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We observed a critical change of luminescence spectra under high-density excitation in
staggered-alignment type-II Alo.34GagesAs-AlAs multiple quantum wells. Under the same density
excitation (~10 gJcm ~2), a redshift of the I'-I" luminescence and saturation of the X-I" lumines-
cence were observed. Simultaneously, a blueshift of the X-I' luminescence was observed in the
time-resolved spectrum. These phenomena show the carrier-induced transient band bending
caused by real-space charge transfer through the interface.

Recently, an ultrafast pump-and-probe technique was
adopted to study the dynamical aspects of staggered-
alignment type-II superlattices and multiple quantum
wells (MQW).! ™3 In this system, the I'-electron state in
the well layers has higher energy than the X-electron state
in the barrier layers, so that the I' electrons in the wells
are scattered to the X-electron state through the interface.
Real-space charge transfer takes place in the ultrafast,
subpicosecond or picosecond, time domain depending on
the penetration depth of the I' electron to the barrier lay-
ers.’ The scattered X electrons in the AlAs layers are
combined with the ' heavy hole in the well layers. The
lifetime of the indirect luminescence ranges from submi-
crosecond to millisecond depending on the degree of the
I-X mixing, bath temperature, and sample quality.*~’
On the other hand, the I'-T" luminescence lifetime is as
short as the I'-X scattering time.>>® Therefore, holes dis-
tribute in the well layers and some electrons in the barrier
layers.

The spatial separation of carriers can induce a local
electric field across the interface. As a result, carrier-
induced band bending is expected in staggered-alignment
type-I1 MQW or superlattices. Such transient band bend-
ing has a potential for device application. However, such
a transient band bending has not been observed yet.

In the previous paper, we observed anomalous induced
absorbtion at the low-energy tail of the I'-I" exciton and
suggested transient band bending as its origin.® In this
paper, we confirm the transient band bending by means
of luminescence spectroscopy in the staggered-align-
ment type-II Alg34GagesAs-AlAs ternary-alloy multiple-
quantum-well structure. The sample has 100 alternate
layers of 9.2 nm (=L, ) undoped Alg34Gag¢sAs and 2.7
nm (=L,) undoped AlAs. The background impurity con-
centration is less than 5% 10'* cm ~3. The sample directly
immersed in liquid helium was excited by the frequency-
doubled output of a Q-switched Nd>*:YAG laser (where
YAG is yttrium aluminum garnet) with a 3 ns pulse
width. The pump power density ranges from 1 uJ cm 2
to 140 mJcm ~2.

The photoluminescence spectra are shown in Fig. 1.
The high-energy luminescence peak represents the I'-I”
transition and the low-energy peak the X-I' transition. '°
The relative intensity of the two peaks depends on the
temperature and the excitation conditions such as the ex-
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citation density and the pulse repetition. The figure shows
the saturation of the X-I" luminescence. This is due to the
long lifetime of the X-point luminescence on the order of
10 us. In contrast the I'-I" luminescence intensity grows
supralinearly.

The critical change of the luminescence spectrum takes
place under excitation densities between 7 and 30
uJecm ~2. The values correspond to carrier densities be-
tween 3x10'" and 12x10!' cm ~2. With the increase of
the excitation density, the I'-I" luminescence peak shifts
toward the lower energy. On the other hand, the X-TI'
luminescence does not shift and is saturated.

Figure 2 shows the I'-I" peak energy (open triangles)
and the spectrally integrated X-I' luminescence intensity

I |
A|0.34GOO.55AS-A1AS
4.2K

| 190 pJ/cm? x1

| 31 pJ/em?

photoluminescence intensity (arb. units)

1.8 1.9 2.0
photon energy (eV)
FIG. 1. Photoluminescence spectra of Alo3sGaoesAs-AlAs

MQW. The high-energy peak represents the I'-I" transition and
the low-energy peak the X -T" transition.

11426 © 1990 The American Physical Society



42
2.0 0 rrrr—rrrm e
Aly16a,4,As-AlAs L2K| ~
i 415 2
L ’g
2 1.99t =
> 5
o
s 198} =
g . .g
- ()]
<
197 PEPRRTTY B AR TETT B ST B AW ETTTY B S E eI O =

10" 10" 10" 10° 10° 10
energy density (pJ/cm?)

FIG. 2. Excitation-density dependence of the I'-I' lumines-
cence peak shift and the X-I'" luminescence intensity. Open tri-
angles represent the I'-I' luminescence peak energy and open
circles the X-I" luminescence intensity. The dashed line repre-
sents the result of the calculation with no adjustable parameters
(see text). The vertical arrow represents the critical saturation
density of the X -I" luminescence.

(open circles) as a function of the excitation density. The
I'-T" peak shift and the saturation of the X-I" luminescence
take place under the same critical excitation density, 10
uJem ~2. This fact indicates that the origin of both phe-
nomena is the same.

The photoexcited I electrons in the Al 34GagecAs lay-
ers are scattered to the X-point of the AlAs layers with a
time constant of 1.2 ps.> After a considerable amount of
real-space charge transfer takes place, the electron distri-
bution in the AlAs layers and the hole distribution in
Alg.34GagesAs are considered to induce a local electric
field. The potential energy and the electric field are ob-
tained by solving the Poisson equation,

d*V(z)/dz*=4np(z)/e; . 1)

Here, z, V(z), p(z), and ¢ denote the quantum-well
growth direction, the potential energy, the charge density,
and the static dielectric constant, respectively. For simpli-
city, we assumed a uniform distribution of electrons in the
AlAs layers and holes in the Alg34Gag ¢sAs layers. In this
case, the potential energies of the I' electrons (V) and T’
holes (V1) in the Alg34GagesAs layers and the X elec-
trons (Vx.) in the AlAs layers are modified from these un-
perturbed values V%, V%, and V¥, as follows:

Vie= VPe + (4re 2n;,/.ssw )z?2 s
Vin =V + (4re’ny/e)z?, (2)
Vxe =V —(4re’n./e)z?.

The origin of the z axis is at the center of the
Alg 34Gag ¢6As layers for V. and Vry, and at the center of
the AlAs layers for V.. Here, n., ny, €, and €, denote
the three-dimensional electron density in the AlAs layers,
the three-dimensional hole density in the Alg34GagecAs
layers, the dielectric constant in the Alg34Gag ¢sAs layers
and that in the AlAs layers, respectively. The potential
profile of this model is schematically shown in Fig. 3.
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FIG. 3. Schematic change of the potential profile based on a
transient band bending model.

We estimate the energy shift of the I'-I" transition by
using a perturbation calculation in an infinite-quantum-
well structure. In our sample the penetration probability
of T electrons in the AlAs layers and X, electrons in the
Alg 34Gag ¢6As layers are estimated to be 0.75% and 3.0%,
respectively.> The infinite-quantum-well model is con-
sidered to be sufficient for the order estimation because of
the small penetration probabilities. Perturbations are rep-
resented by V., — V2 and Vi, — VY, for the electrons and
holes in the Alg34GagecAs layers and Vi, — vy for the
electrons in the AlAs layers, respectively. The energy
shift of the I'-I" transition is determined by the sum of the
second-order perturbed energy of the electrons and that of
the holes, because the first-order perturbed energies can-
cel out each other. However, the X-I" transition energy
shift is determined by the first-order perturbed energy be-
tween electrons and holes. From Fig. 3, we can intuitively
understand the situation. As a result, the energy shifts of
both the I'-I" and X -T" energies are represented by

AErr=—CWLYR?) mr.(4re’ny/eq)?
+mpy,(dme?ny/es,)?l, 3)
AEx.r= 15 [(4re’ny/en, )L+ (4ne?n, /e ) LE] . 4)

Here, mr, (mry) and C denote the effective mass of an
electron (a heavy hole) in the I" point of the Al 34Gag¢sAs
layers and a constant derived from the perturbation calcu-
lation, respectively. The result of the calculation for
AEr.r is shown in Fig. 2 with a dashed line. Here, no ad-
justable parameters are used. If the density nj increases
slightly, the I'-I" energy shift is well explained by our
model, except for saturation of the redshift. Saturation of
the redshift is simply explained by saturation of the X
state. However, in this model the energy of the X-I" tran-
sition should shift toward high energy. The reason why
the energy does not shift in the static luminescence mea-
surement is considered as follows.

The duration of the transient band bending is deter-
mined by the decrease of the carrier’s density and its spa-
tial distributions. The lifetime of the I'-I" luminescence is
shorter than 10 ps,® so that its luminescence peak energy
is considered to represent the energy of the band-bending
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state. However, the X-I" luminescence has a long lifetime
(~10 us), so that the band bending is hardly observed in
the static luminescence spectra. Actually, we observed a
blueshift of the X-I" transition in the transient lumines-
cence spectrum. In this experiment, we used the time-
correlated single-photon counting method with a 0.9 ns
time resolution. As a photoexcitation source, the cavity-
dumped dye laser was used under 820 kHz operation. The
excitation density was about 10 uJcm ~2. Figure 4 shows
the results of the stationary luminescence intensity (solid
line) and the transient luminescence intensity at O ns
(solid circles) around the X-T transition energy. The I'-I"
luminescence peak energy under low-density limit excita-
tion is indicated by an arrow in the inset. The result
shows that the X-I" energy definitely shifts within the ini-
tial 0.9 ns. Calculation based on Eq. (4) shows that the
blueshift of the X-I" energy is 6.5 meV under the excita-
tion of 10 uJ/cm?. The measured blueshift of the X-T
luminescence, 2 meV, is smaller than the expected value.
In contrast to the blue-shifted spectrum with zero time de-
lay, a spectrum with some time delay (1 us, for example)
does not show a blueshift. These observations are prob-
ably explained by considering that the transient band
bending ends faster than the present time resolution of 0.9
ns.

The saturation of the X-I" luminescence intensity and a
limited redshift of the I'-I" luminescence indicate that the
upper limit of the X-point carrier density exists. The
upper limit can be estimated from the saturation density
of the X-I' luminescence intensity. We estimate it to be
4x10"" cm ~2 per layer (vertical arrow in Fig. 2). The re-
ciprocal of this value is 16 nm, which corresponds closely
to the exciton Bohr radius. This fact indicates that the ex-
citons composed of X electrons in the AlAs layers and I'-
heavy holes in the Alp34GagesAs layers are closely
packed. As a result, the X-I' luminescence is saturated
and the I'-I" luminescence increases supralinearly. In this
case, the I'-I" recombination is the main relaxation process
of the photoexcited carriers and the lifetime of the I'-I"
luminescence increases. '

The transient band bending is considered to be weak-
ened for the following three reasons. One is the break-
down of the uniform distribution. In our calculation, we
assumed that the electrons in the AlAs layers and holes in
the Alg34GagecAs layers are uniformly distributed. Ini-
tially, the assumption is probably correct, because the
electrons and holes have enough kinetic energy. However,
once the potential profile is bent as shown in Fig. 3, the
electrons and holes are considered to localize near the in-
terfaces. As a result, the band bending is weakened and
the energy shift become small.

Another reason is the formation of interlayer excitons.’
In our calculation of the energy shift, we assumed a homo-
geneous density distribution in the plane of the layers.
However, the line of the Coulomb electric field between
the electrons and holes can be short terminated if the X
electrons are cooled and the X -T indirect excitons are suc-
cessively formed. In this case the effective electric field is
reduced.

The third reason is the spatial diffusion of carriers.
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FIG. 4. Time-integrated and time-resolved spectra of the
X-T' luminescence. The inset shows the entire time-integrated
spectrum. The area surrounded by a dashed line in the inset is
expanded. The time-integrated luminescence spectra are shown
by solid lines and the X-I" transient luminescence spectrum is
shown by solid circles. The transient luminescence corresponds
to the time-resolved spectrum within the initial 0.9 ns obtained
by using the time-correlated single-photon counting method.
The data was obtained under 10 uJcm ~2 excitation. The verti-
cal arrow in the inset represents the I'-I" luminescence peak en-
ergy under low-density limit excitation.

Carrier diffusion is considered to reduce the carrier densi-
ty. All of the above-mentioned reasons contribute to
weaken the transient band bending, but it is difficult to
determine the main contribution.

One considers that the redshift of the I'-I" transition
may come from the formation of the electron-hole plasma
(EHP) or liquid (EHL). In type-I superlattices or MQW,
the band-gap renormalization (BGR) reduces the band
gap gradually. This reduction increases in proportion to
nis,'2 where nap represents the two-dimensional (2D)
carrier density. The observed critical increase and satura-
tion of the redshift are not explained by the formation of
EHP or EHL. Although the X-I" energy of EHP or EHL
in type-II MQW is considered to behave differently from
the I'-T" energy in type-I MQW,!? the BGR of the I'-T
transition in type-II MQW should be similar to that of
type-1 MQW. Therefore, the critical redshift and satura-
tion of the redshift in the I'-I" transition energy are not ex-
plained by the formation of EHP or EHL.

In short-period superlattices, such transient band bend-
ing cannot be observed.! One possible origin may be the
narrow well width, where the energy shift cannot be
resolved. Another reason may be miniband formation in
short period superlattices.

In summary, we investigated the interlayer I"-X scatter-
ing process in staggered-alignment type-II Alp34Gao¢6-
As-AlAs MQW. We observed a redshift for the I'-I'
luminescence and saturation for the X-I' luminescence
under the same excitation density. Simultaneously, a
blueshift of the X-I' luminescence was observed in the
time-resolved luminescence spectra. These phenomena
show the transient band bending caused by the interlayer
I'-X transfer of electrons across the interfaces.
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