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Center-of-mass quantization of excitons in Pbl, thin films grown by vacuum deposition
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We have investigated excitonic properties of Pbl, thin films grown on a (001) NaCl substrate by a conven-
tional vacuum deposition technique. The x-ray-diffraction patterns indicate that the crystal structure of the Pbl,
thin films is just oriented along the [001] crystal axis. The surface morphology observed by an atomic force
microscope shows that the surface roughness is within 1 nm. These results of the structural analysis demon-
strate that the Pbl, thin films are suitable for the investigation of quantization effects. The absorption spectra
of 8-, 10-, and 15-nm-thick films clearly exhibit oscillatory structures in the energy region higher than the
fundamental exciton transition up to ~110 meV. This fact indicates the nice realization of the center-of-mass
quantization of the exciton; however, the usually used model that is the wave-vector quantization of a parabolic
exciton band could not be reasonably applied to explain the quantized exciton energies. The absorption spectra
are quantitatively analyzed on the basis of a tight-binding exciton model for the energy dispersion using a

nonlocal theory of linear optical response.
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Quantization effects on excitons have attracted consider-
able attention in optical properties and functions of semicon-
ductors. It is well known that the quantization effects are
classified into two types. One is individual quantization of
envelope functions of electrons and holes in the case in
which an excitonic Bohr radius is larger than a spatial con-
finement size, which is a typical phenomenon in ordinary
quantum-well systems and has been extensively studied until
now. The other is center-of-mass (c.m.) quantization of exci-
tons, which corresponds to quantization of the translational
motion, when the exciton is weakly confined in substance
space larger than the Bohr radius. The investigation of the
c.m. quantization has not been so active, thus there are lim-
ited numbers of relevant reports: e.g., thin films of GaAs,'3
CdTe,** CuCL®7 and layered compounds such as WSe, (Ref.
8) and Pbl,.>!° The c.m. quantization, however, has been
recently highlighted for nonlinear optical responses by the
development of the nonlocal theory of interactions between
weakly confined excitons and photons.!! For example, a
large third-order nonlinear response induced by the nonlocal-
ity in GaAs thin films was demonstrated,®'? and optical bi-
stability due to the spatial structure of an internal electric
field in a nanoscale film was proposed.'?

Layered compounds are good candidates for c.m. quanti-
zation because the exciton binding energy is usually high,
and the lattice interaction along the ¢ axis is a van der Waals
force, which results in a considerable merit for the thin-film
growth. Pbl, is a typical layered compound, and its exciton
binding energy and Bohr radius are suitable for the c.m.
quantization: 63 meV and 1.9 nm, respectively.'* Saito and
Goto!? precisely studied the quantization effects on excitons
in Pbl, microcrystallites with an ultrathin thickness from two
to eight unit layers, where the unit layer corresponds to the
lattice-stacking unit along the ¢ axis: 0.698 nm.!> They con-
cluded that the framework of the c.m. quantization is ap-
proved in the layer thickness larger than five unit layers;
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however, only the first quantized (n=1) state was observed
owing to fluctuations of microcrystallite thickness. The most
prominent feature of the c.m. quantization is the appearance
of oscillatory structures of absorption (transmission) and re-
flection spectra originated from quantized states with n=2,
which is characterized by the wave-vector quantization of
K,=nm/L: L is a film thickness. From an aspect of the exci-
ton stability, CuCl is the best candidate for the c.m. quanti-
zation: the very high exciton binding energy of ~190 meV
and the very small Bohr radius of ~0.7 nm.” In fact, oscil-
latory structures reflecting the c.m. quantization were clearly
observed in CuCl thin films;®’ however, it should be noted
that CuCl is a hygroscopic material, which leads to remark-
able degradation of crystal quality.

In the present work, we have investigated the c.m. quan-
tization effect on excitons in Pbl, thin films with a layer
thickness from 8 to 50 nm grown by a conventional vacuum
deposition method. The structural characterization of the thin
films with an x-ray diffraction method and an atomic force
microscope indicates the high crystal quality and very
smooth surface. The absorption spectra in the 8-, 10-, and
15-nm-thick films clearly exhibit oscillatory structures re-
flecting the c.m. quantization. It is noted that the observed
energies of the quantized excitons could not be explained by
the quantization of the parabolic exciton band, the so-called
effective-mass approximation, usually adopted in the analy-
sis of the c.m. quantization. Here, we quantitatively analyze
the absorption spectra on the basis of a tight-binding exciton
model allowing the nearest-neighbor energy transfer in the
framework of the nonlocal theory of linear optical
response. '©

For the sample preparation, thin films of Pbl, were grown
on a cleaved (001) NaCl substrate at 150 °C using a vacuum
deposition method in high vacuum (~1X 10~* Pa). Com-
mercially supplied powders of Pbl, with a purity of 99.99%
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FIG. 1. (a) X-ray-diffraction pattern of the 50-nm-thick film of
Pbl,, and (b) the surface-roughness profile of the 15-nm-thick film
measured with the atomic force microscope under the atmospheric
condition.

were heated in an alumina crucible, and the deposition rate,
which was monitored by a crystal oscillator, was 0.05 nm/s.
We prepared four thin films with 8, 10, 15, and 50 nm thick-
ness. The error of the film thickness is around 1 nm. The
crystal quality and surface morphology of the samples were
characterized with a 6—26 x-ray-diffraction method and an
atomic force microscope, respectively. In order to detect the
optical transitions of quantized excitons, absorption spectra
were measured at 10 K using a double-beam spectrometer
with a resolution of 0.2 nm.

First, we describe the structural characterization of Pbl,
thin films. Figure 1(a) shows the x-ray-diffraction pattern of
the 50-nm-thick film with use of the Cu K« line. Since the
crystal structure of Pbl, has polytypism, the basic structure
of 2H is adapted as the criterion for the assignment of the
Bragg reflections, where the lattice constants of the in-plane
and ¢ axes in the 2H structure are 0.4557 and 0.6979 nm,
respectively.”” The in-plane (c-axis) lattice constant of the
4H structure is the same (just twice) as that of 2H.'5 The
assignment of the polytypism will be discussed later with the
excitonic absorption spectra. The calculated 26 angles of the
(001), (002), (003), and (004) planes are 12.68°, 25.51°,
38.68°, and 52.41°, respectively, so that all the Bragg reflec-
tions observed are clearly attributed to the (00n) plane. Thus,
the x-ray-diffraction pattern indicates that the lattice struc-
ture of the thin film is fully oriented along the ¢ axis. Figure
1(b) shows the surface-roughness profile of the 15-nm-thick
film measured with the atomic force microscope under the
atmospheric condition. It is obvious that the roughness is
within 1 nm, which is comparable to the unit-layer fluctua-
tion corresponding to the roughness limit in the thin-film
growth. The very smooth surface is essential to investigate
the c.m. quantization effect that is sensitive to thickness fluc-
tuations. The results of the structural characterization de-
scribed above demonstrate the merit of the layered com-
pound for the thin-film growth.
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FIG. 2. Absorption spectra of the 8-, 10-, 15-, and 50-nm-thick
films of Pbl, in the energy region of the fundamental exciton energy
at 10 K, where the main spectrum in each thin film is normalized by
the first peak intensity. The inset depicts the absorption spectrum of
the 15-nm-thick film in the energy region up to 3.55 eV.

Figure 2 shows the absorption spectra of the 8-, 10-, 15-,
and 50-nm-thick films of Pbl, in the energy region of the
fundamental exciton transition at 10 K, where the main
spectrum of each thin film is normalized by the first peak
intensity. The inset depicts the absorption spectrum of the
15-nm-thick film in the energy region up to 3.55 eV. For the
assignment of the polytype structure of the thin films, the
most prominent difference of the excitonic properties in the
2H and 4H structures appears in the energy region from
3.3t03.45¢eV." In the 2H structure, only one excitonic
transition of A} — A3, is observed at 3.31 eV. On the other
hand, the A — A5, transition is split into two transitions of
I'g(1) = Ty(1) and I'g(1) —T'¢(2) in the 4H structure by the
symmetry change from 2H, where the reported transition en-
ergies are 3.330 and 3.425 eV, respectively, and the nota-
tions of the excitonic transitions are taken from Ref. 15. It is
evident from the inset of Fig. 2 that the doublet peaks appear
at 3.331 and 3.426 eV. This spectral profile is observed in all
the thin films. Thus, the crystal structure of the thin films is
attributed to 4H.

In the energy region of the fundamental exciton transition,
the oscillatory absorption structures reflecting the c.m. quan-
tization are clearly observed in the 8-, 10-, and 15-nm-thick
films. In the 50-nm-thick film, where there is no oscillatory
structure, the peak energy of the excitonic transition,
2.508 eV, just agrees with the reported energy of the funda-
mental exciton of the 4H structure, 2.508 eV.!" In order to
quantitatively discuss the c.m. quantization effect, we com-
pare the oscillatory profiles of the absorption spectra in the
8-, 10-, and 15-nm-thick films with the exciton-polariton dis-
persion as shown in Fig. 3. In the calculation of the polariton
dispersion, the following well-known equation is used:
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FIG. 3. Oscillatory profiles of the absorption spectra in the 8-,

10-, and 15-nm-thick films of Pbl,, and the exciton-polariton dis-
persion (dashed curves) calculated using M ,=1.7m,. The circles
plotted on the polariton dispersion indicate the energy positions of
the quantized states with the wave vector of K,,=nm/L in the frame-
work of the c.m. quantization of the parabolic band, where the
closed and open circles correspond to the odd and even quantum-
number states, respectively.

h’K?
I =e(E,K)=¢g,| 1 +

f
E3+ E;h>K*IM?, — E> — iET ) ’

(1)
where c is the speed of light in vacuum, K is the wave vector
of the dispersion, g, is the background dielectric constant, Ep
is the transverse exciton energy, M., is the translational mass
of the exciton, and f is the oscillator strength. We set f to
Ei—Ezr and I" to zero in the calculation, where E; is the
longitudinal exciton energy. The parameters of the dielectric
function are taken from Ref. 17 except for M,,. In Ref. 17,
interference phenomena of the exciton polariton in thin
platelets of 4H-Pbl, are discussed from the analysis of re-
flection spectra. Although the suggested value of M, is
(1.0+0.2)my,"” we could not fit the peak energies even for
the quantized excitons with n=3 using that value. Thus, M,
is treated as an adjustable parameter. In Fig. 3, the exciton-
polariton dispersion calculated using M ,=1.7my is depicted
by the dashed curves. The circles plotted on the polariton
dispersion indicate the energy positions of the quantized
states with the wave vector of K,,=nm/L in the framework of
the c.m. quantization, where the closed and open circles cor-
respond to the odd and even quantum-number states, respec-
tively. The calculated results of the quantized exciton ener-
gies agree fairly well with the experimental results. The
energy range of the observation of the c.m. quantization is
~110 meV in the Pbl, thin films. It is noted that the energy
range of the c.m. quantization is ~30 meV even in CuCl thin
films.%7 Comparing the oscillatory structures and the
exciton-polariton dispersion in Fig. 3, we notice that the odd
quantum-number states are mainly observed. This is an ordi-
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nary consequence of the selection rule of the excitonic tran-
sition under the c.m. quantization condition based on a long-
wavelength approximation (LWA), which is well confirmed
by the previous reports on CuCl thin films.®” The basic prob-
lem in this case is that some quantized excitons in the energy
region higher than ~2.57 eV must be assigned to even
quantum-number states that are fundamentally forbidden in
the dipole transition. This fact suggests that the wave-vector
quantization considering the parabolic dispersion of the ex-
citon, the so-called effective-mass approximation, is inad-
equate.

In order to explain the absorption spectra quantitatively,
we calculated the linear optical response on the basis of the
tight-binding exciton model allowing the nearest-neighbor
energy transfer in the framework of the nonlocal theory.'® It
should be noted that we could never explain the entire ab-
sorption spectra, assuming a parabolic dispersion with any
effective mass. The calculation of the band structure based
on an empirical pseudopotential method'® suggests that the
band-edge transitions of Pbl, are cationic, i.e., considerably
localized orbital, which suggests that the tight-binding exci-
ton model is an appropriate approximation for the energy
dispersion. According to Ref. 16, the eigenfunction and en-
ergy dispersion of one exciton state with a set of discrete
lattices can be written as

2 172
K. = (ﬁ) ; sin(K,,j)a;|0) (2)

and
E(n) =gy— 2t cos(K,), (3)

respectively, where aj- is the creation operator of an exciton
on the jth site, g is the excitation energy of each site, 7 is the
transfer energy that is a fitting parameter, and K,, is the al-
lowed wave vector defined as K,=nw/(N+1) with {n
=1,2,...,N}. In the calculation, the lattice spacing and low-
est energy of the exciton dispersion are set to 0.698 nm and
2.5073 eV, respectively. The linear nonlocal polarization at a
frequency of w is given by the following explicit form:'6

M? ( 2 )"22 sin(K,,j)F,
N+1 —E(n)-w-il

P (w) = exp(-iwn).  (4)

Vo

Here, M is the transition dipole matrix per site, v, is the
unit-cell volume, and I' is the phenomenological constant
for response damping. The definition of F, is described
in Ref. 16. In addition, we take account of a dead-layer
thickness, which is also phenomenologically treated as a fit-
ting parameter, leading to an effective layer thickness. In the
calculation of absorption spectra, the background dielectric
constant and the L-T splitting energy of the exciton are taken
from Ref. 17.

Figure 4 shows the calculated absorption spectra of the §-,
10-, and 15-nm-thick films on the basis of the theoretical
model described above, where the spectrum intensity is nor-
malized by the maximum value, and the arrows indicate the
quantized-exciton energies taken from the experimental ab-
sorption spectra. It is obvious that the calculated energies of
the quantized excitons agree fully with the experimental re-

073306-3



BRIEF REPORTS

Thickness ]
15 nm

o[

=

=4

S - . B
ol n=5  Thickness ]
A

c [

oI

B[

= L

o

27 . ]
< Thickness

L 8 nm
n=5

x5

255 260

250
Photon Energy (eV)

FIG. 4. Calculated absorption spectra of the 8-, 10-, and
15-nm-thick films on the basis of the tight-binding exciton model
for the exciton dispersion by using the nonlocal theory of linear
optical response, where the spectrum intensity is normalized by the
maximum value, and the integer denotes the quantum number of the
observed exciton state. The arrows indicate the energies of the
quantized excitons taken from the experimental absorption spectra.

sults. The integer in Fig. 4 denotes the quantum number of
the exciton state. All the observed exciton states have odd
quantum numbers, which is consistent with the picture of the
LWA. In the 15-nm-thick film, the missing n=3 transition is
covered with the tail of the absorption band of the n=1 tran-
sition owing to the small energy spacing of ~7 meV. The
calculation does not take account of the continuum transi-
tions. In the 10- and 15-nm-thick films, the oscillator
strengths of the quantized excitons with higher quantum
numbers are considerably low; therefore, the background ab-
sorption due to the continuum transitions in the energy re-
gion above ~2.56 eV becomes remarkable in comparison
with that in the 8-nm-thick film. In the calculation, the fitting
parameter of the transfer energy, 7, is fixed to 0.0335 eV.
This transfer energy corresponds to the effective mass of
M, =2.33m,, which is evaluated from the coefficient of the
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second expansion term of 2¢cos(K,). Other fitting param-
eters of the dead-layer thickness (L,;) and broadening
factor (I') are as follows: {L;,I'}={0.86 nm, 4.0 meV},
{0.81 nm, 5.0 meV}, and {1.22 nm, 4.0 meV}} for the 8-,
10-, and 15-nm-thick films, respectively. The dead-layer
thicknesses in the 8- and 10-nm-thick films almost corre-
spond to the unit-layer thickness, which seems to be an ap-
propriate value. In the 15-nm-thick film, the dead-layer
thickness is slightly larger than those in the 8- and
10-nm-thick films. This difference of the dead-layer thick-
ness may be due to a slight deviation of the layer thickness
from the designed value. We note that the transfer energy is
the phenomenological parameter because the dispersion rela-
tion of the exciton band is not revealed; therefore, it is diffi-
cult to determine the conclusive value. Anyway, it is evident
that the tight-binding exciton model leading to the cosine-
type energy dispersion instead of the parabolic dispersion
enables us to reasonably analyze the c.m. quantization of the
exciton in the Pbl, thin films. This fact suggests that the
tight-binging exciton model is applicable to the analysis of
the c.m. quantization in thin films of various layered com-
pounds and molecular crystals.

In conclusion, we have demonstrated that the c.m. quan-
tization of the exciton is realized in the 8-, 10-, and
15-nm-thick films of Pbl, grown by the conventional
vacuum deposition method owing to the merit of the layered
compound, i.e., a van der Waals interaction along the ¢ axis,
which leads to the growth of the high-quality thin films with
the very smooth surface: the roughness within 1 nm. The
oscillatory profiles of the absorption spectra, which result
from the c.m. quantization, are clearly observed. However,
we could not explain the spectral profiles by the wave-vector
quantization, K,=nm/L, of the exciton-polariton dispersion
with parabolicity. The calculation of the nonlocal linear op-
tical response on the basis of the tight-binding exciton model
for the exciton dispersion produces the reasonable absorption
spectra of the quantized excitons.
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