ELSEVIER

Available online at www.sciencedirect.com

science (@homneer:

Physica E 34 (2006) 300-303

PHYSICA =

www.elsevier.com/locate/physe

Electric-field control of electron—hole wave functions in
a wide quantum well

Masumi Yamaguchi®®*, Shintaro Nomura®™¢, Kenji Miyakoshi®®, Tatsushi Akazaki*,

Hiroyuki Tamura®?, Hideaki Takayanagi

;a,c,d

ANTT Basic Research Laboratories, NTT Corporation, 3-1 Morinosato-Wakamiya, Atsugi-shi, Kanagawa 243-0198, Japan
®Institute of Physics, University of Tsukuba, 1-1-1 Tennodai Tsukuba-shi, Ibaraki 305-8571, Japan
CInstitute of Physics, Tokyo University of Science, 1-3 Kagurazaka, Shinjuku-ku, Tokyo 162-8601, Japan
dCREST, Japan Science and Technology Agency, 4-1-8 Honmachi, Kawaguchi-shi, Saitama 332-0012, Japan

Available online 27 June 2006

Abstract

The electric field dependence of the electron/hole wave function and the radiation energy of an exciton in a Be-6-doped 80 nm quantum
well (QW) is studied experimentally and compared it with variational calculation. The photoluminescence (PL) spectra show Stark shifts
depending on the gate electric field and PL intensity of the exciton of the first excited state has a dip in the electric-field dependence which

reflects the node of the electron wave function.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The double-gated quantum well (QW) exhibits high
controllability of the confinement potential profile in the
QW with the gate voltages [1-3]. The potential shape of the
QW depends on the voltage difference V = Vy — Vi,
where V' and Vy are the back- and front-gate voltages,
respectively. The electrostatic potential is tilted towards the
front side or the back side depending on V. The photo-
excited electrons and holes are spatially separated to either
side of the QW in a strong electric field. If the overlap of
the wave functions can be controlled with 7 in a weak
electric field, it is possible to observe the properties of the
shape of the wave function such as nodes of the excited
state in the amplitude of the optical absorption (OA) or of
the photoluminescence (PL) when V is swept. However,
because of the attraction by the Coulomb interaction
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between the electron and the hole, the overlap of the wave
functions is not simply argued by the individual single-
particle picture. It is important to take the Coulomb
interaction into account to discuss in the electric-field
dependence of OA or PL.

In this paper, we report on the model and PL
measurement of the Be-d-doped 80nm GaAs QW. In
Section 2, we assume the potential of the 6-doped acceptor
(Be) to be a triangular shape in the QW as shown in Fig. 1
and calculated the electron and hole wave functions with a
variational calculation. The PL measurement with chan-
ging the gate voltage difference is presented in Section 3.

2. Variational calculation of exciton binding energy and
wave function

To take the Coulomb interaction between the electron
and the hole into account, we consider the exciton
Hamiltonian of ls-type as

H:HCZ+HhZ+HC—h5 (1)
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Fig. 1. The model of the band structure of Be-3-doped 80 nm QW. The Be
atoms are 6 doped at 10nm from the center. The left (right) hand side is
corresponding to the back (front) side.
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where memn) and —e(e) are the effective mass with the z
coordinate and the charge of an electron (hole), £ is an
electric field in the z direction, u=! =mJ! +my! is the
reduced mass of the exciton for the relative motion in the
x—y plane, and V(zymn)) is the potential profile, which is
illustrated in Fig. 1. We assume a trial function for an
exciton [4] as

Y(r, ze, 2n) = Pe(2e) Py (2k)Pe_p (T), 4)
d)z(h)(z) _ Cen) sin <@ (z + %) > ez 7| < L)2,
0, lzZI=L/2,
(5)
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where ¢, (Zen)) is the wave function for an electron (hole)
in the z direction and ¢._(r) is the exciton wave function,
and f., By, 4 are the variational parameters. By minimizing
the total radiation energy of an exciton,

H)y=min(¥Y | H|Y), 7

(H) = min (¥ | H | ) ()

we obtain the exciton binding energy

EB:('P|Hez+th|T)_lngn('P|H|'P>- (8)
esPh>

We consider the GaAs QW of the thickness 80 nm where
the electron effective mass m, = 0.065, the heavy hole mass
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Fig. 2. Applied voltage dependence of the squared wave function of the
ground-state/first excited-state electron (red curve) and heavy hole (blue
curve) along the z direction of the well (upper panel/lower panel).

myp = 0.45, u=0.0415 and ¢ = 12.15. For weak electric
fields, the radiation energy decreases only slightly, whereas,
for strong fields, the radiation energy decreases linearly due
to the Stark shift. The upper panel of Fig. 2 shows the wave
function distribution for the electron ground state (n, = 1)
and the hole ground state (n, =1). In Fig. 2, and the
graphs hereafter, the axis of the electric field is translated to
the gate bias voltage by V' =d x E, where d = 800nm is
the width between the front- and the back-gate of our
sample. As the electric field is applied, the electron—hole
pair is gradually separated towards the different sides of
the QW. The hole wave function is more flexible to the
electric field than the electron wave function because of the
lighter effective hole mass. The lower panel of Fig. 2 shows
the wave function distribution for the first excited state
(n. = 2) electron and the ground state hole (n, = 1). In a
weak field, the electron—hole pair is located on the left
(back-gate) side of the well, because the hole favors to
localize near the Be layer to gain the potential energy. For
a strong electric field, the hole gradually moves towards the
opposite side, passing over the node (z = 0) of the electron
wave function and, in this case, dips appear in the overlap
of the wave functions reflecting the node of the electron
wave function as shown in Fig. 3. This behavior is quite in
contrast to the Be-undoped case, where, in a weak field, the
electron—hole pair is more stable when it is localized on the
right (front-gate) side of the wall to gain the hole energy
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