ' and the width is mainly determined by the
scattering probability of the K—0 exciton which is direct-
ly created by a photon. Imperfections take part in the
scattering as well as phonons. However, the origin of the
large FWHM at 4.2 K (—30 meV) cannot be attributed
to the scattering by imperfections, since the FWHM is
nearly constant among the high-quality samples with
diA'erent crystal-growth conditions.

We propose a speculation based on the exciton-phonon
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interaction to interpret the present spectral shape includ-
ing the large width of the direct exciton in BiI3 at very low
temperatures. It is believed that the band-edge exciton
dispersion of the Kz direction of BiI3 has a maximum
(2.072 eV) at K=O and a minimum (2.008 eV) at the
zone edge' (Kz is the component parallel to the I -Z
direction in the Brillouin zone). In such a case, the exci-
ton at K—0 is scattered to lower-energy states at T =0 in
the band, with accompanying phonon emissions, in addi-
tion to the scattering by imperfections.

We take into account the phonon side bands accurately
to interpret the whole spectral shape including the indi-
rect-exciton absorption edge. Absorption intensity a(E)
is calculated by the following equation:

(E) =~ ' [hr(E)]'+ [E—E,„(0)]' '

where I (E) is scattering probability, E,„(K) is the exci-
ton energy, and Ao is a constant. I (E) was calculated for
the present case by the following equations:
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FIG. 3. Calculated AI at 4.2 K.
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E,„(K)= h Kg@/(2M' r )+2Jz cos (azKz ) +Eo,

hro„;(k) = hro;(Z)sin(azk/2),

hro, p, (k) = —,
' [hro;(r)+hru;(Z)]

+ —,
' [hro;(I ) —hco;(Z)]cos(azk),

where n is the phonon-population number, @co„; is pho-
non energy, M+& is the exciton mass in the K~y direction,
4Jz is the exciton band width in the Kz direction, Ep is a
constant, az is the lattice constant in the Z direction, k is
the wave vector, hro;(I ) and hco;(Z) are the optical-
phonon energies at the I point and the Z point, ' respec-
tively. The ac and op denote acoustic and optical pho-
nons, respectively. The A, B, and C are the notations of
phonon modes in BiI3. We take into account only the in-
traband scattering in the lowest exciton band, and assume
the deformation potential for acoustic phonons and
Frohlich electron-phonon interaction for optical phonons.
The eA'ective charge of the 1s exciton is assumed as fol-
lows:
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indirect-exciton edge are shown in Figs. 4(a) and 4(b).
The A„B„and C, indicate the thresholds of the indi-
rect-exciton transitions accompanying the A-, B-, and C-
phonon emissions, respectively. These structures have
been assigned to the transition to the indirect-exciton state
around the exciton band bottom at the zone edge. ' The
calculated and experimental curves are in good agree-
ment. The line shape around the absorption edge is main-
ly determined by the density of states of the band-edge ex-
citon.

Figure 5 shows the calculated spectra around the di-
rect-exciton peak at diA'erent temperatures. At low tem-
peratures, the calculated and experimental spectra agree.
According to the present model, the large value of
FWHM at 4.2 K of the direct-exciton line originates from
the exciton intraband scattering to the lower-energy
states, reflecting the characteristic feature of the present
exciton band structure. Near K=0, the excitons have a
very short lifetime due to the scattering, and thus the exci-
tons are relaxed to the bottom of the exciton band at the
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The notations in the above equations are after Toyo-
zawa. ' The E,„(0) is a constant in the present calcula-
tion. The calculated curve of hI (E) is shown in Fig. 3.
Experimental and calculated spectra at 4.2 K near the

FIG. 4. (a) Absorption spectrum around the indirect-exciton
absorption edge at 4.2 K. This spectrum was obtained using a
BiI3 bulk crystal. (b) Calculated spectrum around the edge at
4.2 K.
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FIG. 5. Calculated spectra around the direct-exciton peak.
Temperatures are 4.2, 23, 40, 59, 89, 121, 176, and 227 K for
the spectra from the top to the bottom, respectively. A base line
is added to each spectrum.

zone edge. In fact, the zero-phonon luminescence has not
been observed at the direct-exciton energy, while the
luminescences from the indirect-exciton state near the
band bottom appear, being assisted by the phonon emis-
sions. This is consistent with the present model.

At high temperatures, there is a discrepancy between

the calculated lower-energy tail and the experimental
spectra. In BiI3 bulk crystals, the lower-energy tail of the
exciton transition obeys the Urbach rule above 77 K.
Hence, the discrepancy is probably due to the contribution
of multiple-phonon scattering.

In conclusion, BiI3 thin-film single crystals have been
grown by the hot-wall technique. The observed Raman
shifts of the films were in agreement with those of bulk
crystals, indicating the high quality of the present sam-
ples. The present thin-film crystal-growth technique en-
abled observation of the transmission spectra of the
band-edge direct exciton. The line shape of the direct ex-
citon was analyzed in BiI3 in a wide temperature range.
So far, there have been few studies where the exciton line
shape was analyzed even at room temperature among oth-
er semiconductors. The present work has become possible
due to the unique characters of the direct exciton in BiI3,
namely, the large binding energy and the strong absorp-
tion intensity of the exciton transition compared with the
band-to-band transitions. The calculated result is in good
agreement with the observed spectral shape in the energy
region from the indirect-exciton absorption edge to the
direct-exciton peak at low temperatures. The exciton-
phonon interaction in the weak-coupling case is con-
sidered to be applicable to the present case at low temper-
atures.
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