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Abstract
We report dynamics of excitons and carriers in Zn,,Cd,Se/ZnSe asymmetric double quantum wells
by time-resolved photoluminescence studies. Tunneling times of electrons and holes through ZnSe

barriers have been determined as a function of the barrier width by

comparing the temporal

characteristics of exciton luminescence with the solutions of the carrier population rate equations.
The stimulated emission process in this system under high excitation density has also been
studied. The stimulation is affected by the tunneling process.

1. Introduction

Blue-light emissions from wide band-gap
quantum wells (QWSs) of Zn,;«Cd,Se/ZnSe are
the recent stimulating subjects on the
application for short-wavelength semiconductor
optical devices. On the other hand
perpendicular  transports of photoexcited
carriers in superlattices and QWs have provided
lots of physical phenomena such as Bloch
oscillations, optical Stark effects and
bistabilties and so on. An asymmetric double
quantum well (ADQW) consisting of a couple
of a narrow well (NW) and a wide well (WW)
is the simplest system to study the
perpendicular carrier dynamics. The tunneling
process in ADQWs of the Zn;. CdSe/ZnSe
system will be, therefore, applicable to fast
response devices in the blue light region.

In this paper, we study the carrier tunneling
processes in the Zn;.«CdsSe /ZnSe ADQWs
with various barrier widths by using the time
resolved photoluminescence (TRPL)."? We
measure the time behavior of the luminescence
of the NW and WW excitons in ADQW
samples prepared by epitaxy methods and
compare with a semiclassical model of
tunneling for excitons and electron-holes.
Stimulated emission processes in the WW
under high optical excitation have also been
studied and its relationship with the tunneling
process is discussed.

2. Experimental

7ZnCdSe/ZnSe  ADQW  samples  were
prepared by the hot wall epitaxy or molecular
beam epitaxy methods on GaAs (100)

substrates. The ADQWs consist of two QWs of
different well widths which is separated by the
ZnSe barrier. The thicknesses of NW and WW
(Lyw and Lww) are 14 and 40 A, respectively
and the barrier thickness (Lp) is varied from
270A to 34 A. The Cd content x in Zn;xCd,Se
wells is 0.33. In the samples, 10 periods of the
ADQW were synthesized in order to obtain
higher PL intensities. Each ADQW is separated
from the neighboring wells by the ZnSe
isolation barriers of 400 A. The widths of a
ZnSe buffer and a cap layer are 0.5~1pm and
2000 A, respectively in all samples.

PL and TRPL measurements were performed
for the samples immersed in liquid helium. The
excitation light source was the second harmonic
of a Ti : sapphire mode-locked laser with a
repetition rate of 76 MHz and 200 fs pulse
duration. The excitation energy (3.2 eV) is
much higher than the gap energy of the ZnSe
barrier, which provides the injection of photo-
generated carriers from the thick isolation
barriers into NW and WW. TRPL was
measured by using the time-correlated single-
photon-counting method. The
photoluminescence excitation (PLE) spectra
were also measured by monitoring the WW
exciton PL intensity.

3. Results and Discussion

PL spectra of three ADQW samples with Ly of
270 A, 160 A, 45 A are shown in Fig. 1. The
recombination luminescence of excitons
located in the WW and NW can be seen at 2.52
and 2.66 eV. As Ly decreases, the PL intensity
from the NW decreases dramatically, while the
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increase of PL intensity from the WW arises.
The variation of intensities in the NW and WW
indicates the occurrence of the carrier transfer
from NW to WW with decreasing L, which is
the process to exhaust the population of
carriers and excitons in the NW. The tunneling
of electron and hole or of excitons from NW to
WW leads to a decrease of the NW exciton
lifetime, while the population of a pair of
electron-hole or an exciton contributes to the
increase of the WW exciton luminescence.
Unpaired electrons or holes in WW can not
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contribute to the PL in WW. Therefore the
enhancement of PL intensity from the WW
with decreasing barriers indicates the tunneling
of electron-hole pairs or that of excitons.

Fig. 2 displays the PL and PLE spectra for the
samples with L, = 34 and 270 A, respectively.
The PLE spectrum for the WW exciton
luminescence shows different behavior in the
samples with Ly = 34 and 270 A. In the case of
the sample of 270 A -barrier (Fig. 2b), no PLE
peak is observed corresponding to the NW
exciton PL peak. This result shows that the NW
excitons do not contribute to the emission from
the WW, which indicates the lack of tunneling
of the NW excitons through the barrier. On the
other hand, in the case of the sample with
34 A -barrier, the PLE peak appearing at the
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Fig.2  PL and PLE spectra of the ADQW samples.
NW exciton energy implies that the NW
excitons directly contribute to the WW exciton
PL, which is due to the tunneling of excitons or
pairs of electron and hole”.

Fig. 3 shows the result of the temporal behavior
of the PL peak intensities of NW and WW for
34 and 160 A -barrier samples. Circles and
squares represent temporal intensity changes
for the WW and NW luminescence,
respectively. The solid curves are the results of
calculation by using solutions of the population
rate equations for the excitons. Simple rate
equations are introduced to evaluate the
temporal variation of the PL intensities of the
NW and WW, as follows:

dng(t) — me(r) mo(t) mo(t)
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where ng, nj, n, are the exciton population
densities in the ZnSe barriers, NW and WW,
respectively and 71, is the tunneling time of
excitons from NW to WW. 19, Tnw, Tww are the
lifetimes of excitons in ZnSe barriers, NW and
WW, respectively. 7, and 1, represent the
transfer rates of excitons from ZnSe barriers to
NW and WW. For the sample with L,=270 A,
almost same PL intensities from NW and WW
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were observed as shown in Fig. 1. Since the
barrier between the NW and WW is thick
enough to localize excitons in the two wells
independently. The lifetimes of the NW and
WW are measured to be 240 ps and 270 ps.
These lifetimes are used for fitting of the
decays in thinner Ly samples. From the changes
of the decay times of NW and WW in the
ADQW samples, the tunneling time is
determined by the best fitting. The result of the
thick barrier width sample of 160 A (at the
lower portion of Fig. 3.) indicates that the
lifetime and intensity of the NW excitons are
similar to those of the WW excitons and the
tunneling time is the order of 10° ps. As Ly
decreases up to 34 A (at upper portion of Fig.
3), the slope of the decay curve of NW declines
markedly and its intensity also reduces by 2
orders. The tunneling time is determined as 25
ps, which is the carrier tunneling through the
barrier.

In order to compare the obtained results with
calculation, we use a semiclassical model for
computing the tunneling times for excitons,
electrons and holes. A model of electron
tunneling gives following tunneling time:
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Fig. 3  Time variations of the WW and NW exciton

luminescence

where E and Vg are the electron energy and
potential height. r is the ratio of m, and my,
which are the electron effective masses of well
and barrier. t, changes exponentially with L.
For the excitonic tunneling, the eq. (4) should
be modified by using the reduced mass m of
the exciton in place of m, and my, and the
energies of excitons in NW and ZnSe barriers
in place of E and V, We assume r = | here.
Therefore following expression is obtained for
exciton tunneling:
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Fig. 4 shows the dependence of tunneling times
on barrier thickness, where double <circles
indicate experimental tunneling times. Solid,
Dotted, and dashed lines represent the
calculated results of the semiclassical model,
corresponding to the dependence of exciton,
electron and hole, respectively. The difference
of the tunneling time for electrons and holes is
about 1 order for the thin barrier, while, for the
thicker barrier, the difference becomes larger.
The discrepancy arises from the different
effective masses of electron and hole. The
tunneling time of exciton given by eq. (5)
locates in the middle of the electron and hole
tunneling time, which indicates the faster
tunneling of the exciton than the hole. Here the
exciton reduced mass, which is smaller than the
effective masses of electron and hole, can
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Fig. 4  Tunneling times of carriers and excitons as a
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induce slower tunneling of excitons than that of
the electrons but faster tunneling than the holes.
This fact means that an electron penefrating
into the barrier assists the hole tunneling by the
Coulomb interaction. The L; dependence of
tunneling time of the present results shows a
slower gradient than the calculation.

In the semiclassical model, the energy
difference of two levels is assumed to be zero.
However, a mismatch of the exciton ground
state energy for NW and WW actually exists as
140 meV. Therefore, in the nonresonant
condition, the energy-relaxation by phonons
between two ADQW levels 2pa.rtly affects the
tunneling rate of the carriers. ©)

of carriers by LO and acoustic phonons in the
ZnSe system at 4.2 K are 2 ps and about the
order of 100 ps, respectively. The phonon
assisted tunneling process has to be taken into
account to compare the theoretical tunneling
times with experimental values. The fluctuation
of the ADQW interface also affects the
dependence of tunneling time.

Stimulated -emission effect*” under high
optical excitation has also been investigated in
this system. Fig. 5 shows the emission spectra

T TT T TTTTT | BLENLA I A M N B B B
9 L 23.29meV R
10 Iy=270 A
42K
10. ' 3 A 1.15MW/em? T
1
10 . W], 0MsMWe i
3 !
8 AR 92kWiem?
10" - A K s —
E .
% 10° 1 N 5. 2W/em |
5 i 11.5kWica? .
= _V,J’ N, e,
Z 10t AT QAR
10° |- -
ww NW
107 ' -
Ti:Sapphire SHG
10‘ |||||||| I A A O o913y b
2.4 2.5 26 T 27

PHOTON ENERGY (eV)
Fig. 5  Stimulated emission spectra in the ADQW

of 270 A -barrier ADQW sample for various
optical excitation densities. When the

The scattering"

excitation intensity reaches to 11.5 kW/cm?, a
stimulated emission peak is observed in lower
energy side of the WW exciton band with a
shift of 23 meV. The spectrally integrated
intensity changes quadratically with the
excitation intensity, which is ascribed to the
exciton-exciton  collision process.  With
decreasing the barrier width, the low threshold
excitation intensity and high wvalues of
superlinear dependence are realized, which are
due to the tunneling process of carriers in the
ADQWs.

4. Summary

We have investigated the tunneling processes in
Zn;xCdsSe/ZnSe ADQWs with different
barrier widths by TRPL measurements. Present
experimental results shows the predominant
tunneling of electron-hole pairs in the thinner
barrier sample and the tunneling time varies
from 10% ps to 25 ps for the change of barriers
from 160 A to 34 A. Stimulated emission”effect
under high optical excitation has also been
investigated in this system. With decreasing the
barrier width, the tunneling process induces the
lower threshold level for the stimulations.
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