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Abstract

Quantum-size confinement of excitons in CuBr nanocrystals embedded in
polymethyl methacrylate has been studied. Both the absorption band and the
photoluminescence (PL) band of the Z; ; free excitons in the nanocrystals show
a blue-shift due to a quantum-size effect, and the Stokes shift of the PL band
becomes larger with decrease in the nanocrystal size at 77 K. These blue-shifts
are interpreted by application of size quantization in the exciton dispersion on
the basis of Cho’s k-linear theory.

1. Introduction

Cuprous halide nanocrystal is one of the most widely used materials for study of quantum-size
confinement of exciton translational motion.

The exciton absorption spectra of bulk crystals of the cuprous halides CuCl, CuBr, and
Cul consist of two intense narrow bands, which are called Z; , and Z3 bands [1]. The energy
of the Z3 exciton band is lower than that of the Z, , exciton in CuCl, while the energy of the
7, exciton is lower than that of the Z3 exciton in CuBr and Cul, because the contribution of
the copper ion with negative spin—orbit interaction to the valence band is larger in CuCl than
in CuBr and Cul. The Z, , exciton in CuBr with a zinc-blende structure is associated with I'g
hole and I'¢ electron states, and is composed of I's and I's + I'4 states [1, 2]. The I's state with
threefold degeneracy is a dipole-allowed spin-singlet state and splits into a longitudinal exciton
state and a transverse exciton state with twofold degeneracy by a dipole—dipole interaction.
The I'; + I'4 state with fivefold degeneracy is a dipole-forbidden spin-triplet state. The I'3 + 'y
exciton, however, becomes partially allowed because of the exchange interaction and the k-
linear term, where k is the wave vector of the exciton translational motion. A sharp peak
observed on the low-energy side of the Z, , reflection structure at 8 K is assigned to the I'3 +T'4
exciton [3]. Below 50 K, the photoluminescence (PL) band associated with this state is easily
observed because this state has the lowest energy.
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In CuCl nanocrystals, the size dependence of the Z3 exciton energy can be explained by
an exciton confinement model described as

K2 T 2
AE:2—<R d) (L.1)
o o

where AE is a blue-shift of the exciton energy, m is the exciton translational mass [4], R is
the radius of the nanocrystal, and d is a depth of the dead layer into which the centre of mass
of an exciton cannot enter.

In CuBr nanocrystals, the Z; » exciton level splits into multiple levels and the exciton
energies shift to the higher-energy side due to a quantum-size effect [5]. The size dependence
of the blue-shift in CuBr nanocrystals, however, has not been fitted by equation (1.1). It is
not clear why the size dependence in CuBr nanocrystals is not explained by this simple model
at present.

At 77 K, the Stokes shift of the PL due to the Z3 exciton in the CuCl nanocrystal equals
zero [6], because the exciton bound to an impurity or a defect is unstable at this temperature
and the I's free exciton annihilates radiatively. In contrast, in the CuBr nanocrystal, a finite
Stokes shift appears even at 77 K [7], but the origin is not clear at present.

The key to clarifying the quantum-size effects in CuBr nanocrystals lies in the multiplicity
of the Z, » exciton. Itoh et al reported on size-quantized excitons in microcrystals of cuprous
halides embedded in alkali halide matrices [8]. In their paper, excitation spectra of broad Z; »
exciton luminescence bands are measured, and it is suggested that the Z; , exciton is mainly
composed of three exciton states in thin platelet microcrystals which have (111) flat surfaces.
The existence of the three exciton states is explained by a rough calculation taking the k-linear
term into account.

In this paper, the size dependence of the absorption band energy and the PL band energy
of the Z; , exciton in the CuBr nanocrystal are discussed more strictly on the basis of size
quantization of the exciton translational motion in the exciton dispersion calculated in terms
of a k-linear theory.

2. Experiment

In the present experiment, we used CuBr nanocrystals embedded in polymethyl methacrylate
(PMMA). The samples were prepared by Yao’s technique [9]. The size of the nanocrystallites
was controlled by heat treatment. The weight concentration of the nanocrystal in the PMMA
film was about 0.18% and the film thickness was typically about 0.4 mm. In order to obtain
the transmission electron microscope (TEM) images of the nanocrystals, the samples were
sliced to a thickness of about 60 nm and the samples were then coated with carbon to prevent
the film from being charged by the electron beam. We determined the sizes and shapes
of CuBr nanocrystals embedded in ten films in pictures taken with a Hitachi H-OOOONAR
TEM. For optical measurements, the PMMA film was immersed in liquid nitrogen. For PL
measurements, the samples were excited by a 325 nm cw light from a He—Cd laser with an
intensity of 10 mW cm~2 on the sample surface. The absorption and photoluminescence spectra
were measured with an Acton Spectra Pro-500 single monochromator and a Hamamatsu C4196
silicon photodiode array. The spectral resolution of the measurement system was 3 meV.

3. Results and discussion

Figure 1 shows a TEM picture of a sample. As can be seen in the picture, the nanocrystal
is approximately spherical in shape. The average radius (R) of the CuBr nanocrystals in this
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figure is 7.0 &= 1.5 nm, and a histogram of the sample size is shown in figure 2. The optical
absorption spectra at 77K of ten samples, which were taken using the TEM, are shown in
figure 3. The volume average radius (R,) of each nanocrystal is shown on the left-hand side
of each spectrum. Considering that the exciton absorption strength (band area) and the PL
intensity are proportional to the volume of a nanocrystal, the volume average radius of each
sample should be used as the average radius in the discussion below. The lower- and higher-
energy bands are associated with the Z; , and Zs excitons, respectively. The broadness of the
band is mainly due to inhomogeneity of the nanocrystal size. Both of the exciton bands shift
to the higher-energy side when the nanocrystal size decreases. In figure 4, the PL spectra of
four samples with different sizes are shown by a dotted line, and the absorption spectra are
shown by a solid line. We estimated the average radii of the samples other than the ten samples
in figure 3, by comparing the energies of their Z; , exciton absorption band to the energies
of the above ten samples. The PL bands are blue-shifted with decrease in the nanocrystal
radius. The Stokes shift is clearly seen, as shown by a horizontal bar, and becomes larger
with decrease in the radius of the CuBr nanocrystal. The PL band is assigned to free-exciton
annihilation, because in the bulk crystal a luminescence band due to the free exciton is found
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very close to the Z; , absorption band and bound-exciton luminescences disappear at 77 K
[3]. The linewidth of the PL band at 77 K is almost the same as the homogeneous linewidth,
because it shows no significant narrowing even in resonant excitation at the red edge of the
Z, » absorption band, although this result is not shown here.

On the other hand, the exciton dispersion relation of the bulk crystal has been calculated
near the I' point of the Brillouin zone [10, 11]. We calculate the dispersion relations for a
wider range of the wave vector in terms of the k-linear theory given by Cho [12] in order to
clarify the quantum-size effects on the exciton absorption and PL band energies. According
to the k-linear theory [12], the energy levels of the I's and I'; + I'4 excitons split into eight
levels at a finite wave vector k, and the anisotropic dispersion appears. The k-linear term in the
k-dependent mixing is yielded by a spin—orbit interaction at a finite k£ and an antisymmetric
potential. As a consequence of the mixing, the lowest branch of the Z, , exciton state, which
is a dipole-forbidden state at k = 0, turns into a dipole-allowed state at a finite k. In the
nanocrystal, the size-quantized lowest wave vector becomes larger with decreases in size.
Hence, it is suggested that the lowest branch of the Z; , exciton state in CuBr nanocrystals
becomes a dipole-allowed state.

First, we consider the Hamiltonian of the Z; , excitons whose quantization axis is parallel
to the (111) direction. Then, matrix elements of the exciton Hamiltonian can be calculated
using the eight bases, i.e. the bases for the I'; + I'y representations with the total angular
momentum J = 2: |2,2),]2,1),]2,0), |2, —1), |2, —2), and the bases for I's with J = 1:
[1, 1), [1,0), |1, —1). The |2,2),]2,1),|2,0), |2, —1), |2, —2) states are dipole-forbidden
spin-triplet states. The |1, =1) states are states of the transverse exciton, and the |1, 0) state
is a state of the longitudinal exciton. The exciton Hamiltonian matrix is decomposed into two
equivalent 3 x 3 blocks and two 1 x 1 blocks, as shown in table 1. The dispersion curves
of the Z; » exciton along the (111) direction are calculated from the Hamiltonian in table 1,
and are shown in figure 5(a). The upper abscissa represents the size-quantized lowest k in the
nanocrystal with the radius indicated. The dispersion curves along (110) and (100) directions
are also shown in figures 5(b) and 5(c), respectively. The parameters used in the calculation
are the same as those for the bulk crystal [13], as shown in table 2. Branches 4 and 5, whose
numbers are shown on the right-hand side of figure 5(a), are associated with the |2, 0) and
|1, 0) states, respectively. Branches 1, 2, and 3 are mixtures of |2, £2), |2, £1), |1, £1) states.

Table 1. The Hamiltonian for k || (111). G = n2k%/(2mg), T = (v/3/2/2DhKk, mg is a
free-electron mass, and 72 K™ is the coefficient of the k-linear term for the exciton. y{, y5*, and
3 are the Luttinger parameters [11, 13]. Err is the longitudinal-transverse splitting energy owing
to the dipole—dipole interaction, and ETy is the short-range exchange energy [11, 13].

1, 0)
(ELr + Eno+ (v$* +2y§9G?)
12, 0)
(Y +2y$9GH)
12, +2) 12, +1) 1, +1)
(e =295 G? T V3T
T o + 7596 V362
V3T V3" G* Enc+ (¢ — 5)G?

We assume that only the transverse branches |1, £1) contribute to photogeneration of
the excitons in CuBr nanocrystals, and that the longitudinal branch and spin-triplet branches
are not involved. The wave function |®) after taking account of the k-linear mixing is
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Figure 5. (a) The dispersion curves of five branches associated with the Z; » exciton along the
(111) direction calculated according to Cho’s k-linear theory. The branch number is indicated at
the right-hand edge of each curve. The parameters used in the calculation are the same as those for
the bulk crystal. The upper abscissa represents the size-quantized lowest k in the nanocrystal with
the radius indicated. (b), (c) The exciton dispersion curves along the (110) and (100) directions,
respectively.

Table 2. Values [13] of the parameters in table 1.

v oys hKZ(1071%eVem)  Epr (meV)  Er (meV)

075 018 69 12.5 1.0

described by
|®) = E ai|¢i)+§ bjly;) (3.1
i J

where |¢; ) is the transverse state and |/;) is the longitudinal or the spin-triplet state. We define
the relative oscillator strength ( f;os) as

(fros) = Y lail? / <Z lail* + ) |b,-|2). (32)
i i J

(fros) along the (111) direction is shown as a function of the wavenumber in figure 6. The
numbers in figure 6 correspond to those in figure 5(a). The branches 1, 2, and 3 in figure 5(a)
may correspond to the three exciton states of the Z, , exciton which are considered in the study
of the excitation spectra in reference [8], because their values of ( fi,s) are finite at k # O.
This means that the states are dipole-allowed states in nanocrystals. (f;os) is assumed to be
proportional to the exciton absorption band area in nanocrystals because the energy differences
among the exciton branches are too small to be detected separately in the absorption spectrum.
Then, the peak energy of the Z; » exciton absorption band is represented by the mean energy
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Figure 6. The relative oscillator strengths along the (111) direction for different branches.

Aean, Written as

Amean = Z El(fros)l (33)
1

where [ denotes an exciton branch, E; is the energy of branch /, and ( fios); 1S ( fros) for branch
1. Generally, an exciton formed in the nanocrystal by an incident photon is relaxed to lower-
energy branches and then recombines radiatively in the thermal equilibrium state. Hence, the
peak energy of the Z, , exciton luminescence is represented by the energy Peg:

Peg= Y Ei(fuos [GXP(—Ez/kBT) / (Z exp(—E; /kBT))} (34)
[ i

where kg is Boltzmann’s constant and 7 is the temperature.

In the nanocrystal, the lowest quantized k increases with decrease in the radius, while
(fros) for the lowest-energy-state exciton increases as the nanocrystal radius decreases.

In the nanocrystal, the above calculation is carried out for the wave vector k in the
(111) direction. In a real nanocrystal, however, the confinement directions are uniformly
distributed. Hence, we have to calculate the mean energy over all directions to compare the
radius dependence of the Z; ; exciton absorption and PL energies. For simplicity, the mean
energy of the Z; , excitons for all directions is calculated as

Afrean X 8+ Alean X 12+ Alnir x 6

A[(]z;lglﬂﬂirections) — 26 (3.5a)
(111) (110) (100)
Plflﬂfmd"emm) _ Prean X 8+ Prean X 12+ Prean X 6 (3.5b)

26

where Aflﬁje];; (anéfg ) is the mean energy Apmean (Pmean) along the (ijk) direction. When 26
axes are drawn from the origin isotropically, there are 8 axes equivalent to the (111) axis, 12
axes equivalent to the (110) axis, and 6 axes equivalent to the (100) axis. Figure 7 shows
the experimental peak energies of the Z; , exciton absorption band (solid circles) and the PL
band (open squares) as a function of R, /ag, where ag is the exciton Bohr radius (1.25 nm) in
CuBr crystals. The optical density of the samples is so low that the energy shift of the PL peak
due to correction of maximum re-absorption effect is only a few meV. Thus, we neglect the
re-absorption effects here. The mean energies of the Z; , exciton absorption (ALl directions) y
and PL (P direetions)y hands calculated from equations (3.5a) and (3.5b) are shown by curves
A and B in figure 7, respectively. Curves C and D are calculated from curves A and B by
taking account of the dead-layer effect. Here, we use the dead-layer thickness of 1.9agp as an
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Figure 7. Solid circles and open squares show the experimental peak energies of the absorption and
PL bands, respectively, as a function of Ry/ag. Curves A and B represent the average absorption
and PL dispersions calculated using equations (3.5a) and (3.5b). Curves C and D represent the
average absorption and PL dispersion corrected by taking the dead-layer effect into account, where
the thickness of the dead layer is assumed to be 1.9ag.

adjustable parameter. Reliability of this value is discussed later. Curves C and D coincide
with the experimental blue-shift of the peak energies of the Z; , exciton absorption band and
the PL band in the range RV /ag = 3.5. On the other hand, the curves C and D deviate from
the experimental blue-shifts in the range R, /ag < 3.5. This difference may be caused by the
nanocrystal being too small to be analysed using the parameters of the bulk crystal, and the
exciton confinement model being no longer correct because of the individual confinements of
the electron and hole.

Next, we examine how reasonable of the dead-layer thickness is. In real nanocrystals,
the dead layer is composed of two components. One is a surface roughness layer (d;)
into which an electron or a hole cannot enter, and the other is a layer (d,) in which the
centre of mass of an exciton cannot exist. We assumed the thickness of the former layer
to be almost the same as the thickness of one atomic layer (d; = 0.46ag), and thus
d, = (1.9-0.46)apg = 1.44ap. Kayanuma reported quantum-size effects of an electron—hole
system confined in semiconductor nanocrystals [14]. In Kayanuma’s paper, numerical calc-
ulation of the energies of the electron—hole system is carried out using Ritz’s variational
technique. In the range R/ag > 4, the numerical values obey formula (1.1) only when the
dead layer (d) is chosen as 0.73ag, 1.1ag, and 1.4ag for my/m. = 1, 3, 5, respectively. Here,
my and m, are the effective masses of a hole and an electron in a semiconductor crystal. For
the CuBr crystal, my/m. = 5 [15]. Then, the adjustable parameter d, = 1.44ag is very close
to the theoretical value d = 1.4ag, because d is equivalent to d, for real nanocrystals.

On the other hand, in a study of CdSe nanocrystals at 10 K or less [16], Nirmal et al
suggested that the band shape of the exciton PL depends on the strength of the coupling
between the exciton and the LO phonon. In the case of CuBr nanocrystals at 77 K, the half-
width of the PL band in figure 4 is smaller than the LO-phonon energy (20.7 meV) in the range
R,/ag > 3.5. Hence, the LO-phonon sideband can be distinguished from the zero-phonon
band. On the low-energy side of the PL band, however, no shoulder is observed. This means
that the PL band mainly consists of the zero-phonon band. It is concluded that the exciton—
LO-phonon coupling of CuBr nanocrystals at 77 K is very weak, in contrast to the case for
CdSe nanocrystals at 10 K or less.
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Therefore, in the range RV /ap = 3.5, the quantum-size effects of the absorption band and
the PL energies due to the Z; , exciton in CuBr nanocrystals can be interpreted on the basis of
a k-linear theory.

4. Summary

We have studied quantum-size confinement of exciton energies in CuBr nanocrystals embedded
in PMMA. Both the peak energies of the absorption and luminescence bands due to the Z;
excitons at 77 K are blue-shifted with decreases in the radius of the nanocrystal, and these
shifts are associated with a quantum-size effect. The Stokes shift of the PL band becomes
larger when the crystal radius decreases. The origin of the Stokes shift is clarified by Cho’s
k-linear theory and size quantization of the exciton wave vector. That is, in CuBr nanocrystals,
the mixing among eight branches of the Z; , exciton depends on the size of the nanocrystal. It
is found that the lowest-branch exciton becomes a dipole-allowed state and contributes to the
appearance of the PL Stokes shift in CuBr nanocrystals.
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