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Resonant electron capture in Al,Ga,_,As/AlAs/GaAs quantum-well structures is systematically in-
vestigated by means of both continuous-wave and time-resolved photoluminescence. The capture
efficiency and the capture time of barrier electrons into quantum wells both exhibit a clear oscillation as
a function of well width. The enhanced capture efficiency in the oscillation is ascribed to the resonant
electron capture. It is also revealed that the resonant effect is drastically enhanced by the insertion of
AlAs tunnel barriers at both heterointerfaces and controlled by their widths. The resonant well width
can be well described within the framework of the effective-mass approximation. An oscillating capture
time due to the resonant electron capture is observed between 175-480 and 43-270 psec for 20- and 10-A
tunnel barriers, respectively. Investigation of the temporal profile of the quantum-well luminescence
suggests ambipolar capture of the carriers due to the charge buildup effect.

I. INTRODUCTION

The capture of electrons and holes into a quantum well
(QW) has been attracting considerable interest from the
viewpoint of device application such as semiconductor
QW lasers as well as the underlying physical mechanism.
The capture process, in which the carrier in the barrier
relaxes down to the bound state in QW’s should be treat-
ed rigorously in terms of quantum mechanics since the
well width (L, ) is small enough for the electron to behave
as a wave. Initial studies of carrier capture in QW’s,
however, have been based on the classical diffusion mod-
el,! ™% where the diffusing carrier in the barrier is cap-
tured into the well when it crosses the well and is scat-
tered by LO phonons. From this viewpoint it was report-
ed that the capture efficiency is decreased when the well
width is smaller than the inelastic mean free path of elec-
trons. A theoretical study of the quantum-mechanical
carrier capture in QW’s was reported by Kozyrev and
Shik* and later by Brum and Bastard.’ It was predicted
in their calculation that the carrier capture time shows an
oscillatory behavior as a function of L,, and that the car-
rier capture rate is enhanced when L, is such that the
highest bound states in the QW lines up with the barrier
band edge. In this situation, the wave function of the
carrier in the barrier band edge is likely to be concentrat-
ed in the well, and its increased overlap with the wave
function of bound states in QW’s leads to an enhanced
capture rate. Hereafter, we refer to this resonance effect
as resonant carrier capture. From the viewpoint of the
wave packet, resonant carrier capture can be attributed
to the increased residence time of the incoming barrier
carrier in QW virtual bound states.*’ Brum and Bastard®
also predicted another class of quantum-mechanical reso-
nance due to the enhancement of electron—LO-phonon
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interaction. This type of resonance occurs when the en-
ergy of a bound state is below the energy of the barrier
band edge by the energy of a LO phonon. In such a band
configuration, the initial barrier band edge state can cou-
ple with the bound state by the emission of a LO phonon
with in-plane wave vector being reduced to zero. Since
the scattering rate by the LO phonon falls off with pho-
non wave vector g according to ¢ ~2, the capture rate is
enhanced. Babiker et al.® predicted another type of reso-
nance for the carrier capture rate by considering two-
dimensional phonons. The resonance arises when there is
confinement of an additional phonon mode in the well.
Experimentally, however, the resonant carrier capture
was by no means easy to observe. In a previous study of
carrier capture time by time-resolved photoluminescence
(PL),°~ % it was evaluated from the decay time of the bar-
rier PL and/or the rise time of the QW PL. One reason
for the difficulty in observing the resonant carrier capture
is that the carrier capture time is likely to be of the same
order of magnitude or faster than the relaxation time of
other processes. In fact, there are several relaxation pro-
cesses (relaxation times) in carrier dynamics in conven-
tional PL measurements: (i) photogeneration of carriers
with an excess energy in the barrier; (ii) relaxation down
to the barrier band edge ( ~ psec), (iii) (a) radiative recom-
bination in the barrier band edge ( ~nsec) and (b) capture
into QW’s (relaxation to the bound states in QW’s); (iv)
intersubband and/or intrasubband relaxation down to the
ground bound state (subpicoseconds!'®!9); (v) exciton for-
mation (in-plane wave vector K#0);'7 (vi) relaxation
within the exciton branch to K =0,!'7 and (vii) exciton
recombination. Experimentally, capture times of <20
(Ref. 10) and 2-3psec (Ref. 13) were reported in
Al ,Ga,;_,As/GaAs single QW’s (SQW’s). A capture
time of 4 psec (Ref. 11) and an electron capture time of
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<1 psec (Ref. 9) were shown in In,Ga;_,As/InP QW
structures. The oscillations in such a fast time due to the
resonant carrier capture might be smoothed out by other,
slower processes. Another problem for the observation
of the resonant carrier capture is whether the resonant
effect is sufficiently large or not. The resonant carrier
capture is a quantum-mechanical interference effect of
the incoming electron wave and therefore is well de-
scribed by an analogy to the optics. In this analogy, the
QW structure can be regarded as a Fabry-Perot resona-
tor. The heterointerface of the QW corresponds to the
optical mirror in the Fabry-Perot resonator. In such a
resonator, the magnitude of the resonant effect is dom-
inated by the quantum-mechanical reflectivity at the QW
interface which is determined by the height of the poten-
tial step at the interface.

We observed the resonant electron capture in the study
of the carrier capture efficiency by continuous-wave (cw)
PL measurements in Al,Ga;_,As/GaAs QW structures
which is specially designed to overcome these prob-
lems.!®!® The structure contains AlAs tunnel barriers at
QW interfaces. The insertion of tunnel barriers at QW
interfaces increases the quantum-mechanical reflectivity
at QW interfaces and enhances the resonant effect. It
also reduces the carrier capture rate significantly and
prevents the resonant carrier capture from being ob-
scured by the other relaxation processes. We also pro-
posed that the resonant electron capture in QW’s with
tunnel barriers can be well controlled by changing the
width of the tunnel barrier.?° Recently, Morris et al.?!
took advantage of this type of structure and showed that
the electron-capture time depends on L,.

The pump-probe technique has also been successfully
utilized in investigating the resonant electron capture.
Barros et al.?? measured the carrier capture time by the
pump and probe differential transmission measurements
and an oscillating capture time between 650 (fsec) and
— 1.8 psec was obtained. The photon energy of the pump
and probe light was in resonance with the band edge of
the barrier, in contrast to previous PL measurements
where the photogenerated carriers had a large excess en-
ergy. This eliminates relaxation processes that would
otherwise obscure the capture process. The transmission
of the probe light reflects the population decay of elec-
trons in the barrier band edge. Blom et al.?* measured
the capture time by pump-probe correlation measure-
ments of the population decay of electrons in the barrier
and obtained a capture time oscillating between 3 and 20
psec. However, these recent reports have not systemati-
cally examined the L, dependence. A systematic investi-
gation of the L, dependence is necessary to determine the
capture time due to the resonant electron capture because
the resonant condition is rather severe on L,.

It should be noted that there have been several experi-
mental reports indicating that the electron-capture
efficiency is reduced under resonant conditions. Mishima
and co-workers**?’ reported the L, dependence of the PL
efficiency in Al Ga,_,As/GaAs SQW’s. They showed
that excitation intensity dependence of the PL intensity
varied periodically with L,, and that the PL efficiency
was reduced under the resonant condition for electrons.
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We also reported that L, dependence of PL excitation
spectra in Al ,Ga,_,As/GaAs SQW’s showed the re-
duced capture efficiency under the resonant condition.?
These results seem to contradict the theoretical predic-
tion of the enhanced capture efficiency due to the reso-
nant electron capture. We have revealed that this
discrepancy results from the optical quality of the sam-
ple. That is, the anomalous reduction of the PL efficiency
under the resonant condition can be attributed to the
enhancement of nonradiative recombination under reso-
nant conditions. Details will be discussed elsewhere.?’

In this paper, we present an experimental study of the
resonant electron capture in Al ,Ga,_,As/GaAs QW
structures, and discuss its physical mechanism. A sys-
tematic investigation of the dependence of the carrier
capture efficiency and the carrier capture time on L, and
tunnel barrier width (L, ) has been carried out. In Sec.
II, a general description of the resonant carrier capture
will be given, and its analogy to optical Fabry-Perot reso-
nators will be demonstrated. In Sec. IV, an experimental
study of the resonant electron capture will be demon-
strated based on the measurement of the carrier capture
efficiency in Al Ga,;_, As/AlAs/GaAs QW'’s using con-
tinuous wave (cw) PL. The dependence of the resonant
electron capture on tunnel-barrier width and temperature
will be also shown and discussed. In Sec. V, a time-
resolved PL study of the resonant electron capture will be
described. The resonant electron-capture time is ob-
tained from the decay time of the barrier PL. The con-
clusion will be given in Sec. VI.

II. OPTICAL ANALOGY
OF THE RESONANT CARRIER CAPTURE

A. General description of the resonant carrier capture

In the capture process, the initial state is the continu-
um state at the three-dimensional barrier band edge, and
the final state is the bound state of the two-dimensional
QW. The capture rate is dominated by the overlap of
wave functions between these states. When we choose
the proper potential depth (V,) and well width (L,), the
wave function of the barrier electron in the continuum
edge resonantly enters the well region. The resultant in-
crease of its overlap with the wave function of the bound
state leads to the enhancement of the capture rate. The
phenomenon can be described as the resonant scattering
of the barrier electron by the QW potential. The reso-
nant condition is such that the transmissivity of electrons
through the QW potential is unity. It is given by

k,L,=(n—Dmr (n=1,2,3,...), )

where k,, is the z-direction wave number of the incoming
electron in the well. k, is determined by the potential
depth ¥V, and the kinetic energy of the incoming electron
E as k,=1"2m,(E +V,)/#, where m, is the effective
mass of the electron in the well. The barrier state under
the resonant condition is referred to as a virtual bound
state of QW’s in analogy with virtual (metastable) states
in nuclear physics.?*?° When the wave packet of the bar-
rier electron encounters the QW, the electron is scattered
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by the QW. Under the resonant condition, the residence
time of the electron in the well is increased. Such a tem-
porary state, which can be defined within a finite lifetime,
is called the “virtual” bound state in QW’s. The virtual
bound state has a certain energy width which is given by
the inverse of the lifetime according to the uncertainty
principle. From the viewpoint of the virtual bound state,
the resonant carrier capture can be attributed to the
enhanced capture rate due to the increased residence time
of the incoming electron in the well.

B. Analogy to optical resonators

The resonant carrier capture is a quantum-mechanical
interference effect of the barrier electron. In analogy to
optics, the QW can be regarded as a Fabry-Perot resona-
tor of the barrier electron wave. The QW interface then
corresponds to an optical mirror in a Fabry-Perot resona-
tor. In such a resonator, the ratio of the square ampli-
tude of the wave function for the incident electron in the
well (as averaged in the well) over that in the barrier is
expressed as

sin2k, L
t2, |1+R +2vVVR —— 2%~
Q/Jw 2 wb 2ksz
—_— = , 2)
¥y (1—R)*+4R sin’k, L, (

where R represents the quantum-mechanical reflectivity
of the interface mirror, and ¢,, represents the quantum-
mechanical transmission coefficient through the interface
mirror into the well. R and ¢, are given as

2
v, —V
R= “w b , (3)
v, v,
2v,
tob=""1 > 4
“’b_vw+vb “

where v, and v, are the group velocities of the electron in
the well and the barrier, respectively. It should be noted
that Eq. (2) is similar to the resonant behavior of light in
the optical Fabry-Perot resonator.

C. Quantum wells with tunnel barriers at heterointerfaces

By analogy to the optical resonator, the resonant effect
is expected to be dictated by the quality value of the QW
resonator which is determined by the reflectivity of the
interface mirror. The magnitude of the resonant effect is
described as

v

o Y% 1+R

Yo |cesonsnce _ % 1-R _ [14R |’ )
v, [ v 1-r 1R

¥, off-resonance v, 1+R
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In a conventional QW structure, R is determined by v,
and v, as shown in Eq. (3), and, therefore, by the depth of
the potential well. In order to enhance the reflectivity R,
we proposed a QW structure with tunnel barriers at QW
interfaces.!® The insertion of tunnel barriers at QW in-
terfaces increases the reflectivity R of the interface mir-
ror, corresponding to ‘“high-reflectance coating” of the
QW resonator in analogy to the optical resonator. In
Fig. 1(a) the schematic picture of the resonant electron
capture in QW’s with tunnel barriers is shown, and the
solid curves represent the behavior of the square ampli-
tude of the electron wave function. In a QW with tunnel
barriers under the resonant condition, the electron accu-
mulates in the well, and consequently the electron posi-
tion probability density in the well becomes much larger
than that in the barrier. This is because the residence
time of the electron in the well is significantly enhanced
due to the high reflectivity of the electron at the QW in-

resonance off-resonance

— —— e N | R | -
GaAs cap. ]
Al Ga,_,As
barriers
(b) x=0.25, 0.30

| GaAswell

AlAs tunnel
barriers

AlAs cladding
layers

GaAs buffer

GaAs sub. (100)

FIG. 1. (a) Schematics of the resonant electron capture in
simple QW’s and QW’s with tunnel barriers. Solid lines
represent the square amplitude of the wave function of the in-
coming electron from the left-side barrier. (b) Sample structures
of Al,Ga,_,As/GaAs QW’s with AlAs tunnel barriers. The
width of the GaAs well layer is graded across the wafer surface.
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terface with the tunnel barrier. In contrast, under the
off-resonant condition, the electron is much less likely to
enter the well than in the case of simple QW’s under the
off-resonant condition. Thus the resonant effect is ex-
pected to be enhanced in a QW with tunnel barriers. We
can describe the resonant effect and the resonant condi-
tions in a QW with tunnel barriers in the same way as the
case of the simple QW as follows:

J
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where 0 is the phase shift (delay) when the electron in the well is reflected back at the interface mirror with tunnel bar-

riers. R, t,,, and 0 are given as

B Ve (0 —Vp JeOsk g Ly —i (v, v, — 03 sink y Ly | -
Ve (v, 0, )cosk Ly, —i(v,v, +v3 )sink Ly
by = e : ®
vy (v, Ty )cosk Ly —i(v,v, Hvg )sink Ly
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vy (0, —Vp) Ve (v, T0p)

where L, is the width of tunnel barrier, and k,, and v,
are the imaginary wave number and the group velocity of
the tunneling electron in the tunnel barrier, respectively.
From Eq. (6), the resonant condition in the QW with tun-
nel barriers is obtained as

k,L,=(n—Dr+6 (n=1,2,3,...). (10)

It may be worth mentioning that a QW structure with
tunnel barriers has another merit in experimentally ob-
serving the resonant carrier capture. We have already
pointed out in Sec. I that one of the difficulties in observ-
ing the resonant carrier capture in QW’s results from the
fast capture time of carriers in QW’s. It is expected that
the carrier capture time is enlarged by the insertion of the
tunnel barriers. The resonant effect in such a long-time
scale is expected to be observed without being smoothed
out by other energy relaxation processes.

III. EXPERIMENT

A. Sample preparation

Al ,Ga,;_,As/AlAs/GaAs QW structures were grown
by molecular-beam epitaxy (MBE) on semi-insulating
GaAs(100) substrates. The MBE system is VG Semicon
80H with a background pressure of ~107!° Torr. We
used solid sources of Ga (7N grade), Al (5N grade), and
As (7N grade). The substrate temperature during the
growth was usually kept at 580°C. The growth rate and
composition ratio of Al,Ga;_,As were determined by x-
ray diffraction. A typical growth rate of GaAs was about
0.7 u/h.

The schematic picture of the sample is shown in Fig.
1(b). The structure is composed of Al Ga,;_,As
(x =0.25 and 0.3)/GaAs SQW with AlAs tunnel bar-
riers. AlAs tunnel layers with various thickness (L, =0,
2.8 (1 ML), 10 and 20 A) are inserted at the top and bot-

[

tom QW interfaces. The whole QW structure is embed-
ded between AlAs cladding layers to prevent carriers
from overflowing out of the system into surface recom-
bination centers. The width of the Al;Ga,_, As barrier is
chosen to be 750 A, so that the electron in the
Al Ga,;_, As barrier can establish coherent wave func-
tions without any coherence-breaking scattering. In or-
der to investigate the L, dependence, we follow a special
growth procedure. The sample was rotated during the
growth of Al,Ga,_,As and AlAs layers and GaAs buffer
layers in order to give a homogeneous layer thickness and
composition ratio of Al,Ga,_,As. In contrast, we inten-
tionally stopped the substrate rotation during the growth
of GaAs well layers. The rotation interruption led to a
graded well width over the substrate due to spatial inho-
mogeneity of the Ga beam flux. The gradient of Lz,
ALz /Lz, was typically 2.5% per 1 mm across the sample
surface. The sample was typically 3—5 cm long. This
method allowed us to systematically examine the L,
dependence of the carrier capture by the PL mapping
technique with other parameters such as AlAs tunnel
barrier widths and the barrier height of Al,Ga,_,As lay-
ers kept almost fixed. This technique also eliminates pos-
sible run-to-run fluctuation in the sample quality.

B. Photoluminescence measurements

We evaluated the carrier capture efficiency into QW’s
by means of PL measurements with an excitation source
of a continuous-wave (cw) Ar* laser (514.5 nm) at tem-
peratures of 22-200 K. The excitation power was
0.1-10 mW (typically 1 mW corresponding to an excita-
tion intensity 10 W/cm?). PL spectra were measured
with a combined system of 1-m monochromator, a pho-
tomultiplier, and a lock-in amplifier. The carrier capture
efficiency was estimated from the intensity ratio of the PL
from the QW (I,) and the Al ,Ga,_, As barrier (I,).
The barrier carrier can take two kinds of relaxation pro-
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cesses: radiative recombination in the barrier and capture
into QW’s. Therefore, we can evaluate the carrier cap-
ture process in terms of its competition with radiative
recombination in the barrier. Typical PL spectra in
QW’s with 20-A tunnel barriers are shown in the inset of
Fig. 2. The PL peak from the Al Ga,_,As barrier is
clearly observed. This is because the tunnel barriers at
QW interfaces reduce the carrier capture, resulting in a
slow capture time. Even in the case of QW’s with thinner
tunnel barriers or no tunnel barriers, we could also ob-
serve the barrier PL, though it was weak. On the other
hand, the barrier PL was not observed in samples without
AlAs cladding layers. This indicates that AlAs cladding
layers helped in preventing the carrier nonradiative decay
via surface recombination. A clear observation of the
barrier PL facilitates evaluation of I,, /I,, enabling one to
examine the L, dependence of I, /I, by PL mapping over
the sample and to study the dependence of the carrier
capture efficiency on L,.

We measured the carrier capture time in QW struc-
tures by means of time-resolved PL. The excitation
source was a cavity-dumped pulse dye laser
(Rhodamin6G) pumped by a mode-locked Ar*-ion laser.
The excitation wavelength was chosen to be 572 nm
above the Al Ga,;_,As barrier band gap. The pulse
duration was about 10 psec and the repetition rate was 4
MHz. The excitation density typically used was estimat-
ed to be 5X 10! cm 2. Time-integrated PL spectra were
taken with a cooled microchannel plate photomultiplier
in the photon-counting mode. Time-resolved PL was
measured by means of time-correlated single-photon
counting. The detection wavelength was set at PL peaks.
The system response time was evaluated to be 60-—-100
psec. The carrier capture time was determined by
analyzing the temporal profile of the PL from the
Al,Ga;_, As barriers.

F o L,=75A
T—77 K ‘E
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0 1 L 1 I
60 80 100 120

Well width (A)

FIG. 2. Well-width dependence of the carrier capture
efficiency in QW’s with 20- A tunnel barriers at 77 K. An oscil-
lation due to the resonant electron capture (n =2 and 3) is
clearly observed. The inset shows typical PL spectra.
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IV. CARRIER CAPTURE EFFICIENCY

A. Well-width dependence of the carrier capture efficiency

Figure 2 shows the L, dependence (50-130 A) of
I,/I, in the Al,Ga,_, As (x =0.30)/AlAs/GaAs QW
w1th 20-A tunnel barriers at 77 K. It is clearly seen that
the carrier capture efficiency strongly depends on L, and
exhibits two sharp peaks. It was found from the calcula-
tion of the QW electronic states that the peak positions
correspond to the well width when the highest bound
states of QW’s just line up with the Al Ga;_,As barrler
band edge. That is, the left-side peak at L, =67 A and
the right-side peak at L, =107 A correspond to the reso-
nances of the second (n =2) and the third (n =3) QW
levels of electrons, respectively. Hence the peaks are
identified as the resonant electron capture. The
electron-capture efficiency is shown to be drastically in-
creased due to the resonant electron capture, which is
due to the enlarged resonant effect by the insertion of
AlAs tunnel barriers. Although the resonant hole cap-
ture is also predicted,’ however, no significant peaks cor-
responding to hole resonance are seen in this figure. This
is probably because the coherent length of the heavy hole
is smaller than that of the electron. Therefore, the classi-
cal capture process might dominate the hole capture and
smooth out the quantum-mechanical capture process.

B. Tunnel-barrier-width dependence
of the resonant electron capture

Figure 3 shows the L, dependence of the carrier cap-
ture efficiency in Al,Ga,_,As (x =0.25)/AlAs/GaAs
QW’s with various L ’s. The resonance observed is as-
cribed to the resonant electron capture of the second
(n =2) QW level. It is clearly seen that the resonant well
width (L_) increases with increasing L,,. To explain

the experimental results of L ., we calculated L  as a

1500

1000

/1,

500

1 L g |
40 50 60 70 80 90
Well width (A)

FIG. 3. Tunnel barrier width dependence (0, 2.8, 10 and 20
A) of the resonant electron capture (n =2). Even 2.8 A (1 ML)
tunnel barriers drastically enhance the resonant effect.
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FIG. 4. The experimental and calculated resonant well width
vs the width of the AlAs tunnel barriers. The calculation is
based on the effective-mass approximation.

function of L, according to Eq. (10), as shown in Fig. 4.
The parameters used in the calculation based on the
effective-mass approximation are listed in Table I. The
conduction-band nonparabolicity in the GaAs well layer
was taken into account. This is because the resonant
condition is a strong function of the wave number of elec-
trons which have large kinetic energies in the well. The
kinetic energy is nearly equal to the conduction-band
offset (AE, ), 203 meV, for the Al; ,sGa, ;5As barrier, and
243 meV for the Al, ;Ga, ,As barrier. Heiblum et al.®*
also pointed out the significance of the band nonparaboli-
city on the energy of QW virtual bound states in the
study of ballistic electron transport.

It can be seen that the calculated results of L . agree
well with the experimental results including the case of
1-ML tunnel barriers. It is striking that the effective-
mass approximation is applicable even to the case of 1-
ML (2.8 A) AlAs tunnel barriers. In the Al ,Ga;_,As
barrier, Al atoms are supposed to be randomly located at
each site of Ga and Al atoms. Although 1 ML AlAs lay-
ers attached to such an alloy much have an adverse effect
on the fluctuation of its width, it is surprising that they
significantly work as tunnel barriers as described within
the framework of the effective-mass approximation. Neu
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et al.>® have also reported that the increased confinement
energy by the insertion of 1-2 ML AlAs layers at
Al Ga,_,As/GaAs QW interfaces can be explained in
terms of the effective-mass approximation. The L
dependence of L . can be qualitatively interpreted as fol-
lows. For the simple QW (L, =0), the phase delay 8 of
reflected electrons at the Al,Ga,_,As/GaAs ‘“‘interface
mirror” is zero, and L . is determined only by k,,, while
the insertion of tunnel barriers produces the phase delay
6 depending on L, and consequently L . is increased.
In the latter case, both Al Ga,_,As barriers and AlAs
tunnel barriers make up the mirror of the QW resonator.
With increasing L, L., shows a saturation behavior
since the phase shift 6 is dictated mainly by the
GaAs/AlAs interface, and the Al, Ga,_,As barrier plays
no large part as a mirror. It is also seen that L . is
smaller for the higher Al, Ga,_, As barrier. This is easily
understood by considering that the energy matching of
the QW levels with the Al Ga,_, As barrier band edge
occurs at smaller well widths for higher barriers.

C. Resonant feature and its temperature dependence

The resonant feature strongly depends on L, since the
resonant effect is dominated by the quantum-mechanical
reflection at the QW interfaces. In order to compare
clearly the resonant feature of various L,’s, we introduce
a parameter called the “resonant enhancement factor” as
(1,/1,),/1,/1,),, which is the resonant I, /I, normal-
ized by the off-resonant I,, /1,.

In Fig. 5, the temperature dependence of the resonant
enhancement factor for various L, ’s is shown. Although
the resonant enhancement factor strongly depends on
temperature, it can be seen that it tends to increase with
increasing Ly,. The resonant enhancement factors 69 for
20 A tunnel barriers (60 K), 75 for 10 A (43 K), 24 for 2.8

A (26 K), and 6 for no tunnel barriers (22 K) were ob-
tained at each maximum. It may be important to point
out that “energy filtering effect”” does not appear to have
a serious effect. The resonant effect is enhanced by the
increase of the reflectivity of the interface mirror. How-
ever, the resonant energy window for incident electrons
tends to be narrower at the same time. The energy spec-
trum of the incident electrons is not monochromatic, but
rather distributed due to thermal population and/or to

TABLE I. Parameters used in the calculation. Band-offset ratio between the conduction and valence

bands AE./AE,=65/35 (Refs. 31-33).

GaAs Al Ga,_,As(0<x <0.45) AlAs
Eg" (eV) 1.519-5.405X 10™* T2/(204+T) EgT(GaAs)+1.247x 3.018
-1
d’E
mer(mo) mer=ﬁ2 —d-;CT
#k?
E(k)= +ak* 0.067+0.083x 0.15
2m,_,0

(m=0.067m,)
(a=-—2370 eV A) (Ref. 30)
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FIG. 5. Temperature dependence of the resonant enhance-
ment factor with various L,’s. The resonant enhancement fac-
tor is defined as (1, /1,), /(1 /1,),, which is the resonant I, /I,
normalized by the off-resonant I, /I,.

compositional inhomogeneity of the Al Ga,; ,As alloy
barriers. As a result, when the resonant energy width
(AE) is much smaller than this energy distribution, the
resonant effect will be smoothed out. AE is equivalent to
the energy width of the virtual bound state and can be es-
timated by

Y2k |12k (11)
m,L, V'2(1+R?)

By using Eq. (11), AE is estimated to be 3X10™ 2,1, and
15 meV for 20-, 10-, and 2.8- A tunnel barrlers, respec-
tively. Meanwhile, the peak width of the Al,Ga,_,As
barrier PL, which should reflect the energy distribution
of electrons, was 4 meV (26 K) and 23 meV (200 K). Ac-
cording to this estimation, it is expected that the energy
filtering effect should be significant in the case of 20-A
and 10-A tunnel barriers. On the contrary, the experi-
mental result displays a sharp resonance. There may be
two possible explanations for this discrepancy. The first
is the presence of the outer AlAs cladding layers. The
trial frequency of the entrance to the QW could be in-
creased, since the barrier electron can move back and
forth between the AlAs cladding layer and the QW inter-
face many times. The electron once reflected back off-
resonantly at the QW interface can return and try again
to enter the well. Consequently, the electron has several
chances to enter the well resonantly by redistributing,
while traveling in the barriers. The second reason is that
AE probably can be larger than that calculated by Eq.
(11). AE in Eq. (11) corresponds to the energy width of
the virtual bound state and therefore is given by the in-
verse of the lifetime. The lifetime of the virtual bound
state is defined as the time required for the electron to es-
cape from the well into the barrier. However, the virtual
bound state can obviously make another contribution to
the lifetime in the relaxation process into the QW bound
state via LO-phonon scattering. This time is of the order
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of picoseconds or subpicoseconds,'>'® and the corre-

sponding AE would amount to a few meV, resulting in
reduction of the energy filtering effect.

It is noteworthy that the resonant enhancement factors
obtained in this work are much larger than the peak-to-
valley ratios (PVR’s) that have been reported in conven-
tional double-barrier resonant-tunneling diodes; e.g., 3.5
(at 300 K) (Ref. 36) and 13 (at 77 K) (Ref. 37) in
Al ,Ga,_,As/GaAs resonant-tunneling diodes, and 3.2
(at 300 K) and 14 (at 77 K) (Ref. 38) in
GaAs/AlAs/In,Ga,_,As resonant-tunneling diodes.
The PVR is the ratio of the electric current between the
resonant and off-resonant tunneling, and can be con-
sidered to be equivalent to the resonant enhancement fac-
tor in our measurements. The reason why the larger res-
onant enhancement factor was observed in PL measure-
ments has not yet been clarified.

It is also seen Fig. 5 that the resonant enhancement
factor is suppressed at low temperatures in the case of
10-A and 20-A tunnel barriers. The suppression of the
resonance may be due to electron localization at low tem-
peratures. In the case of thick tunnel barriers, the elec-
tron capture is slow, and consequently the electron in the
barrier is likely to be localized at the local potential mini-
ma; that is, binding centers such as impurities and/or al-
loy disorder-induced band-gap fluctuations in the
Al ,Ga,_,As barrier. Such localized electrons cannot
contribute to the resonant effect, and therefore the reso-
nant effect of mobile electrons may be obscured. With in-
creasing temperature, the resonant enhancement factor is
seen to decrease, and in the case of no or thin tunnel bar-
riers it starts to decrease at much lower temperatures.
To show this behavior clearly, the temperature depen-
dence of the resonant peak width is shown in Fig. 6. It
can be seen that the width increases rapidly with temper-
ature in the case of no and 2.8-A tunnel barriers. In con-
trast, the resonant peak width is almost unchanged with
temperature in the case of 20- A tunnel barriers. The res-
onant peak width may have several origins. First of all,

20
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FIG. 6. Temperature dependence of the resonant peak width
of various L’s. Dotted lines represent the intrinsic peak width
calculated by Eq. (12).
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the resonant peak should have an intrinsic peak width,
which reflects the quality factor of the QW resonator.
The quality factor is determined by the reflectivity at the
QW interface. In our model, the full width at half max-
imum of the resonant peak is a function of the reflectivity
at the QW interface:

1—R

2 .
AL =-"-sin"! | ——+—
V2(1+R)?

y (12)

Here, note that R is a function of thermal energy of the
incoming electron E= —1kT. The temperature depen-
dence of the intrinsic AL, is shown as dotted lines in Fig.
6. In the case of a QW with thick tunnel barriers, the cal-
culated AL, is very small and almost unchanged with
temperature. This is because the thermal energy E is
much smaller than the barrier height of AlAs, and, con-
sequently, the reflectivity R hardly depends on E. The
experiment is much larger and has an offset. The offset
can be attributed to the inhomogeneous broadening due
to L, fluctuation in the sample. The sample grown has
some L, fluctuation due to interface roughness. The L,
ﬁuctuatlon estimated from the peak width of the QW PL
was about 2 A, which is still smaller than the experiment.
Probably the L, fluctuation in the excited area where the
carrier capture takes place is larger because the exciton
in QW’s emits a photon after it relaxes down to the wider
well within the fluctuation, resulting in the Stokes shift
well known in Al,Ga,;_,As/GaAs QW’s. The resonant
peak may be also broadened due to the energy distribu-
tion of the incident electron. However, the effect is very
small because the energy distribution of 5 meV corre-
sponds to AL, less than 1 A. Ina QW with no or thin
tunnel barrlers, the experimental AL, is much larger than
the intrinsic AL,, and increases drastically with increas-
ing temperature. The strong dependence of AL, on tem-
perature might indicate that AL, is determined by pho-
non scattering, which will break the electron wave coher-
ence. The different temperature dependence might sug-
gest that the electron-phonon-scattering mechanism is
operating differently in the QW with no tunnel barriers
and the QW with tunnel barriers.

V. CARRIER CAPTURE TIME

A. Well-width dependence
of the decay time of Al, Ga,_, As barrier PL

In Fig. 7, the typical temporal profiles of Al,Ga,;_,As
barrier PL in the QW structures with 20-A tunnel bar-
riers are shown for three different L, of 72, 81, and 85 A.
It is clearly observed that the decay behav1or significantly
depends on L,. For a 81 A QW, the PL decay is much
faster than that of the other QW’s. To clarify the L,
dependence of the decay time for the barrier PL, tem-
poral profiles are analyzed by the simple three-level mod-
el. In this model, the photoexcited carriers relax down to
the barrier-band edge with a time constant 7,, and then
decay with a time constant 7, into QW’s. Simple rate
equations for such a process yield the temporal profile of
the barrier PL to be
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FIG. 7. Temporal profiles of Al ,5Gag 75As barrler PL in
QW’s with 20-A tunnel barriers for L, =72, 81, and 85 A. The
dotted line is a fitted result by the three-level model.
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Here I, is a constant. The convolution of this model
profile and the system response is fitted to the experimen-
tal data. The fitted result is shown as a dotted line in Fig.
7 in the case of a 81-A QW, and good agreement is ob-
tained. The time resolution of this method is about 25
psec, which is limited by the resolution of the time-to-
amplitude converter. 7, was estimated to be 20—40 psec,
and no dependence on L, was obtained.

In Fig. 8, the L, dependence of the decay time 7, of
the Al,Ga,_, As barrler PL is shown for the case of 20-A
tunnel barriers at 6 K. It is seen that the decay time

600 , : . — 10
T=6K
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Time (psec)
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200
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60 80 100 120 140
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FIG. 8. The decay time of the Al ,5Gag ;5As barrier PL vs
the well width in QW’s with 20-A tunnel barriers. Dips due to
the resonant electron capture (n =2 and 3) are observed. Open
circles represent the carrier capture efficiency I, /I, evaluated
by time-integrated PL measurements.



51 RESONANT ELECTRON CAPTUREIN...

shows strong oscillations between 175 and 480 psec with
L,. The oscillation can be ascribed to the resonant elec-
tron capture which appears periodically, since the well
widths where the dips are observed coincide well with the
resonant conditions described before. The left-side dip at
81 A corresponds to the resonant electron capture of the
second (n =2) QW level, and the right side to the third
(n=3) QW level. The resonant electron-capture time
was estimated to be 175 and 220 psec for n =2 and 3, re-
spectively. It is seen in the figure that the dip in the de-
cay time correctly corresponds to the resonant peak in
carrier capture efficiency I, /I, evaluated by time-
integrated PL measurements. It is also seen that the
shapes of both curves are quite similar when one of them
is plotted upside down, showing that the oscillation in de-
cay time is due to the resonant electron capture. The de-
cay time of the barrier PL is supposed to be affected by
bipolar capture times for electrons and holes, and is dom-
inated by the faster capture time. Hence the present ob-
servation may indicate that the electron-capture time is
faster than that of holes, because the oscillating capture
time due to the resonant electron capture was observed.
This seems reasonable because the hole capture through
tunnel barriers is expected to be slow due to its large
effective mass. It should be added that these values were
found to depend slightly on the excited carrier density in
the range between 5X 10° and 5X 10 cm ™2,

The successful observation of the resonant electron
capture in the decay time measurements may result from
the slow capture time in the presence of the AlAs tunnel
barriers. For a simple QW without tunnel barriers, the
capture time is of the order of a few picoseconds. The os-
cillation in such a fast time scale is easily washed out by
other relaxation processes, and may be hard to observe
even with subpicosecond techniques. In the present ex-
periment, the decay time of the barrier PL for a simple
QW could not be measured, because it was much faster
than the time resolution of the experiment.

B. Tunnel-barrier-width dependence

Figure 9 shows the tunnel-barrier-width (L, ) depen-
dence of the resonant feature for n =2 resonance. In the
case of 20 and 10-A tunnel barriers, the resonant electron
capture is clearly observed, and capture times of 175 psec
(20 A) and 43 psec (10 A) were obtained. The resonant
well width is quite reasonable compared to the resonant
condition calculated by the effective-mass approximation.
In the case of 2.8-A tunnel barriers, the resonant decay
time is less than our time resolution, and the dip is not
observed, while off-resonant capture time around 50 psec
is obtained as seen in the figure.

In order to justify whether these values are reasonable
as capture times or not, the resonant electron-capture
time was roughly calculated based on the semiclassical
model. The electron in the Al,Ga,_,As barrier periodi-
cally moves between the AlAs tunnel barrier at the QW
interface and the AlAs cladding layer. When the electron
encounters the QW under the resonant condition, the
electron can tunnel through AlAs tunnel barriers into a
virtual bound state in the well. It is assumed that the
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FIG. 9. Tunnel barrier width dependence of the n =2 reso-
nant electron capture at 6 K.

electron, once inside the virtual bound state, is likely to
relax to the bound state and be captured into QW’s be-
fore escaping to the opposite Al,Ga,_,As barrier. We
define the averaged time for the electron to enter the well
as tunneling time as

=f\Tqw - (14)

Ttun

Here 7, represents the tunneling time and f, corre-
sponds to the frequency of the periodic motion of elec-
trons in the Al, Ga,_ As barrier,

Up

fxzz—Lb‘ ,

(15)
where v, is the group velocity of the barrier electron, and
L, is the thickness of the Al ,Ga,_,As barrier. Note
that T, is the transmissivity of electrons through the
QW resonator as given in Eq. (6). This is in contrast to
the conventional calculation of tunneling time, in which
the transmissivity of electrons through a single tunnel
barrier is used. In such a conventional calculation, no
resonant effect is considered. In order to deal with the
resonant effect, the transmissivity through the whole QW
structure should be used. In addition, the energy distri-
bution of the incoming electron is considered, since the
energy filtering effect is significant in QW’s with tunnel
barriers due to the high reflectivity at the QW interface.
The tunneling time averaged over the energy distribution
of the incoming electrons is calculated by

Tun= [ runl EVf(B)E (16)

where 7, represents the average capture time, and f (E)
is the energy distribution function of the incoming elec-
tron, a product of Maxwell-Boltzman distribution and
the three-dimensional density of states. The calculated
results are 1.4 nsec for 20- A tunnel barriers and 16 psec
for 10-A tunnel barriers. The calculated time for 20-A
tunnel barriers is too large to explain the experimental re-
sult, which may be attributed to the overestimation of the
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energy filtering effect. That is, the energy width may be
much larger than the calculated energy width 0.03 meV,
since the virtual bound state has a lifetime corresponding
to the relaxation into the QW bound state via LO-phonon
scattering. This time is of the order of picoseconds or
subpicoseconds, and the energy width should be of the
order of a few meV. Recently, Morris et al.?! reported a
resonant electron-capture time of 2 psec in similar struc-
tures with Aly sGag sAs tunnel barriers, which is shorter
than the capture time of 20 psec estimated from our mod-
el. By taking into account LO-phonon scattering and im-
purity scattering, they obtained a better agreement with
experiments. The quantitative estimation in our experi-
ments remains a subject for future work.

C. Temporal profile of QW luminescence

The carrier dynamics in QW’s are expected to be more
complicated than those in the barrier, since various relax-
ation processes such as exciton formation, and relaxation
of (K#0) excitons into the (K =0) excitons are impor-
tant in QW’s. Nevertheless, the capture time may affect
the temporal profile of QW PL. When the captured elec-
trons and holes form into excitons and the exciton radia-
tively recombines in QW’s, it is expected that the decay
time of QW PL reflects the exciton radiative recombina-
tion time, while the rise time corresponds to the slower
capture time between electrons and holes. This is in con-
trast to the barrier PL, for which the decay time is dictat-
ed by the faster capture between electrons and holes. As
discussed previously, the hole capture is thought to be
much slower than that of the electron in the QW with
tunnel barriers when the resonant electron capture
occurs. Then the hole capture dominates the rise time of
QW PL, and the resonant electron capture is supposed to
have little influence on the time evolution of QW PL.

The decay time of the QW PL is shown as a function of
L, in Fi%. 10. The decay time of the barrier PL in QW’s
with 20-A tunnel barriers is also shown as a reference. In
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FIG. 10. Tunnel barrier width dependence of the decay time
of QW PL. The decay time of the barrier PL is also reproduced
as a reference in QW’s with 20-A tunnel barriers. The decay
time of the QW PL shows a similar resonant dip.

A. FUJIWARA, Y. TAKAHASHI, S. FUKATSU, Y. SHIRAKI, AND R. ITO 51

the case of 20-A tunnel barriers, surprisingly, it is seen
that the decay time is dependent on L,, and that the
fastest decay time is obtained in the resonant QW. It is
also seen that both decay times of the QW and the barrier
PL show similar resonant behaviors. The present result
leads to the following speculations: (1) The decay time of
QW PL is dominated by the carrier capture time, not by
the exciton radiative recombination time. (2) The hole
capture time is comparable to the electron-capture time.
The first one may be possible if the exciton lifetime is fas-
ter than the capture time. As seen in Fig. 10, the decay
time of QW PL tends to be faster with decreasing L.
Moreover, it is seen that the decay time becomes constant
versus L, at the bottom of the dip in QW’s with 10-A
tunnel barriers, and that it is comparable to that of the
no-tunnel barrier sample. These results suggest that the
minimum decay time is around 150 psec, corresponding
to the exciton lifetime in our samples. For thick tunnel
barriers, the carrier capture time is longer than this time
and is supposed to govern the decay time of QW PL, not
the rise time. The hole capture is not an easy problem.
There have been several reports contradicting the bipolar
model of carrier capture or tunneling where the electron
and the hole move independently of each other. Jackson
et al.® investigated the tunneling time required for car-
riers to escape from the lowest quasibound state in QW’s
of GaAs/AlAs/GaAs/AlAs/GaAs double-barrier struc-
tures using PL excitation correlation spectroscopy. They
observed a singlé tunneling time close to the tunneling
time of electrons, and no signals of the hole tunneling
were detected. They pointed out that the “charge build-
up” effect is a possible explanation for the result. Due to
the slower tunneling time for heavy holes than for the
electron, QW’s are likely to become negatively charged,
resulting in band bending in such a way that it attracts
holes toward QW’s. Then the tunneling time of holes is
increased. The charge buildup tends to continue until the
tunneling times of electrons and holes become compara-
ble. Blom et al.?® also took into account the charge
buildup effect to explain experimental results for resonant
electron capture in Al,Ga,_,As/GaAs single QW’s. In
their interpretation, it is assumed that electron-capture
and hole capture times are comparable due to the charge
buildup effect; that is to say, “ambipolar capture.” The
present results of the decay time in QW’s may indicate
that the charge buildup effect also occurs. When reso-
nant electron capture takes place, QW’s are very likely to
charge negatively, and the resultant band bending at-
tracts holes, leading to a decrease of the hole capture
time and then a decrease of the decay time of QW PL.
This is a possible explanation for why QW PL decay time
decreased under resonant electron capture.

VI. CONCLUSION

Resonant electron capture has been investigated sys-
tematically in terms of both capture efficiency and cap-
ture time in Al ,Ga,_,As/AlAs/GaAs QW structures.
The enhanced capture efficiency due to resonant electron
capture has been observed clearly by cw PL measure-
ments. It has also been revealed that the resonant effect
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is drastically enhanced by the insertion of AlAs tunnel
barriers at QW heterointerfaces. The resonant enhance-
ment factors, 69 for 20 A tunnel barriers (60 K), 75 for 10
A (43 K), 24 for 2.8 A (26 K), and six for no tunnel bar-
riers (22 K), were obtained at each maximum. It has
been found that the well width dependence of the reso-
nance can be well described within the framework of the
effective-mass approximation considering the
conduction-band nonparabolicity. The time-resolved PL
measurement clarified that the carrier capture time oscil-
latory changes due to the resonant electron capture be-
tween 175 and 480 and 43 and 270 psec for samples with
20-A and 10-A tunnel barriers, respectively. It has been
shown that the resonant electron-capture time is reason-
ably explained by the modified semiclassical model. The
ambipolar capture of the carriers due to the charge build-

up effect has been suggested to be responsible for the tem-
poral decay of the QW PL.
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FIG. 1. (a) Schematics of the resonant electron capture in
simple QW’'s and QW’s with tunnel barriers. Solid lines
represent the square amplitude of the wave function of the in-
coming electron from the left-side barrier. (b) Sample structures
of Al,Ga,_,As/GaAs QW’s with AlAs tunnel barriers. The
width of the GaAs well layer is graded across the wafer surface.



