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TWO-DIMENSIONAL INDIRECT EXCITON IN LAYER-TYPE SEMICONDUCTOR GaSe
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Evidence for the presence of two-dimensional indirect excitons is presented in terms
of the absorption spectra in GaSe. The phonon and exciton parameters at the K point are

determined.

Measurements of the absorption spectrum of
B-GaSe below the direct edge have revealed a set
of structures in the energy range from 1.70 to
2.0 eV. A remarkable feature of these structures
is the presence of a plateau over the energy
range of 0.12 eV. It is shown in this paper that
this plateau may be interpreted only in terms of
a two-dimensional indirect exciton. To our
knowledge this is the first report on the observa-
tion of a two-dimensional exciton.

B-GaSe is a layer-type semiconductor with a
hexagonal crystal structure. The band structure
has been calculated by Kamimura and Nakao,*
and also by Bassani and Pastori Parravicini,?
with the tight-binding approximation. Particular-
ly the band model proposed by the former group
indicates the possible existence of an indirect
edge. This theoretical prediction has been veri-
fied experimentally by Brebner, Mooser, and
Aulich,® and by Nishina, Kuroda, and Fukuroi.*
Figure 1 shows the details of the band structure
assigned by Kamimura and Nakao.! The valence
and conduction bands, denoted by 7; and 7,, re-
spectively, may be regarded as two-dimensional
in their character in the sense that their masses
along the direction perpendicular to the layer (c
axis) are very large. An indirect transition is
allowed between the top of 7, and the bottom of
7, (C,~ =K ;) for the electric field vector of light
parallel to the ¢ axis (Efl¢). For light incident
normal to the layer (ELc), however, such tran-
sitions are forbidden. This selection rule comes
from symmetry of the conduction and valence
bands at I' and K points. On the basis of these
assignments on the band edges, only the K3+
mode of phonon contributes to the indirect transi-
tion. Group-theoretical consideration of the crys-
tal structure of B-GaSe shows that there exist
four of the K ,* modes in 8-GaSe.

According to Elliott, ® the transition probability
for the indirect transition to an excitonic state

(K, n) is proportional to

(n-ﬁ+§¥- ol an(O) | Zo(hu-Eg+EKnthw§) (1)
for the absorption (upper sign) and emission (low-
er sign) of a phonon. Here kv is the photon ener-
gy, hwyg the phonon energy. ng the phonon popula-
tion number, Eg the indirect band gap, EX,n the
energy of the excitonic state (K,n). and ¢y(r) the
so-called envelope function of the Wannier indi-
rect exciton.

For a two-dimensional bound exciton which has
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FIG. 1. The band structure of f-GaSe (after Ref. 1).
The indirect transition occurs between the top of va-
lence band 73 at I" and the bottom of conduction band 7,
at K. [Our assignments of the 7 bands at the K point
in Ref. 1 are incorrect. The correct assignments
should be as follows: K,~ for m,, K, for m,, K;~ for
T3, and K, for m, bands, respectively. Consequently
K;* and K,™ in the text of Ref. 1 should be read as K;"
and K;~, respectively.] According to this assignment
of the band edges, the following two processes contrib-
ute to the indirect transition: In one process the elec-
tron-hole pair is created at the I' point followed by the
scattering of the electron to K by phonons of the K3+
mode. In another process the pair is created at K fol-
lowed by the scattering of the hole to I' by the K3+ pho-
nons.
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the wave vector K (Kx,Ky), one obtains®

W(E-R)* R

E% n oM (n+dT (2)
and
l <Pn(0)|2= 1/7a%(n +3)°, (3

where n=0,1,2, -+ +; R is the effective Rydberg
constant; a the effective Bohr radius; and K,
the wave vector corresponding to the K point in
the Brillouin zone.

Using the fact that the density of states in a sin-
gle two-dimensional excitonic band is indepen-
dent of energy, ” one obtains the absorption coef-
ficient as

1
lzly &
an(hv) o:(nKo+2$ D T D

R
XS<hV_Eg+(-;lTL2)—2ihQi>, (4)

where S(x) is the step function such that S(x)=1
for x >0 and S(x) =0 for x <0, and &; is the pho-
non frequency of the ith K ;¥ mode at K point.
Thus the contribution to the absorption from each
excitonic band has relative magnitude given by

| op(0)|2c(n+3)~2 (2=0,1,2,- - +), and begins at
energies £ g~R(n +3)"2¥1Q;. It should be empha-
sized that the dependence of a,, on » and its inde-
pendence of kv in Eq. (4) is in remarkable con-
trast with the corresponding expression for the
three-dimensional indirect exciton which is pro-
portional to® n"a(hV-Eg+Rn‘2¢hQi) Y2 withn=1,
2,00,

The samples used in this investigation were
grown by the Bridgman method. Their typical
dimensions were 5.9%9.9 mm in the ¢ plane and
2.1 mm along the ¢ axis. The monochromatic
radiation was sent along the ¢ plane. The plane
of incidence was optically finished with SeO, pow-
der and silk cloth. The surface irregularity was
examined under a microscope. The resolution of
the Perkin-Elmer spectrometer system was
about 3 meV in the present wavelength range.
With correction for the surface reflection and
scattering, the observed absorption coefficient
is shown in Fig. 2(a) for the different polariza-
tions. The sharp rise of the curve beyond 2 eV
is the tail of the direct excitonic absorption at the
the I' point.

The step function in Eq. (4) corresponds to the
plateau between 1.88 and 2.0 eV in the curve of
Fig. 2(a). Such a characteristic singularity in
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the absorption spectra has not been observed in
the indirect absorption edge of ordinary semicon-
ductors.® In other words, the absorption coeffi-
cient for ordinary three-dimensional indirect ex-
citons has the square root dependence on photon
energy and such an expression cannot explain the
plateau, as shown in Fig. 2(b). These facts lead
to the conclusion that the observed plateau repre-
sents the characteristics of a two-dimensional in-
direct exciton.

Besides the plateau there exist four distinct ab-
sorption steps below 1.88 eV. The observation
of these four steps is consistent with the group-
theoretical prediction on the number of phonon
modes participating in this indirect transition.
These steps represent only the emission of four
phonons because the phonon absorption process
is negligible at 4.2°K. The frequencies of the
four K ;¥ phonons are determined by the well-es-
tablished procedure.® Namely, their differences
are determined as

7S,~RS2,=0.04+0.01 eV,
FiS2~hiS2, =0.08 £ 0.01 eV,
nS,~hst, =0.14£0.01 eV.
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FIG. 2. (a) The absorption coefficient of B~GaSe at
4.2°K for two polarizations of the electric field of the
incident radiation. The observed curve for E |lc (solid
line) is in complete agreement with Eq. (5), corre-
sponding to the two-dimensional indirect exciton.
From this analysis the energies of Eg—4R+/Q; with
i=1, 2, 3,4 have been determined, which are indicated
by the four arrows. The absence of the indirect ab-
sorption spectra for ELlc verifies our theoretical pre-
diction on the selection rule described in the text.

(b) The absorption coefficient for the three-dimension-
al indirect exciton is shown by the dash~dotted line and
compared with the observed one shown by the solid line.
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Then the effective Rydberg constant R is determined to be 50 meV from the difference between the en-
ergy for the step-wise singularity and the threshold energy for the transition to the continuum of the
unbound two-dimensional indirect exciton, where the absorption coefficient for the continuum is pro-
portional to (hv-Eg-n%;).

Now we can calculate the total absorption coefficient for the indirect transitions due to the four K,*
phonons and compare it with the observed one. Here one may neglect the contributions from the n=1
and higher -n excitonic states, because the magnitude of @,, for » > 1 is less than 1/27 of that for =0
as shown in Eq. (4). Also the effects of the lifetime broadening of the excitonic states are taken into
account. This broadening is estimated in a phenomenological way by replacing the 6(x) function in Eq.
(1) by a function of Lorentzian form, f(x)=vy/m(x?+?), with a damping constant ¥. Thus the total ab-
sorption coefficient for the indirect transitions in 8-GaSe is expressed by the following form:

2

v—-E +4R-hSQ . 1
’} + } (5)

4 S 1 [h <
aT(h) =zz=:1 Ai} = tan 5

The height of the absorption steps in Fig. 2(a) de- 1
termines the magnitudes of the 4; in Eq. (5), direct exciton, and not by any choice of the pa-
namely, rameters of the three-dimensional one.

_ _ This work was partly supported by grants from

A,;=03cm™, 4,=0.6 cm™, the Ministry of Education (1965—196),8)% and from

A,=1.2cm™!, A,=0.6cm™", the Matsunaga Science Foundation (1964) in Japan.
One of us (Y. N.) would like to thank Mr. T. Nihei
and Mr. T. Nakanomyo for their assistance in the
course of these experiments.

With the choice of y=13 meV and Eg +h§,=1.93
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tween the calculated and observed line shapes be-
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