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Tunneling dynamics of photogenerated carriers in semiconductor superlattices

Yasuaki Masumoto
The Institute for Solid State Physics, The University of Tokyo, Roppongi 7-22-1, Minato-ku, Tokyo 106, Japan

~ Seigo Tarucha and Hiroshi Okamoto
Mousashino Electrical Communication Laboratory, Nippon Telegraph and Telephone Corporation,
Midori-machi 3-9-11, Musashino-shi, Tokyo 180, Japan
(Received 2 Decemnber 1985)

The tunneling dynamics of photogenerated carriers in GaAs-Aly 39Gag 7 As multiple-quantum-well struc-
tures is studied using picosecond spectroscopy with an electric field perpendicular to the well layers. Drastic
changes, such as an increase in the photocurrent, a decrease in the exciton luminescence, and a change in
the exciton lifetime, take place simultaneously for electric fields of ~ 5.0%10° V/cm. These changes are
ascribed to the onset of exciton dissociation and electron tunneling through the Aly29Gag7As barrier
layers.  The electron tunneling rate is determined to be 1/(430 ps) and is compared with calculations.

Recently, the dynamics of carriers in semiconductor su-
perlattices has attracted growing interest. There are two
directions of motion of the carriers in semiconductor super-
lattices. One is motion in the plane of heterostructures and
the other is motion across the heterostructures. So far, the
former has been studied extensively in two-dimensional car-
_rier systems by means of transport experiments. However,
the study of the latter has been relatively scarce and limited
to current-voltage characteristics since the first observation
of resonant tunneling of electrons.! Current-voltage charac-
teristics could be used to clarify the energy levels in super-
lattices but not the dynamical aspects of tunneling. There-
fore, new techniques have been required.

In this work, picosecond spectroscopy has been used to
study the motion of photogenerated carriers in the direction
of the superlattice. We probed the exciton luminescence
in GaAs-AlyGagyiAs multiple-quantum-well structures
(MQW) in" an electric field applied in the direction of the
superlattice. Exciton luminescence quenching and the
change in the exciton lifetime have already beer observed
in a GaAs-Al,Ga;_.As MQW in an electric field.2=* It has
been pointed out that these phenomena are possibly corre-
lated with the field-induced separation of electrons from
holes in a well or the tunneling of electrons or holes across
the barrier potential. In the preceding study; definitive evi-
dence of the tunneling was not produced. In addition, the
electric field in the MQW was not accurately determined, so
that the experimental data could not be compared with the
calculation. This is because the electric field is screened, to
some extent, by the excess photogenerated carriers. We
have overcome this difficulty. We have determined the
electric field in the MQW by the peak shift of the heavy-
exciton luminescence. In addition, we found that the exci-
ton lifetime is surely dominated by the tunneling of elec-
trons across the Aly29Gag 71 As barrier above a certain critical
electric field because the tunneling rate of electrons be-
comes faster than the decay rate of the exciton population,
due to the other processes including radiative recombina-
tion. Then, the tunneling rate can be estimated by transient
measurement of the exciton luminescence. The tunneling
rate thus obtained is compared with the calculated one on
the basis of the precise knowledge of the electric field in the
MQW.

The sample is a p-i-n diode structure grown by
molecular-beam epitaxy.’ The main part consists of 100 al-
ternate periods of undoped 120-A GaAs well layers and un-
doped 58-A Aly29GagnAs barrier layers. The MQW are
surrounded by the p-type and ntype Algs,GagsAs cladding
layers 1 wm thick. The MQW and cladding layers are
sandwiched between the p*-type GaAs cap layer (0.5 um
thick) and the n-type GaAs substrate. Electrical Ohmic con-
tacts are made on both the p*-GaAs cap layer and n-GaAs
substrate. With the sample in a perpendicular electric field
at 4.2 K, we made measurements of the photoconductivity,
the photocurrent-voltage characteristics, the exciton
luminescence, the exciton-luminescence~voltage characteris-
tics, and the picosecond transient response of the exciton
luminescence.

* For all measurements except photoconductivity, a dye
laser synchronously pumped by a cw mode-locked
Nd&®*:YAG laser (Quantronix 416) (where YAG is yttrium

‘aluminum garnet) is used as the excitation source. The dye

laser gives 1-2-ps light pulses with a repetition rate of 82
MHz. The laser dyes Rhodamine 6G and DCM are used

‘to generate 605-nm (2.05-eV) and 678-nm (1.83-eV)’

light pulses, respectively. -The band-gap energies of
Alps4GagasAs, Alg2sGagnAs, and GaAs are 2.15 eV (X),
1.88 eV ('), and 1.519 eV (I'), respectively.’ - Therefore,
neither 605- nor 678-nm light excites the AlgssGagisAs
cladding layers. The 605-nm light excites both the well
layers.and the barrier layers, while the 678-nm light excites
only the well layers. No significant difference was found in
the results, including the time-resolved result, whether the
barrier layers were excited or not. Therefore, only the
results for the 605-nm light excitation are presented in this
paper. The laser beam is loosely focused on a p-i-n diode
sample immersed in liquid helium. To reduce the electrical
screening by photogenerated carriers, the excitation laser in-
tensity is reduced to being as weak as possible for the pi-
cosecond time-resolved study. The excitation density is
about 10 mW/cm?. The luminescence spectra are recorded
by using a 50-cm monochromator. The exciton lumines-
cence is temporally analyzed by using a synchroscan streak
camera with 140-xm slit width. Then the time resolution is
47 ps.

The energy shift of the heavy exciton can be used to

5961 ©1986 The American Physical Society
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determine the electric field in the MQW as described below.
We measured the photoconductivity spectra of the sample in
the electric field by using the incandescent lamp. “The result
is shown in the inset of Fig. 1. In the photoconductivity
spectra, the heavy excitons in the quantum wells produce a
peak. The heavy-exciton peak shifts toward lower energy
with the increase in the applied electric voltage. The shifts
do not vary with further reduction of the excitation light
level. The built-in voltage ¥y was determined to be 1.8 V
from the curve of the current-voltage characteristics. The
sample has no buffer layers. Therefore, the field is simply
calculated to be F=(V,,+ Vii)/d, where V,, is the exter-
nally applied voltage and d=1.78 nm is the total thickness
of the MQW. Following the calculation of Bastard for an
infinite well, the energy shift of the lowest transition
between the electron and hole sublevels, AE, is proportional
to the square of the electric field F as follows:’

AE=—2.135x1073(m + my, Y2 FLYXY ®

where e is the charge of electron, the z axis is along the su-
perlattice direction, L, is the well layer thickness, and
m; (=0.665mo) and mp, (=0.45mg) are effective masses
of the electron and the heavy hole, respectively. The
change of the exciton binding energy is neglected because it
is smaller than AE by an order of magnitude.? In fact, Eq.
(1) explains the energy shift of the excitons in a strikingly
complete manner, as is shown in Fig. 1. Conyversely, the
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FIG. 1. Peak shift of the heavy excitons observed in photocon-
ductivity spectra as a function of the applied electric voltage V,,,.
Experimental data are shown by solid circles. The built-in voltage
Vy is +1.8 V. Elecric field in the MQW is calculated to be
(Ve + Vii)/d The solid line is the calculated one on the basis of
Eq. (1). In the inset, photoconductivity spectra under the externally
applied voltage are shown. The lowest-energy peak corresponds to
heavy excitons.
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electric field in the MQW can be determined from the peak
shift of excitons.

Under the picosecond laser excitation, the exciton-
luminescence energy shifts toward lower energy with an in-
crease in the externally applied voltage as is shown in the
inset of Fig. 2. Then, however, the peak shift is not so
large as expected. We attribute this disagreement to the
screening of the electric field by the high density of photo-~
generated carriers’ because we observe that the peak shift is
reduced with an increase in the excitation intensity. There-
fore, we do not estimate the electric field from the applied
voltage. Instead, we determine the electric field from the
peak shift on the basis of Eq. (1). In Fig. 2, both the
exciton-luminescence intensity and the photocurrent across
the superlattices are plotted as a function of electric field
thus estimated. A sudden change is observed at a field of
F,~5.0x10° V/cm. At this value, the exciton-lumin-
escence intensity decreases and the photocurrent increases.
These facts indicate that the excitons dissociate at this field
and that electrons or holes tunnel through the potential bar-
riers and contribute to the photocurrent. At the field of
F,~5.0% 10° V/cm, the field gain for the electrons or holes
amounts to 9 meV when they move by a superlattice period
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FIG. 2. Luminescence itensity of heavy excitons (O) and photo-
current (@) as a function of the electric field in the MQW. Solid
and_dashed lines are guides for the eyes. The inset shows heavy-
exciton luminescence spectra under externally applied voltage. The
peak shifts of heavy excitons indicate that applied voltages 0, —3,
—6, and —9 V correspond to electric fields 5.0%10°, 9.8x 103,
2.5% 10*, and 2.8x 10* V/cm, respectively.
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(=178 ;&) The field gain is almost equal to the exciton  electric field F, the dissociation rate of excitons, wy, is given

binding energy in 120-A quantum wells (10 meV) derived
from the magneto-optical measurements.” The field gain
compensates for the binding energy. Therefore, it is quite
reasonable for excitons to dissociate at a field of F
~5.0x10° V/cm. Curves of photocurrent and lumines-
cence intensity show a plateau between ~1.0%10* and
~2.0x10* V/cm. With the further increase in the electric
field up to ~2.8x10* V/cm, the photocurrent increases
and the exciton luminescence decreases.

The transient response .of the exciton luminescence is

shown in Fig. 3. At the field of F,~5.0x10° V/cm, the
temporal profile of the exciton luminescence changes drasti-
cally. Below F,, the exciton luminescence exponentially de-
cays with a time conmstant of 1.52 ns. Above-  F, the
exciton-luminescence decay seems to consist of two com-
ponents. The fast decay has a time constant of 430 ps. The
slow one has a long time constant which has not been deter-

mined in this experiment. We determine that the change of -

the temporal profile comes from the tunneling of the elec-
trons or holes because the luminescence decrease and the
photocurrent increase take place at the common electric
field of F;~5.0x 10° V/cm. Then, the fast decay of exciton
luminescence is dominated by the tunneling of electrons or
holes across the potential barriers. Therefore the tunneling
rate can be estimated to be 1/(430 ps) =2.3%10° s™!. Ata
field of ~2.8x 10* V/cm, the slow-decay component of the
exciton luminescence vanishes completely and the exciton
luminescence exponentially decays with a time constant of
430 ps.

It is not easy to estimate the dissociation rate of excitons
in the MQW. To estimate it, we must calculate the rates of
at least two processes, the dissociation of excitons, and the
tunneling of electrons or holes across the barrier potential.
If the excitons are not in the quantum wells and are in the
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FIG. 3. Temporal profile of the heavy-exciton luminescence in-
tensity in the perpendicular electric field. The estimated electric
fields in the MQW are 5.0x10°, 5.6x10°, 9.8x10°, and 2.8 104
V/em for the applied voltages of 0, —1, =3, and =9 V, respective-
ly. Dashed lines show exponential decay with respective time con-

-stant 7. Dash-dotted lines show long-lived component. The back-
ground observed before 0 ps comes from the stray of 6-ns-lived
luminescence which is peculiar to the synchroscan streak camera.

by the following formula which also describes the ionization
rate of hydrogen atoms.!?

wy= (16R*/keFag)exp(—4R/3eFag) , ()

where R{=4.2 meV) is the Rydberg energy and
ap(=136 A) is the exciton Bohr radius. The dissociation
rate reaches 2.8x 10 s~! at an electric field of F,~ 5.0
x10° V/cm. The rate is much faster than the observed
rate.

Compared with the above-mentioned dissociation rate,
the tunneling rate of electrons or holes across the barrier
potential is expected to be slow because the Aly19GagyAs
barrier potential is much higher than the Coulomb barrier.
The experimental results correspond exactly with this expec-
tation. In the Wentzel-Kramers-Brillouin approximation,
the tunneling rate of electrons or heavy holes across the
barrier potential i, is estimated to be!!

wa= (7k/2mg L2 expl — (2/X)N2momy (U= E)dy]
3)

if the Coulomb interaction between the electrons and heavy
holes is neglected. Here, E is the band discontinuity, U is
thé conﬁpement, energy of the lowest sublevel, and

dy (=58 A) is the barrier thickness. The factor
2m,(h,,)L}/ml‘ is the classical period of the electron (heavy-
hole) motion in the quantum well,!! because the z com-
ponent of the velocity of electrons (heavy holes) in the
lowest sublevel is X k/ m. ) =X/ myn)L;. Equation (3) is
the expression in the case of zero applied electric field.
However, this equation approximately holds under the con-
dition eFd << U— E, even when the electric field is applied.

The rate calculated on the basis of Eq. (3) is not aitered
much when the confinement energy U is neglected because
U is smaller than the band discontinuity E by an order of
magnitude, Therefore U is neglected for simplicity. If the
band-gap discontinuity split of 85:15 is correct,!? the
conduction-band. discontinuity E. is 307 meV and the
valence-band discontinuity E, is 54 meV. Then, the tunnel-
ing rate of electrons is 3.9%10%° s~! and that of holes is
2.7x10% s~!. On the other hand, the tunneling rate of elec-
trons is 1.8x10' s™! and that of holes is 4.3x10° s~, if
the band-gap discontinuity split of 57:43 (E.=206 meV,
E,=155 meV) is correct.”’ In both the cases, tunneling of
electrons dominates the field dissociation rate of excitons
across the barrier potential. The calculated tunneling rates
are faster than the experimental value. However, disagree-
ment is.within an order of magnitude, although the calcula-
tion is the simplest one. .

The simple calculation well explains the experimental
characteristics that the tunneling rate is not affected by the
electric field between 5.0x10° and 2.8x10* V/cm. In fact,
unlike the earlier experiments,? the condition eFd << U
—E holds in our experiment. Nevertheless, excitons are
stripped of electrons and electrons tunnel across barrier po-
tentials critically at the field F,~5.0x10° V/cm, because
the field gain can compensate for the binding energy of ex-
citons. It is not easy to consider the tunneling of electrons
through both the Coulomb barrier and the barrier potential.
In Tact, there is no available theoretical study of this prob-
lem. The slow-decay component observed between
~5.6x10° and ~2.8x10* V/cm may be due to nongem-
inate excitons made of stripped electrons and holes. With
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the increase in the electric field, the slow-decay component
decreases and the photocurrent increases. We may attribute
this change to the onset of successive tunneling of electrons
through many barriers. However, these processes remain to
be clarified by future study.

In summary, the tunneling dynamics of photogenerat-
ed carriers in GaAs-Al29GagnAs multiple-quantum-well
structures have been studied in an electric field perpendicu-
lar to the well layers. Drastic changes, such as an increase
in the photocurrent, a decrease in the exciton luminescence,
and a change of the exciton lifetime take place simultane-
ously at the critical electric field of —~5.0x10° V/cm.  The
changes are ascribed to the dissociation of excitons and the
tunneling of electrons through the Alg39Gag7As potential
barriers. These processes take place when the field gain can
compensate for the exciton binding energy. The tunneling
rate of theé electrons is determined to be 1/(430 ps), slower
than the simple estimation.
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Note added. A recent work by Polland et al. [Phys. Rev.
Lett. 55, 2610 (1985)] covers similar ground treated in the
present work. Contrary to the present results, they have
observed that the lifetime of excitons is prolonged with an
increase in the electric field. The contradiction probably
comes from a difference in the quantum-well structures,
especially with respect to the thickness of barriers.
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We have studied the optical properties of a short-period superlattice composed of 20.4-A GaAs
and 14.7-A AlAs layers. The superlattice behaves as an indirect-gap material. A slow and nonex-
ponential decay of the luminescence can be interpreted as the emission from the A indirect excitons
localized at the GaAs/AlAs interfaces. The temperature dependence of the exciton decay time can
be explamcd in terms of a transition by phonon-assisted tunneling, followed by a nonradiative transi-

tion.

Recent advances in crystal growth techniques, such as
the molecular-beam-epitaxy (MBE) method, have made it
possible to produce semiconductor crystals consisting of
alternating layers of two different semiconductors, i.e., su-
perlattice structures. These superlattices are expected to
form a new device and have been extensively studied,
especially the GaAs/AlAs system. A number of experi-
ments on GaAs/AlAs superlattices of large layer thick-
ness have been carried out and analyzed successfully by
means of the Kronig-Penney model.'! There have been a
few' works on ultrathin layered GaAs/AlAs superlattices.
However, considerable confusion exists in the interpreta-
tion of the electronic structure of these superlattices, espe-
cially of the short-period superlattices with nearly equal
GaAs and AlAs layer thickness and with periods ranging
from ~10 to ~60 A. Some groups have claimed that
these short-period superlattices behave as indirect-gap ma-
terials,>> whlle others have concluded that these materials
are direct gap.*~7 In order to clarify the electronic struc-
ture of short-period superlattices, we have studied the op-
tical properties of a superlattice composed of 20. 4-A
GaAs and 14.7-A AlAs layers. Special attention is given
to the dynamics of photoexcited carriers. The experimen-
tal results indicate that our sample behaves as an
indirect-gap material and that the emission near the band
edge is due to localized indirect excitons.

The GaAs/AlAs sample used in this study consisted of
250 periods of 20. 4-A GaAs/14.7-A AlAs grown by
MBE at 550°C on a (100) semi-insulating GaAs substrate.
The Al content in the sample was 42%, which is near the
direct-indirect crossover value of ~40% in the
Al,Ga;_,As alloy system.}~'° In order to make absorp-
tion measurements, the GaAs substrate was removed by
preferential etching over a region of 1X1 mm?, leaving
only the MBE-grown film. The c¢w photoluminescence
and excitation measurements were made by a DCM dye
laser pumped by an argon-ion laser. For time-resolved
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spectra, the sample was excited by a cavity-dumped
mode-locked cw dye (DCM) laser synchronously pumped
by a mode-locked argon-ion laser. The transmitted light
and luminescence were monitored by a double monochro-
mator equipped with a cooled photomultiplier. Lifetime
measurements were made by the time-correlated single-
photon counting technique. The sample was immersed in
liquid helium. At elevated temperatures, it was exposed
to an atmosphere of helium gas.

The absorption spectrum at 4.2 K is presented in Fig.
1. The absorption coefficient a(#iw) was obtained from
the optical density by taking into account multiple
reflections. The spectrum shows the characteristic behav-
ior of indirect-gap materials: No feature due to discrete-
state exciton absorption is observed and an absorption tail
is seen at low energies. From the kink in the curve, the
direct gap E; is measured as ~1.975 ¢V. We estimated
the indirect gap Ey roughly as ~1.88 eV through the re-
lation a(fiw )« (Eg —#w)2.? The luminescence and excita-
tion spectra at 4. 2 K are also shown in Fig. 1. A relative-
ly sharp line, labeled by I, is observed at ~1.873 eV
and dominates the near-gap emission. On the basis of the
spectral position and time dependence shown later, we be-
lieve that the I, line comes from the decay of localized
indirect excitons. Although weak and broadband emis-
sions are observed at lower energies, here we confine our
attention to the I line. The excitation spectrum moni-
tored at the I, line shows a well-defined peak at the
direct-gap energy. This also indicates that the sample is
indirect gap. Further, this conclusion is borne out by the
temporal behavior of the I., emission described below.
These results support. the conclusions of Refs. 2 and 3,
while they are in conflict with those made in Refs. 4-7.

Figure 2 shows the time evolution- of the I emission at
4.2K. The emission decays slowly and nonexponentially.
This temporal behavior can be interpreted well in terms of
the emission from indirect excitons localized by disorder
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FIG. 1. Absorption, cw luminescence, and excitation spectra
for the short-period GaAs/AlAs superlattice. The direct gap is
denoted by E;. The excitation spectrum was monitored at the
Iy line.

in the sample. In the presence of potential fluctuations,
no-phonon radiative transitions of indirect excitons are al-
lowed because these fluctuations break the k-selection
rule. Reflecting the random nature of the scattering po-
tential, the radiative decay rate is not well defined, but has
a probability distribution. The no-phonon transitions of
indirect excitons in such a case have been studied by

GaAs/AlAs  4.2K
¢ -1
e~Wnt wn20 sec
X (1o wrt)? wr=9x10% sec”™

=
1

et waa2x10° sec

® O zwit)2 wr=8x10° sec
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EMISSION INTESITY (arb. units)

0 0.64

TIME DELAY ( us)

FIG. 2. Temporal evolution of the I., emission at 4.2 K. The
solid line shows the experimental curve. Crosses represent Eq.
(1) with w, =9x 10 sec™! and w, =0 sec~!. Circles represent
Eq. (2) with w, =8 10° sec™" and w, =2X 10" sec™".
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Klein er al.!' According to their theory,'"!? the time
response of the emission from localized indirect excitons
is given as

I <e ™ /(1 4w,)?, (n

for indirect excitons not at the zone boundary, or

—w,

I e ™ " /(1 4+2uw,tP? @)
for indirect excitons at the zone boundary, where w, is
the average radiative decay rate due to random potential
scattering, and w, is the total decay rate due to all other
processes. The experimental data fit the time dependence
predicted from this model. Theoretical curves derived
from Egs. (1) and (2) are also shown in Fig. 2. The best
fits were obtained for w, =9 10% sec—! and w, =0 sec™!
in the case of Eq. (1), and for w, =8 10% sec~! and
w, =0.2 10% sec=! in the case of Eq. (2).

A better fit is obtained to Eq. (2). From this result,
however, one cannot conclude immediately that the T
emission is due to the zone-boundary excitons, because
the theory of Klein et al. was developed for indirect exci-
tons in an alloy system where scatterers are uniformly dis-
tributed. In superlattices potential fluctuations are con-
sidered to come from the inhomogeneity of the interface
and scatterers to be distributed in the interface planes. In
such a case, the summation in Eq. (6) of Ref. 11 must be .
performed over the position vectors L of the scatterers in
the interfaces spanned by the exciton. The exciton in the
present system encompasses only a few interface planes.
The phase factor e’ in this equation then does not have
many different values for indirect excitons at wave vector
k normal to the interface (i.e., on the A line). The theory
should thus be modified for these excitons since the as-
sumption of the uniform distribution of phase, used in
Ref. 11, is no longer a good approximation. By modify-
ing the model of Klein et al., it can be deduced that the
decay of indirect excitons on the A line follows Eq. (2)
rather than Eq. (1. In the superlattices, therefore, exci-
tons both at the zone boundary and on the A line should
decay as predicted by Eq. (2).

To determine the origin of the I, emission, it is neces-
sary to know which points of the Brillouin zone are likely
candidates for positions of the band extrema. Since it is
well established that the topmost of the valence bands lies
at T, we will search for the location of the conduction-
band minimum. Following Ref. 3, we take the
Alp.42Gap.ssAs alloy bands as unperturbed states and treat
the superlattice potential as a perturbation. In the parent
alloy the minimum of the conduction band occurs at the
X point.'® In the superlattices, the X (001) point is folded
back to the I' point due to the superlattice potential, and
through the coupling with other I states, it is lower than
the unmixed X (100) and X (010) points. This point is
then expected to become the lowest state of the conduc-
tion band. Actually, in the alloy the conduction-band
minimum is not at X, but displaced from it by the
“camel’s-back” effect. This camel’s-back structure would
be reflected in the band structure of the superlattice. The
conduction-band minimum is then expected to lie on the
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A line.> On the basis of this consideration and the time
dependence obeying Eq. (2), we think that the [ emis-
sion is attributable to indirect excitons on the A line, ie.,
the camel’s-back excitons near the I point.

The one-photon transition to the lowest I state of the
conduction band is considered to be weakly allowed, since
this T state is derived from the X point of the parent alloy
and is only slightly modified by the superlattice potential.’
Further, it can be shown that the decay of this “pseudo-
direct” exciton follows Eq. (2). Thus one may think that
there is no camel’s-back structure near the I' point and
the I., emission is due to the pseudodirect exciton consist-
ing of a I" hole and an electron at the I' point which has
the folded-X character of the Alg4;Gag sgAs alloy. How-
ever, this is not our case. At the I point, the superlattice

potential makes a more appreciable contribution to the ra- -

diative decay rate than the interface disorder doces, and
this nonstochastic contribution should be included in the
decay rate w,. This assignment then is not consistent
with the result that w, is much smaller than the average
radiative decay rate w,, which is a measure of the magni-
tude of interface disorder. ‘

There is another possibility that the I, emission is due
to excitons bound to neutral donors or acceptors. Howev-
“er, this assignment is very unlikely, because, by contribu-
tion to nonradiative Auger recombination, the bound exci-
tons can decay exponentially with lifetimes less than 20
nsec even in indirect-gap materials.!*!* Further evidence
that the emission is not from excitons bound. to impurities
is provided by the temperature dependence of.the emis-
sion. Since the bound exciton has a binding energy of a
few meV, thermal dissociation of the bound exciton to the
free indirect exciton should occur above ~20-30 K. The
free-exciton emission should then dominate the bound-
exciton emission at high temperatures. However, the ex-
perimental result shows that I., emission is predominant
above 60 K. This possibility therefore is ruled out.

The temperature dependence of the decay of the I, line
is shown in Fig. 3. There is a concomitant decrease in the
emission intensity. At low temperatures, the emission

GaAs/AlAs

107

EMISSION INTENSITY (arb, units)

0 0.64 1.28
TIME DELAY (pus)

FIG. 3. Luminescence decay curves of the I line for
different temperatures.
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shows a slow and nonexponential decay. With the in-
crease of temperature, the decay becomes faster and ap-
proaches an exponential form. A changeover to exponen-
tial decay occurs above ~11 K. The temperature depen-
dence of the decay time is shown in Fig. 4. Here we have
defined the decay time as the slope of the exponential de-
cay curve above ~11 K. In the figure we also show the.
temperature dependence of the steady-state luminescence
intensity. The parallel decreases in the decay time and
the emission intensity show that nonradiative processes
are dominant above ~11 K. The decay time (or lumines-
cence intensity) does not exhibit Arrhenius-type behavior.
A reasonable fit is obtained to an expression of the form
rxe % with To~10 K. This temperature depen-
dence is familiar in amorphous materials, such as As,S;
(Ref. 15) and a-Si:H (Ref. 16), and believed to be a
characteristic of localized systems with a *“mobility
edge.”!” Further, this dependence has recently been ob-
served in several mixed crystals and is considered to be
associated_with the mobility edge.'®* We thus think that

-T/T, . i
the e ® dependence in our sample indicates the ex-

Aistence of a mobility edge and excitons localized in the

Anderson sense.! In this picture, the temperature depen-
dence is explained as follows. - At low temperatures only
the processes which lower the energy are possible and the
localization is fast and irreversible. The localized excitons
then dominate the emission. They respond to the poten-
tial fluctuations and- decay nonexponentially. The temper-
ature dependence can be understood as a result of thermal
delocalization of excitons. As the temperature is raised,
the exciton mobility increases via phonon-assisted tunnel-
ing and the probability of reaching nonradiative recom-
bination centers increases. As nonradiative processes are
dominant, the decay becomes exponential and the radia-
tive efficiency drops off.

Finally we make a short mention of the latest work on
the same subject performed by Finkman et al.?’ From
the temporal response of photoluminescence, they con-
cluded that the lowest excited state of the short-period su-
perlattices is an X-point (zone-boundary) exciton. On the
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FIG. 4. Temperature dependence of the decay time and of the
cw luminescence intensity of the I, line.
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other hand, we suggest that it is an indirect exciton on the
A line. Since the existing theories predict that the
conduction-band minimum is at the T point*~% or on the
A line,® we think our assignment is more reasonable. Ac-
cording to Ref. 20, however, there seems to exist a theory
predicting that the unmixed X minima are the lowest. A
full understanding of this state must involve a more com-
plete investigation including, for example, the effect of
uniaxial stress.

In conclusion, we have studied the optical properties of
the short-period superlattice consisting of 20. 4-A GaAs
and 14.7-A AlAs layers. The superlattice behaves as an
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indirect-gap material. . The emission at 4.2 K shows a
slow and nonexponential decay. This behavior can be in-
terpreted by the decay of indirect excitons on the A line
made partially allowed by disorder at the GaAs/AlAs in-
terfaces. The decay time of the excitons exhibits ae ™~/ °
temperature dependence, which is explained in terms of
phonon-assisted tunneling of excitons to nonradiative
centers.

We are grateful to Professor J. Nakahara of Hokkaido
University for valuable discussions on the temperature
dependence of the emission.
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Optical nonlinearities of excitons in CuCl microcrystals
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Nonlinear optical properties of excitons in CuCl microcrystals in NaCl host crystals were
studied by the absorption saturation method. Prominent absorption saturation of excitons was
observed together with a blue shift. Optical nonlinearity was found to increase with an increase
in the size of the CuCl microcrystals. The observed nonlinearities are very large compared with
those in bulk CuCl crystals and GaAs quantum wells.

Recently optical properties of semiconductor micro-
crystals (quantum dots) have attracted much interest. This
is because semiconductor microcrystals are expected to have
novel optical properties in a way similar to semiconductor
quantum wells. Also, semiconductor microcrystals are ex-
pected to have high optical nonlinearity. Therefore, they
have a potential for becoming novel optoelectric devices
which are useful in optical information processing. In this
sense, the search for new materials including semiconductor
microcrystals which have a high optical nonlinearity is im-
portant. So far, many authors have reported the quantum
size effects for excitons in semiconductor microcrystals.

Based on the classification made by Ekimov et al., the quan- .

tum size effects are classified into two categories: electron or
hole confinement and exciton confinement.' Hanarnura ex-
pects high optical nonlinearity for excitons in semiconductor
microcrystals where exciton confinement takes place.>* The
quantum size effect for excitons in CuCl microcrystals is a
typical example of exciton confinement. Therefore, excitons
in CuCl microcrystals are expected to give a high ¥ (the
third-order nonlinear susceptibility). The purpose of this
letter is to examine optical nonlinearity as a function of the
size of CuCl microcrystals by means of nonlinear absorp-
tion, and to examine Hanamura’s prediction.

Samples of CuCl microcrystals in NaCl host crystals are
grown from high quality, zone-refined CuCl and vacuum-
distilled NaCl. The transverse Bridgman method was used
for the growth followed by various heat treatments. The heat
treatment determines the size distribution of CuCl micro-
crystals. We determined the size of the CuCl microcrystals
by the absorption peak energy of Z, excitons at 77 K follow-
ing the method established by Itoh.* The molar fraction of
CuCl was determined by the inductively coupled plasma op-
tical emission spectroscopy. The spectroscopy analyzes che-
mically the concentration ratio of Cu and Na ions. The five
samples used in this study are listed in Table 1. For the trans-
mission experiments, samples were directly immersed in
bubble-free liquid nitrogen. We used an incandescent lamp
for the weak-limit absorption experiments and a dye laser
pumped by a nitrogen laser (600 kW, 10 ns) for the nonlin-
ear absorption experiments. A dye solution, BBQin dioxane,
was used as the active medium. The pulse duration was 7 ns
and the pulse energy was measured by using a pyroelectric
energy detector (Gentec, ED100A and ED-X). The size of
the excitation spot was measured under a microscope. The
transmitted laser light was detected directly by a photomul-
tiplier (Hamamatsu R453) with a calibrated set of neutral
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density filters. A boxcar integrator was used for averaging.

In the weak-limit absorption spectra, all the samples (1-
5) show clear absorption peaks ascribed to Z; and Z, , exci-
tons at 77 K. The absorption peak positions of Z; excitons of
samples 2, 3, 4, and 5 shift toward higher energies compared
with the Z; exciton energy of bulk CuCl. Itoh studied both
the Z, exciton energy and the size of CuCl microcrystals.
The size was measured by means of small-angle x-ray scat-
tering. On the basis of his study, the Z; exciton energy E,, is
best expressed by the formula

E,, =E,, (bulk) + (7A)*/[2M(a + 0.5a,,)*],

where E,, (bulk) means the Z, exciton energy of bulk CuCl
crystals, M( = 2.3m,) is the Z; exciton translational mass, a
is the average radius of CuCl microcrystals, and a,, ( = 0.68
nm) is the Z, exciton Bohr radius. The equation can give
values of 2 from the values of £, . Thus the average radii of
CuCl microcrystals in samples 2, 3, 4, and 5 as determined
are shown in Table 1. The shift of the Z; exciton absorption
peak in sample 1 is much smaller than the absorption
linewidth, so that the shift is not definitely obtained. There-
fore, the radius of CuCl microcrystals in sample 1 is judged
to be larger than 10 nm. -

In Fig. 1, nonlinear absorption spectra around Z, exci-
tons in CuCl microcrystals are shown. The absorption coef-
ficient @ is calculated by the formula a = —In(T)/Md,
where fis the volume fraction of CuCl in samples, d is sample
thickness, and T is the transmittance of the laser light inten-
sity. The absorption spectra under the lowest density laser
exciton almost agree with the weak-limit absorption spectra.
With the increase of the excitation density, the absorption
peak decreases prominently together with a blue shift. These
nonlinear absorption features are similar to those observed
in semiconductor quantum wells.3-* The excitation intensity

TABLEL List of samples. d is the sample thickness, /s the volume fraction
of CuCl in samples, and E,, is the Z, exciton energy at 77 K observed in the
absorption spectra. Size means the average radius of CuCl microcrystals.

Sample :
No. d(mm) N%) E,(eYV)atT7T K Size (nm)
1 0.44 0.12 3.219 »>10
~ 2 0.34 0.12 3.223 5.7
3 0.60 0.12 3.225 5.0
4 0.55 0.12 3.236 33
5 0.52 0.12 3.240 3.0

© 1988 American Institute of Physics 1527
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FIG. 1. Nonlinear absorption of Z, excitons in CuCl microcrystals in NaCl
host crystals (1, 3, and 4). The sample temperature is 77 K. The excitation
densities corresponding to various lines are shown in the inset table.

dependence of the absorption intensity is well described by
the absorption saturation formulaa =a,/(1 + 1/1,) + a,
(shown in Fig. 2), where @, and «, are fitting parameters
and [and [, are the laser light density and saturation density,
respectively. In Fig. 2, various symbols indicate experimen-
tal points and lines least-squares-fitted results. The experi-
mental points are well expressed by the formula exceptin the
highest power density region. The saturation density thus
obtained is plotted as a function of the size of the CuCl mi-
crocrystals in Fig. 3. Here, the CuCl microcrystals are as-
sumed to be spheres and the size means the radius of the
spheres, a.* Figure 3 shows that the saturation density de-
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FIG. 2. Absorption coefficient @ of Z, exciton absorption peak of samples
(Nos. 1-3) as a function of laser power density I. Symbols show experimen-
tal values. Lines are least-squares fitted results by the equation a = a../
(14 1/1,) + a,, where a, and a, are fitting parameters. Saturated density
isshown by /,.
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FIG. 3. Saturation density as a function of the average radius a of the CuCl
microcrystals. A solid line shows the a ~2* dependence.

creases with an increase of the size of the microcrystals. The
relation between I, and g is best expressed by I, < a~ %%, The
saturation density I, can be related to the third-order nonlin-
ear susceptibility ¥**', when we consider the low-density ex-
citation limit. The relation is written by

o Enacia, fd(a, + a,)
ol {1 —exp[ — (a, +ay)fd ]}’

where €, is the dielectric constant in vacuum, 7, the linear
refractive index, and ¢ the light velocity in vacuum.’ The
third-order nonlinear susceptibility y'» increases with the
increase of the size of CuCl microcrystals, because it is in-
versely proportional to 7,. The results almost agree with
Hanamura’s expectation of the a® dependence.

A more detailed analysis for sample 2 is shown in Fig. 4,
where we derive the experimental changes in the absorption
Aa(w) and the corresponding refractive index An(w). The
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FIG. 4. Absorption change Aa(w) = a(®, [) — a(w, 3.1X 107 ul/cm?)
and the corresponding refractive index An(w) for sample 2 (g = 5.7 nm)..
Dotted and solid lines show Aa(w) and An(w), respectively. The excitation

densities corresponding to a, b, ¢, and d are 11 800, 3430, 406, and 3.19 uJ/
em?, respectively.
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change in the refractive index An(e) is obtained by the
Kramers—Kronig transformation'’

An(w) = PJ' do’ Aa(m )

Practically, we used thc data of al(w, I)—a(w,
3.1x 1072 pJ/cm?) for Aa(w). The change in the refractive
index An(w) is 4.0 X 10~ under an excitation density of 3.2
pI/cm? (0.46 kW/cm?) and increases to 1.4X 10~ under
an excitation density of 11.8 mJ/ecm? (1.7 MW/cm?). The
‘obtained An(w) is larger than that observed in bulk CuCl by
two orders of magnitude.'! Figure 3 indicates that the satu-
ration densities for samples 1 and 2 are 1.9 uJ/cm? (270 W/
cm?) and 2.9 uJ/cm?® (420 W/cm?), respectively. The satu-
ration density is smaller than that reported in GaAs quan-
tum wells,”!? indicating larger optical nonlinearity.

In conclusion, we experimentally demonstrated optical
nonlinearity as a function of the size of CuCl microcrystals
for the first time. Optical nonlinearity increases with an in-
crease of the size of CuCl microcrystals. The observed non-
linearities are very high compared with those in bulk CuCl
crystals and GaAs quantum wells. With a further increase of
the size of CuCl microcrystals, a reduction of optical nonlin-
earity is expected. Testing the validity of this statement is
necessary for a complete understanding of the optical non-
linearity due to excitons in CuCl microcrystals and remains
to be studied in the future.
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Abstract

The competition between tunneling (vertical transport) and relaxation

(exciton formation) of photo-generated carriers in GaAs-Al G

0.2953. 7148

quantum wells in an electric field has been studied by using population
mixing and time-correlated single photon counting' technigues. In this
study, a concept of a non-geminate exciton (NGE), which is made from a pair
of an electron and a hole excited by different photons, is introduced to
explain the experimental results. The nonlinear luminescence and photocur-
rent signals are qualitatively explained in terms of the competition belween
tunneling and relaxation. Furthermore, the heavy exciton luminescence shows
two exponential decays when the electric field is 10~29kV/cm. The slow
component is ascribed to the luminescence of NGE formed as a result of
competition between tunneling and relaxation. Under the resonant electric

field Fr=29kV/cm, where the electron sequential resonant tunneling occurs,

the slow component diminishes because of increase of the electron tunneling

rate.



The study of semiconductor quantum well structures under the electric
field lies in one of the most attractive interdisciplinary fields of fun-
damental physics and application. Many interesting phenomena have been

discovered concerning resonant tunnelingl-IO). In particular, relaxation

and tunneling of photogenerated carriers in the semiconductor quantum wells
are interesting and attractive in terms of the optical spectroscopy, because
we can give artificially a variety of circumstances to photogenerated car-
riers by designing the semiconductor microstructures. In this work, we
present the results of the study to reveal the competition between tunneling
(vertical transport) and relaxation (exciton formation) . of the
photogenerated carriers. In the presence of the electric field along the
quantum wells, some photo-generated electron-hole pairs are dissolved and
fall into different wells. Then, some of them form excitons, while others
move fu}ther to the next wells. The'competition and the dynamical aspects
of the above-mentioned processes are open problems and should be clarified.
In this paper, we tried to solve the problems by means of population

mixing11'12) and time-correlated single photon counting techniques.

In the experiments, photoexcited GaAs—Al0 29Gao 71As semiconductor

quantum wells were studied in an electiric field along the quantum well

growth (z direction) at 4.2K. Samples are GaAs-AlO 29Ga0 71As quantum wells

(100 alternate periods of 12nm-GaAs wells and 5.8nm—Al0 ,gGaO 7lAs barriers)

embedded in the pin diode structure grown by molecular beam epitaxy.

For the photo-excitation source, a 7ps cavity-dumped dye laser

synchronously pumped by a mode-locked Kr+ laser was used. The excitation
photon energy was 1.76eV which exciles Llhe GaAs wells selectively.

Population mixing technique was adopted to study the heavy exciton



phololuminescence ([PL) and the photocurrent (IPC) as a function of the

external electric voltage (Ve ). The technique is suitable to detect the

xt
small nonlinearity in the photoluminescence and the photocurrent. Two

equally split laser beams were chopped at different frequencies, ml and @,

By wusing an optical delay, both the laser beams were adjusted to hit the
sample simultaneously. By wusing the lock-in technique, photoluminescence

and photocurrent modulated at Ql' 02, wl+02 and ml-wz frequencies . were

analyzed. In the population mixing experiment, the spectrally integrated
intensity of the exciton luminescence was detected by using color fillers
and a photomultiplier (HAMAMATSU R1477). In the time-corrélated single
photon counting experiment, the exciton luminescence peak was temporally
analyzed with spectral width of about 0.2nm.

Here we introduce a conéept of non-geminate exciton (NGE) to interpret
the nonlinearity in photoluminescence and photocurrent. Under sufficiently
low density excitation, an exciton is formed from a geminatg electron-hole
pair which is generated by a single photon. The population of such geminate

exciton (GE) 1is modulated at f{frequencies wl and mz‘in our experimental

condition. On the other hand, an exciton can be formed from a non-geminate
pairr of an electron and a hole which are generated by different photons, if
pair dissociation or exciton mutual <collision is present. We call this

exciton non-geminate exciton (NGE). The NGE formation gives wl+02 and ml-wz

components as well as wl and 02 components to photoluminescence and

photocurrentla). In other words, by measuring the m1+m2 or @ -w2 component,

1

we can detect the NGE signal selectively, because the m1+m2 and ml—mz com-

ponent sensitively reflect the nonlinearity.



The detection of the population mixing components gives us the
knowledge about the competition between tunneling and relaxétion, as
described below. When an electron-hole pair is dissolved from an exciton by
the electric field, it undergoes two processes, NGE formation énd tunneling.

Then, the NGE photoluminescence intensity (lgﬁE) is expressed by the branch-

ing ratios of two processes, and described by

1 NGE, Ut n 1
PL 1/rt+1/rf e '

where l/rf, 1/1't and ne denote the NGE formation rate, lhe-electron tunnel-

ing rate and the photo-excited electron density, respectively. The NGE

formation rate 1/1‘f is considered to be proportfonal to .the hole density, so

that l/ff is proportional ta the excitation density, Iex' On the other

hand, l/ft depends on the electric field, but not on the excitation density.

Therefore, one obtains

NGE
IPL o Iex (1/‘rt « lltf) s (2. a):

2
Iex (1/‘rt » 1/Tf) . (2. b)

Intuitive explanation of power dependence is as follows. 'Supposing the

inequality 1/1t 144 1/1f holds, almost all photo-generated carriers form

excitons. Therefore, IgEE is proportional to the exciiation density. On



the contrary, if the inequality 1/rt>>1/rf holds, the photu-generated car-

riers are likely to go to the tunneling process. Therefore, I?EE is

proportional to the square of the excitation density. In order to vary 1/1'f

artificially, we changed the overlap of two beams as well as the excitation

density.14) The measurements were performed under three excitation condi-

tions described below.

(1) The excitalion pulse repetition frequency is 4MHz, and spot centers of
two laser beams are spacially away from each other by about 300um.

(2) The excitation pulse repetition {requency is 4MHz, and two laser beam
spots are completely overlapped.

(3) The excitation pulse repetition frequency is 41MHz, and lwo laser beam

spots are completely overlapped.

In all cases, the spot size was about 150um in diameter. The spol size and
the beam overlap configuration were carefully checked by using the
stereomicroscope.

Figures 1 and 2 show the results under the excitation conditions, (1)
and ' (2), respectively. Here, the electric field, F, estimated by the Stark
shift of the heavy exciton luminescence peak is shown as the uppermost

2,58)

scale. Photoluminescence spectra were the same that already reported in

ref 5. The top parts in Figs. 1 and 2 show 01 components of IPL and IPC vs.

vext' Two step-like changes are observed in the curves of IPL and IPC'

The step-like changes, B (F=28kV/cm) and A (F=8kV/cm), are identified to be
electron sequential resonant tunneling and exciton dissociation followed by

,6)

electron tunneling, respectively.3 Between two step-like changes there



is a plateau. With the increase of the excitation density, IPL increases
supralinearly, while IPc increases sublinearly at the plateau region. Here,

we note that the nonlinearity for the excitation density is observed in the
common electric field. Therefore, the nonlinearity can not be explained in

terms of the field screening!®. 1f a constant multiplies [p, 50 as to

equalize the IPL maximum value to the lPC maximum value, the sum of both

signals is almost independent of Vext' as shown in Figs. 1 and 2. This

means that photocurrent hehaves as a complement of photuluminescence.’)
Taking account of the absorption and reflection of incident light at the cap
layer, the carrier number excited in all the quantum wells is estimated to

pe 2 x 1013 s71 in the case of right-hand side of Fig. 2. The value cor-

responds to 3uA. This agrees wilh the measured IPC maximum within an order

of magnitude. This means that almost all the photo-generated carriers
contribute to photoluminescence or photocurrent.

The middle parts of Figs. 1 and 2 show the w +w, component of I

172 PL’

Prominent structures C and D are seen in the w1+w2 spectra in both Figs. 1

and 2. A structure E is seen in Fig. 2, while not in Fig. 1. 1In the ex-

citation condition (3), the 01+m2 spectra of IPL are almost the same as

those in the excitation condition (2). As already reported, the ml+w2

component of [ has almost the same profile with I

PC because the increase

PL’

of photoluminescence corresponds to decrease of photocurrent in the wl+w2

component.7) By moving the optical delay, we can obtain the temporal

information about the m1+m2 component. The ml+u2 components of lPL and lPC

were found to change little within 3ns of the pulse separation.



Excitation density dependences of structures, C, D and E, are different
from one another. They depend on the excitalion conditions. In the excita-
tion condition (1), the intensity of C was found to be almost proportional

27

to Iex’ and that of D was found to be almest proportional to Kex .

asymptotic expressions in eq. (2) hold for C and D, respectively. 1n the
excitation condition (2), on the other hand, the excitation density depend-
ences of each structures afe more complicated, and do not follow the simple
power law. The excitation density dependence of structures, C, D and E, in
turn grows stronger. In the excitation condition (3), the intensities of C

and D are found to be almost proportional to [ex' The excitation density

dependence of E is similar to that in the excitation condition (2).

The electron tunneling rate l/ft is estimated by using double barrier

15,16)

transmission coefficient (Tb) in WKB approximation Here we neglect

the hole tunneling, because hole effective mass 1is much heavier than

electron effective mass. We use the formula_l/rt=vab/2Lz, where ZLZ/VZ

corresponds to the classical period of the electron motion in the gquantum

well, vz to the 2z component of the electron velocity and Lz to the well

width. The result 1is shown in the bottom parts of Figs. 1 and 2 for each
case. In the calculation, we used the following assumptions. We used the
57:43 band gap split, corresponding to the conduction-band discontinuity of
206meY. We assumed the input electron Kinelic energy as 55meY in order to

fit the calculated value of resonant electric field to the experimental

ane.

On the other hand, to estimate the NGE formation rate 1/t we use two-

f,

dimensional collision model for rigid disk. An electron tunneling to the



next well moves along the layer, collides with a hole and forms the NGE. 1In

this model the NGE fo;mation rate is expressed by

vV, =V -V , (3)

where aB and ve (vh) denote the exciton Bohr radius (=13.6nm) and electron

(hole) velocity, respectively. 1In the equation, the hole density is assumed
to be equal to the electron density. 1f the electron-hole system is in

thermal equilibrium with lattices, vi (i=e,h) corresponds to thermal

velocity. In the presence of electric field, however, the carrier system is

1/2

’

considered to be hot and vy is assumed to be represented by (ZeFd/mi)

where d and mi (i=e,h) denote one period of superlattices and effective mass

(me=0.067mo for an electron and mh=0.34m0 for a heavy hole), respectively.g)

This assumption 1is wrong if the NGE formation rate is smaller than hot
carrier cooling rate. However, the upper limit of the NGE formalion rate is
estimated in this way.

In.the excitation condition (1), two beams are spacially away from each

other, so that the NGE formation rate 1/1'f is considered to be slower than

that in excitation condition (2). In this case, the NGE formation rate

observed in the ml+m2 component is estimated by using the carrier density at

the center position of two beams in the excitation condition (1). We as-
sumed spatial carrier distribution to have a Gaussian profile, because the

laser beam has a Gaussian profile.



In the excitation condition (1), the carrier density contributing lo

the w1+w2 component is small enough, so that the NGE formalion rate is

slower than the tunneling rate, as shown in bottom part of Fig. 1. Then,
the eq.(2. b) holds around the structure D. In the excitation condiltioen

(2), the carrier density contributing to Lhe wl+mz component is large

enough, so that the NGE formation rate is comparable with the tunneling rate
under low density excitation and faster than thg tunneling rate under high
density excitation, except for the case around the resonant tunneling.
Then, the eq. (2. b) no longer holds around the structure D. In the resonant
tunneling case the NGE is not formed as a result of the resonant enhancement
of eleciron tunneling rate. Thérefore the dip between D and E in Fig. 2
arises.

In the excitation condition (3), the carrier density excited by one
pulsei is smaller than the excitation condition (1) and (2), but temporal as
well as spatial overlap of two beams was good, because the excitation pulse
repetition rate 1is more than ten times  larger than ‘that in other two
conditions. Then, NGE is formed from an electron (a hole) generated by a
pulse and a hole (an eléctron) generated by the next pulse, so that the NGE

formation rate 1/1‘f is considered to be faster than electron tunneling ratle
l/rt when the electric field is below 28kV/cm. Therefore, the intensities
of C and D are proportional to Iex in the case of condition (3), following

the eq. (2. a).
When the excitation density is high enough, the slructure E is observed

in the “1 and ol+mz components (see the right part of Fig. 2). This means

that the NGE formation rate is faster than the tunneling rate at F=42kV/cm,
as expected from the calculated results (see the bottom parts of Figs. 1 and

2.). Therefore, some NGE's are formed at F=42kV/cm, and the structure B in



the ml component has a peak shape in the high density excitation. Under low

density excitation the NGE formation rate is much slower than the tunneling
rate, so that the structure E is not observed.

Ye note' that the NGE formation gives 01 and 02 components to IPL and

[PC 13)‘ In order to see this feature, we define the critical electric

field Fc at which the wl components of IPL and IPC are equa¥ to each other.
The critical field FC depends on the excited carrier density, as shown in
Fig. 3. With the increase of the excited carrier density, FC increases like
a step. The wl components of IPL and IPC at Fc were found to be propor-

tional to the excitation density, independent of the excitation conditions.

At the critical field Fc. the electron tunneling process equilibrates

with the exciton formation process, so that the ratio of the electron tun-
neiing rate to the exciton formation rate i; considered to be constant.

Therefore, i; is reasonable that @1 components of IPL and IPC at Fc are

proportional to the excitation density, as is expected from eq. (1). The

increase of Fc as well as supralinearity of IPL for the excitation density

is  explained by the formation of NGE. When the excitation density is low,
the NGE formation 1is small. Then, it is considered that the once formed
excitons do not dissociate and go through radiative recombination at about
10kY/cm. On the other hand, the higher the excitation density, the faster
the NGE formation. Therefore, the high field is required in order to equail-
ize the carrier number contributing to photocurrent to that contributing to

photoluminescence. The 1reason why the Fc does not increase beyond 20kV/cm

is ascribed to the resonant enhancement of I/TL‘



So far, we have seen the results of population mixing experiment in
terms of Lhe NGE model, but anvther possibility yielding the population
mixing component exists. [t 1is the field screening effect by the photo-
excited carriers. If the slight electric field gifference between under

irradiation of two beams and under that of one beam exists, the difference

dI

L
m IF SF

is reflected in Lhe population mixing component as differential for
(P=PL,PC). Here, F denotes the electric field and 6F denotes the field
difference, respectively. The field difference was estimated experimentally
and quantitatively. As a result, it was found to be smaller than that of
our detection limit which is about 1kV/cm. Thus we omit the possibility.
Anyway, it is impossible to explain our results qualitatively and systemati-
cally in terms of ihe field screening.

Figure 4  shows the results of time-resolved heavy exciton
photoluminescence.T) It was obtained in the excitation condition (2). When
the eleqtric field F is between 10kV/cm and 29 kV/cm, the temporal change of
the heavy exciton luminescence consists of two decay components. The fast
one decays in several.hundred picosecond, and the slow one in several ten
nanosecond, depending on the electric field and excitation density. The
slow component is considered to be ascribed to the luminescence of the NGE's
formed as a result of the repetitions of exciton dissociation, electron

tunneling and exciton formation. In fact, in the flat band condition

(Vext=1.610.2V) the slow component is not seen. The results are consistent

with those of Ltime resolved population mixing experiment. Because of the

slow decay constant of NGE's, population mixing components of IPL and IPC

change little within 3ns. At the resonant field of Fr=2.9x10“V/cm. where

the electron sequential rcsonanl‘tunnelkng occurs, the slow decay component



diminishes. This is because electron tunneling rate is fast enough not to
form NGE as expected from the calculation shown in bottom parts of Figs. 1
and 2. The same phenomena were also observed consistently in the same

sample by the time-resolved photocurrent measurement.a) Above Fr’ the

single long decay component is observed only under high density excitation.
{n this condition the NGE luminescence alone is observed, because the NGE
formation rate is faster than the tunneling rate. On the other hand, under

the low density excitation the exciton luminescence is not seen above Fr.

This is because the NGE formation rate is much slower than the tunneling
rate. These time-resolved results are consistent with the results obtained
by the population mixing spectroscopy.

In summary, we investigated the competition between tunneling and

relaxation of photogenerated carriers in GaAs-Al0 29Gao 71As mul ti-quantum-

wells in a perpendicular electric field by using population_mixing and time-
correlated single photon counting. We introduce the concept of non-geminate
exciton (NGE) to explain the results. The NGE gives the slow decay com-
ponent to the heavy exciton luminescence. The slow decay component
diminishés at the condition of the sequential resonant tunneling because the
electron tunneling rate is overwhelmingiy faster than the exciton formation
rate, The change of population mixing component as a function of the ex-
citation density is explained in terms of the competition between tunneling
and relaxation. The time-resolved results are also explained consistently
in terms of the competition between tunneling and relaxation.
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Figure Captions

Fig. 1. Heavy exciton luminescence intensity and photocurrent observed in

GaAs-Al0 ZQGao 71As superlattices as a function of external electric voltage

in the excitation condition (1) (4MHz, bad overlap) described in the text.

The upper parts represent ., component of IPL (broken line), I

1 (solid

PC

line) and (IPL +IPC)/2 (dotted line). The middle parts represent w, +w

172

component of IPL' The bottom part is the calculated result of the NGE

formation rate 1/1‘f and the tunneling rate l/Tt. Dotted and broken lines

show 1/‘rf at 26mW/cm2 and 330m¥l/cm2 excitation, respectively. The solid

line shows llrt.

Fig. 2. Heavy exciton luminescence intensity and photocurrent observed in

GaAs-Alo 29630 71As superlattices as a function of external electric voltage

in the excitation condition (2) (4MHz, good overlap) described in the text.

The upper parts represent wl component of IPL (broken line), I (solid

PC

line) and (IPL+IPC)/2 (dotted line). The middle parts represent o +w

12

component of IPL' The bottom part is the calculated result of of the NGE
formation rate l/rf and the tunneling rate I/Tt' Dotted and broken lines

2

show l/'rf at 7.7mW/cm” and 120mW/cm2 excitation, respectively. The solid

line shows l/Tt‘

Fig. 3. Critical field Fc vs. the excited carrier density. Closed circles

correspond to the excitation condition (1) (4MHz, bad overlap), open circles



to the excitation condition (2) (4MHz, good overlaﬁ), and closed squares to

the excitation condition (3) (41MHz, good overlap), respectively.

Fig. 4. Temporal profile of the heavy exciton luminescence obtained by
time-correlated single photon counting. The estimated electric fields in
the MQW are 0, 22, 28, 42kV/cm for the applied voltages of 1.4, -3.2, -6.1,

-8.8V, respectively.
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Interlayer T-X scattering in staggered-alignment Al; ;4Gag ggAs-AlAs

ternary alloy multi-quantum-well structures

Yasuaki Masumoto, Tomobumi Mishina, Fumio Sasaki and Mitsuhiro Adachi

Institute of Physics, University of Tsukuba, Tsukuba, Ibaraki 305, Japan

Abstract

The interlayer I-X scattering rate of photoexcited electrons was measured
in staggered-alignment Al, 3,637 ggAS-AlAs ternary alloy multi-quantum-well
structures for the first time. The scattering process was directly probed by
the femtosecond pump-and-probe spectroscopy. The mean I-X scattering time of
electrons across the interface between A10.34Ga0_66As layers and AlAs layers at
4.2K is determined to be 1.2 ps, which is 20 times slower than that observed in
bulk GaAs at 295K. The slowing mechanism is ascribed to the small penetration

of the evanescent. I electrons into the AlAs barrier layers.



The recent femtosecond spectroscopy has opéngd the possibility to explore
the ultrafast relaxation processes of photoexcited carriers in semiconductors.
Especially, ultrafast intervalley scattering of_photoexcited electrons ih bulk
semiconductors, GaAs and Al,Ga;_,As, was invgstigated by the state-of-the-art
laser technology.1'4) One of the next targets of the ultrafast laser technology

is to extend its versatility to a variety of materials and to explore new
physics. In this work, we investigated the interlayer I'-X scattering processes
of electrons in staggered-alignment Alg 44Gag ggAS-AlAs ternéry alloy multi—l
quantum—well structures. Id Aleal_xAs-AlAs ternary alloy multi-quantum-well
- structures, T electron state in the Aleal_xAs well layer crosses X electron
state in the AlAs layer at a certain value of x.5'8) When the Aleal_xAs layer
thickness is 10nm, the crossover was expected to occur at the Al composition of
'0‘2 and was verified experimentally.s) Around the I'-X crossover, the interlayer
I-X scattering processes are expected to ocecur. Thereque, we can study
dynamically the interlayer I'-X scattering processes of electrons, by measuring
the temporal change of the number of photogenerated Tr-electrons in Aleal_xAs
layers around I'-X crossover. |
In this work, two samples were investigated. One is 100 alternate layers
of 11.8 nm Aly ;,Gay ggAs and 4.2 nm AlAs. The other is 100 alternate layers of
9.2 nm Aly 34Gag ggAS and 2.7 nm AlAs. The luminescence and nonlinear
absorption §tudy of them were already reported by one of us. The study informed
us the band offset ratio and the relevant energy levels for our samples. Energy
level diagrams corresponding to two samples are schema;ically shown in Fig.1.
Two samples are representatives situated at both the sides of the interlayer r-x

crossover. In - the sample Alo.lzcao.BBAs-AlAs, the I' electron state in the

Al 19Gag ggAs layer is lower than the X, L and [ electron states in the AlAs



layer. The sample is nested aligmment, type I, multi-quantum-well structures.
In the A10.34Ga0.56As—AlAs sample, on the other hand, the X electron state in
the AlAs layer is lower than the I electron state in the Alo_34Gao.56As layer.
The sample is staggered alignment, staggered type II, multi-quantum-well
structures. Comparing two samples, the additional relaxation path, the
interlayer transfer of T electron in the Alo.34Ga0.66As layer to the X state in
the AlAs layer, is expected for the electrons at the bottom of the wells in the
sample Al, 34Gag ggAs-AlAs  but not in the sample Al 19Gag gghs-AlAs.
Therefore, our experiments are motivated to clarify the difference in dynamics
of photoexcited electrons in two samples and the mechanism of the interlayer r-X
intervalley scattering.

Samples directly immersed in 1liquid helium were investigated. The
experiment was performed using femtosecond pump and probe spectrometer developed
by us. The laser system was composed of a CW mode-locked Nd3+:YAG laser, the
first-stage pulse compressor, a second harmonic generator, a synchronously
pumped cavity-dumped dye laser, the second-stage pulse compressor and a dye
amplifier pumped by a Q-switched Na3*: YAG laser. The power of the laser pulses
(583 nm) was 400 pJ with the pulse duration of 260 fs, which easily generates
white continuum pulses. Pump and probe experiments were performed by using 583
nm pump pulses going through an optical delay and the white continuum pulses.
Pump pulses (583 nm) hitted the sample with the power density of 700 pJ/cmZ.
The white continuum probe pulses transmitted through the center of the pumped
region of the sample were spectrally analyzed by a 25 cm monochromator, an
optical multi-channel analyzer and a computer. The temporal change of the

absorption was observed by the monochromator, a photomultiplier and a Boxcar



integrator with the variation of the optical delay controlled by the computer.
In the inset of Figs. 2 and 3, the absorption spectra around the lowest energy
exciton resonance (I-T, n=1) are shown. As is shown, the exciton structure is
clearly observed without the pump. However, the structure is bleached under the
pump. The temporal change of the absorption coefficient Az around the lowest
energy exciton resonance for two samples are plotted in Figs. 2 and 3,
respectively. In the sample Alo_IZGaO.BSAs—AlAs, Ao decreases at a time
constant of 1.7 ps, and then is kept constant. In the sample A10_34Gao_66As—
AlAs, on the other hand, Ac drops at a rise time of 1.2 ps, and then increases
at a decay time of 1.2 ps with a successive constant tail. The constant tail
remains untill 400ps. The fitting is a convoluted result with the convolution
of squares of sech functions, where the half width of the convolution is 400 fs.

4)

This observation is similar to the results by Becker et al., if the time scale
of their result is expanded by about two orders of magnitude.

Here, we must note the mechanism of the exciton bleaching and what the
bleaching intensity stands for. In our experimental situation, the band-to-band
excitation at 4.2K, the exciton bleaching is considered to occur as a result of

the phase-space filling and exchange effects.g’lo)

Therefore, the bleaching
intensity is mostly proportional to the I electron population at the bottom of
the well.

In the sample A10‘34Gao.55As—A1As, the T electron state in A10_34Gao.56As
is higher than the X electron state in AlAs by 100 meV. Therefore the
interlayer transfer of the I electrons in the A10_34Ga0_66As layer to the X
electron state in the AlAs layer is possible. We estimated the interlayer

relaxation rate by the penetration of the I electron wavefunction to the AlAs

layer and the I'-X scattering rate of electrons in AlAs, as shown in the next



paragraph. Fortunately, the I-X phonon scattering rate of electrons in GaAs has
been a current target of the state-of-the-art ultrafast laser spectroscopy.1'4)
The mean TI'-X scattering time of electrons in GaAs was measured to be 55 fs at
4)

295 K by the femtosecond pump and probe spectroscopy. The time almost agrees

with the calculated one on the model of the intervalley scattering with the

emission and absorption of optical phonons.l)

The scattering rate is governed
by the deformation potential. Because the deformation potential of AlAs is not
known, the r-X scattering rate of electrons in AlAs is assumed to be equal to
that in GaAs.ll)

To interprete our observation, we estimated the interlayer [-X transfer
rate by the simplest method described below. The penetration of the I' electron

wavefunction to the AlAs layer is estimated by the envelope function

approximation of Bastard.lz) We solved the effective mass equation
[-1292/2m* (2)-E-V(2)1F(z)=0,

where 2z 1is the the direction of superlattice growth, F(z) is the envelope
function, V(z) the potential profile and m*(z) the electron effective mass. The
boundary conditions are given by the continuity of both F(z) and l/m*(z)(aFlaz).
Numerical calculations for Alg 34Gay ggAS-AlAs were carried out with the
following parameters, the electron effective mass in Al, 34Gap ggAs 0.095 mg,
that in AlAs 0.15 mg, the potential energy gap 0.783 eV and the well width 9.2
nm.8’11'13) The potential energy gaps for our samples were determined. by the
band offset ratio of 0.66:0.34 obtained experimentally.s) The calculated

result is shown in Fig.4. The penetration probability of the I electrons, that

is the square of the evanescent I wavefunction in the AlAs layer is estimated



to be 0.68% of the total. The interlayer r-X scattering rate is estimated by
the T-X scattering rate in AlAs divided by the probability of the I electron
wavefunction in AlAs. Thus the mean interlayer TI -X scattering time is
estimated to be 4.9 ps by dividing 55 fs by 0.0068 and the ratio of the phonon
factor [2N(295)+1]/[2N(4.2)+1] = 1.66, where N(T) is the longitudinal optiecal
phonon occupation number at temperature T. The observed decay time of the
exciton population agrees with the estimation within an order of magnitude.
Although the envelope function approximation is simplest, we believe that it
well discribes the real situation at the interface. The more sophisticated
calculation, for example, that on the basis of the interface matrix approach or
the interface roughness scattering approach may be useful for the better
understanding of the interlayer [ -X intervalley scattering.14'15)

Comparing our results with those by the preceding authors who investigated
the wultrafast intervalley scattering1'4), we can fully understand the rise as
well as decay of the exciton bleaching in two samples. In the sample
Alo_lzGao_ssAs—AlAs, the X and L electron states in Alo‘lzGao.esAs are higher
than the T electron state in Alg 12Gag ggAs by 0.34 eV and 0.21 eV,
respectively. The X electron state in AlAs is higher than the T electron state
in Aly 19Gag ggAs by 0.06 eV. The pump laser energy is 2.12 eV which is higher
than the X electron state in Aly {2Gag ggAs by 0.1 eV. Therefore, the electron-
electron scattering, Frohlich-type LO phonon scattering, I-X, I'-L, -X-T and T-
L-T  intervalley scattering take place frequently in the Al, ;,Ga, ggAs layer.
The intervalley scattering mechanism works to slow down the cooling of lelectron
temperature. Because the exciton bleaching is proportinal to the [ electron
population at the bottom of the well, the rise of the exciton bleaching at a

time constant of 1.7 ps is understood consistently with the results by Shah et



313)_ Then, the electron population slowly decreases as a result of the
competiton between the electron cooling and the radiative and nonradiative
annihilations. In the sample Aly 34Gay ggAs-AlAs, on the other hand, the X
electron state in AlAs is lower than the T' electron state in Al 34625 ggAs by
0.12 eV. The X and L electron states in the Aly g4Gag ggAS layer is higher than
the T electron state in the Aly 3,Gap ggAS layer by 0.111 eV and 0.078 eV,
respectively. The pump laser is higher than the I, L and X states in
A10_34Ga0.56As layer. Therefore the intervalley scattering also  works.
However, the additional decay channel of the electron population, interlayer T-
X scattering, arises. This additional decay process contributes the 1.2 ps
decay of the electron population at the bottom of the well. The slow tail part
comes from the cooling of electron system.

In summary, we observed the interlayer I'-X scattering of electrons for the
first time. The interlayer [-X scattering time was determined to be 1.2 ps by
the femtosecond pump and probe experiments. The scattering rate is explained by
taking account of the TI-X intervalley scattering rate and the penetration of
the T electron wavefunction into AlAs layers.
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Figure Captions

Fig.1l Schematic energy diagrams for two samples, type I Alg 12G3g ggAs-AlAs and

staggered type II Alo_34Ga0_66As—AlAs.

Fig.2 Temporal change of the absorption change of the lowest heavy excitons
denoted by an arrow in the Alo.lzGao.asAs-AlAs sample. The dashed line shows
the fitting by 1 - exp(- t/t;) convoluted by the convolution of the laser pulse
shape, where t, = 1.7 ps. In the inset the absorption spectra with and without

pump pulses are shown, by dashed and solid lines, respectively.

Fig.3 Temporal change of the absorption change of the lowest heavy excitons
denoted by an arrow in the Alo_34Gao_66As—A1As sample. The dashed 1line shows
the fitting by ([1 - exp( -t/ v )]-[exp(- t/14) + c] convoluted by the
convolution of the laser pulse shape, where Tp=1.2ps, Ty = 1.2 ps and ¢ =
0.29. In the inset the absorption spectra with and without pump pulses are

shown, by dashed and solid lines.

Fig.4 Square of the I' electron wavefunction in Alo_34Gao.66As—AlAs calculated

by the envelope function approximation.
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Pulse distortion in GaAs quantum wells studied

by light gating technique

Mitsuhiro Adachi and Yasuaki Masumoto

Institute of Physics, University of Tsukuba

Tsukuba, Ibaraki 305, Japan

Abstract

The pulse distortion in GaAs quantum wells was studied by means of light
gating technique. 1In the experiment, we used the incoherent picosecond pulse to
observe accurately the changes of the coherent spike and its surrounding envelope.
The experimental results clearly showed that the pulse is not anomalously delayed
but is strongly distorted around the exciton resonance. We also compared the
results with the computational simulation baséd on the absorption saturation
mechanism: The simulated results well agreed with experimental results. The
simulation showed that the recovery time of the exciton saturation is 90 ps around
the tail part of the exciton absorption. We also observed the reduction of the

- coherent -spike around ‘the exciton-resonance. Theoretical calculation indicates

that the coherent propagation effect in the linear absorber causes the reduction

of the coherent spike.



§ 1. Introduction

There are many interesting phenomena in the physics of pulse propagation in
the condensed matter. Especially, associated with the excitons in semiconductors,
pulse distortion is expected to occur as a result of the exciton polariton effect
or the nonlinear optical effect such as the hole burning. In the case of bulk
semiconductors, time-of-flight measurements have shown large pulse delay due to
the polariton effect!?, On the other hand in the case of the two~dimensional GaAs
multi-quantum-wells, excitons is épatially confined in a direction perpendicular
to the iayers, and the wavevector normal to the layers is quantized. Therefore
it is not possible to expect polariton effect in a direction perpendicular to
the layers. Instead, the nonlinear optical effect is important in excitons in
semiconductor quantum _wells. _Hegarty investigated the phenomena, but only
crudely.

In this study, we used the incoherent picosecond pulse to observe the pulse
propagation in GaAs quantum wells around the exciton resonance. ‘The propagated
pulses were measured by correlating with incident pulses in the nonlinear crystal.
The experiment clearly demonstrates the distortion of both the pulse shape and
the coherent spike. We discuss pulse distortion due to the absorption saturation
and reduction of the coherent spike due to the coherent propagation effect in

sections 2 and 3, respectively.

§ 2. Experimental procedures



“The ‘sample -applied -in this-experiment-was grown by the molecular beam epitaxy
(MBE) on a GaAs substrate and consists of 200 alternate periods of the GaAs layer
43 X thick and the AlAs layer 62 A thick. A vindow was etched in the GaAs
substrate to allow passage of the laser beam. The 4 MHz laser pulses were obtained
from a cavity dumped LD700 dye laser synchronously pumped by a mode—lockeci Kr*
laser. In order to generate optimum incoherent laser pulses, the real time
autocorrelator was used to monitor the laser pulses.

The weak-limit absorption spectrum of the sample at 2.1K and three laser
spectra used are shown in Fig.1. The absorption peak at low energy part shows
the lowest 1s heavy exciton, and that at high energy part fepresents 1s light
exciton. The absorption spectrum o% the heavy exciton is centered at 1.683 eV
and has an inhomogeneous linewidth of 10 meV due to the fluctuations of the layer
thickness. The spectral width of laser pulses were 2.9 meV.

The schematic experimental diagram is shown in Fig.2. The output laser beam
was separated into two beams by a 50%-50% beam splitter.‘ One beam passed through
. an optical delay was continuously attenuated by a neutral density filter and wa§
focused on the sample in the cryostat. Tﬁe spot size of the laser beam on the
sample surface was about 150 pm in diameter. The power density of the laser was
continuously varied by the variable neutral density filter. Another beam was bent
by the mirrors-to be mixed with the beam propagated through the sample in an RDP
crystal. The correlation profile between these two beams was observed by the
noncollinear second-harmonic generation. The second-harmonic light was detected
by a photomultiplier associated with the monochromator whose resolution is
adjusted tobe 1 A. The signal was amplified by a lock-in amplifier and processed
by a computer. The optical delay was controlled with an accuracy of 10 um by
the same computer. Thus the intensity of the second harmonic light was measured

as a function of the delay time. For the purpose to measure the coherent spike



with the uppermost -time.resolution, we adopted the electronic micrometer (Feinpriif
Millitron 1202IC and 1300) for the control of the optical delay. The computer
synchronized the pulse motor stepping with the output of the electronic micrometer
which can detect the spatial separation down to 0.2 pm. Thus, the intensity of
the coherent spike was investigated as a function of the optical delay with the

enough time resolution and accuracy.

§ 3. Effect of absorption saturation

The autocorrelation traces of the laser pulse, represented by the dashed
lines in Fig.3, consist of the sharp central component, that is a so-called
coherent spike whose correlation width is 520 fs, and a symmetrically broad
correlation background envelope whose correlation width is 19 ps. The incoherent
laser pulses which give the autocorrelation traces in Fig.3 are easily generated
by adjusting a dye laser cavity. The broad correlation envelope is close to a
Lorentzian function.

The crosscorrelation traces of the laser pulses, represented by solid lines
in Fig.3, consist of the broad asymmetric correlation envelope and the coherent
spike. The crosscorrelation shows pulse distortion. The leading edge of the
pulses was strongly absorbed, while the trailing edge was absorbed little. The
pulse distortion decreases when the excitation power density decreases to
~10"® J/cm® - pulse (Fig.3(c)) or increases to ~107® J/cm?- pulse (Fig.3(a)) or when
the excitation photon energy increases. The pulse distortion completely
disappeared when the excitation photon energy of the laser is located at the
transparent energy region below the exciton resonance. These experimental results

are understood in terms of the absorption saturation of exciton states in GaAs



quantum wells, as described below.

The shift of the coherent spike is constant to be 30 fs and does not depend
on both the excitation photon energy and the excitation power density. The shift
of the coherent spike comes from the linear refractive index of the sample 2.1
pm thick and the thin epoxy layer. The fact indicates that there is not any
detectable anomalous dispersion due to exciton. Therefore the coherent spike is
regarded as the zero time standard so that the peak delay of the base correlation
trace could be accurately decided regardless of the long term drift.
Crosscorrelation traces in Fig.3 are displayed by setting the coherent spike to
the zero time standard. Further, for the reliable determination of the peak
delay, the base correlation trace was fitted by an asymmetric Lorentzian function
F(t) in the way of least-squares

) - ahte, (1)
vhere a,b and c are fitting parameters. The peak delay relative to the coherent
spike is plotted in Fig.4 as a function of the excitation power density. Note that
the delay is at its maximum at a certain excitation power density. The maximum
shifts toward the high excitation power density together with the increase of
the excitation photon energy.

Selden have presented an equation which describes the delay of pulses
propagating through saturable absorber*.

Q’-&%}—T +1nT = 28g(t" )(1-T) + 1nTo, 2

7 = o
vhere T is the transmittance at time t° , To is the initial transmittance at the
weak limit intensity, B is the ratio of the peak incident intensity to the
saturation intensity, g(t’ ) is the normalized input pulse function, and ¢~ is

dimensionless time in units of Ts;, the relaxation time for excited state of the



absorber.

On the basis of this model, the peak shift of the correlation trace was
calculated. The function of the crosscorrelation traces in disregard of the
coherent spike S(t) are expressed by the convolution

s = [ dt olt/e, - DTCt/waCt/). @
The temporal change of T(t/Ts) with a certain 7 is given by solving eq.(2).
The pulse function g(t/rs) used is a Lorentzian function because the convolution
of Lorentzian functions is also a Lorentzian function. In Fig.4 the calculated
result for the excitation photon energy of 1.6766 eV is plotted as a function of
the excitation pover density by the solid line.

This calculated result is in good agreement with the experimental one when
the relaxation time is 7s = 90 ps. The calculations qualitatively describes the
experimental feature. In particular, the calculations well describes that the
delay is at its maximum at a certain excitation power density. By the further
calculation for 1.6791 eV and 1.6862 eV, the relaxation time 75, was found to
decrease together with the increase of the excitation photon energy in agreement
with the previous study’. The obtained relaxation times for 1.6791 eV and 1.6862
eV are 60 ps and 40 ps, respectively.

Hegarty treated the pulse delay observed in the pulse propagation in GaAs
quantum vells as follows. When the pulse passes through the material, the early
part of the pulse burns a hole and is strongly attenuated. The burned hole, which
can be viewed as a negative absorption sitting on top of a much broader resonance,
gives rise to its own anomalous dispersion which can alter the group velocity of
the remainder of the pulse. However our experiment shows that the early part of
the pulse is strongly attenuated, but there is no evidence of the pulse delay
due to anomalous dispersion. Therefore, we believe that the phenomena are mostly

explained by the Selden's model. There is another default in Hegarty's model.



Hegarty's-model cannot explain that the peak delay attains its maximum at the
certain excitation density, but Selden's model can. Nevertheless the calculated
delay based on the Selden's equation is not fully consistent with the experiment
one because the clear derivation is observed at the high excitation level. Selden
described the saturation phenomenon as a process involving two levels. In order
to improve the consistence between the experimental result and calculated one,
eq.(2) may be necessary to be extended to the inhomogeneously broadened excited

states.

§ 4. Coherent propagation effect of incoherent light

The observed coherent spike showed a small but remarkable change of amplitude
with the variation of the excitation photon energy. Figure 5 shows two coherent
spike profiles corresponding to cases that the sample is absent or present. Here,
the base correlation trace is normalized to be unity. The excitation photon
energy hits the low energy tail part of the 1s heavy exciton absorption. In the
transparent photon energy region the ratio of the coherent spike to the base
correlation trace does not depend on whether the sample is absent or present.

The peak amplitude ratio of the coherent spike to the base correlation trace
is plotted in the absorption spectrum in Fig.8. It is shown that the ratio
decreases to be its minimum when the incident photon energy hits the low energy
tail part of the exciton absorption. The ratio was found to be independent of
the excitation power density, as shown in Fig.7. This means that the effect is
not the nonlinear but linear optical effect. In order to simulate the result, a
simple theoretical analysis was performed as follows.

The coherent spike is represented by a squared function of the field



correlation profile,

| (E*()E(t+T)) | 3, 4)
where E(t) represents amplitude of the complex light field and ( ) means the
statistical average. Moreover the width of the coherent spike (520 fs) is
comparable to the reciprocal of the laser spectrum width and the correlation time
t. of the field. The maximum power density used is 3.0x10® J/cmz-pulse. This
corresponds to the Rabi frequency Oz of 2.3x10'¢ rad/s for 1s heavy exciton in

the sample. We evaluated (g, using the relation,

Qo= BB | -e [—Lh_jEm)|,
s 2moft @

vwhere pp represents the electric dipole matrix element of the !s heavy exciton,
fin = 4.2x107 is the experimentally measured oscillation strength of the 1s heavy
exciton®, e is electron charge and my is electron mass. Then Orxt., which
corresponds to an area of pulse during the correlation time, becomes r/260.
Because E(t) is incoherent, E(t) changes its phase in random way between O
and 2r in the duration of the correlation time t.. Therefore it is reasonable that
the optical field envelope satisfies the following ;:ondition because the time

integrals of the electric field whose phase is randomly modulated are cancelled

each other.

| %f_dt‘ E@)

« 1, )

for any t. The condition (5) means that the area of a pulse is very small. Then,
it is possible to apply the linear-dispersion theory developed by Crisp to the
present pulse-propagation phenomenon7. The electric field envelope which Crisp
presented is given by

E(z.t) - -éc—f_'_d@ ./:dt’E(O;t')exp {ie(t” ~t)} exp { -A(w)z}, &)

vhere A(w) and z represent the amplitude modulation factor in the medium and the



propagation length in the medium, respectively. The amplitude modulation factor
A(w) is written by the absorption coefficient a(w) and the refractive index n(w)
of the sample as follows,

A@) = a(w) - in(w)$. ¢p)
E(0,t) means the envelope of an incident pulse at the front face of the sample.
Replacing the variable t” -t to s in eq.(6), E(z,t) is rewritten as

Ezt) - [ s EQ.s+bF(z.s), )

F(z,s) - —ér-j:dmexp {ies - A(w)z}. )
In ref.(71, E(O,t) was given by a short coherent pulse with small amplitude.
In the present case, however, E(0,t) is not a coherent pulse but an incoherent
one. Morita et al. reported the calculation of an incoherent pulse propagation
in the study of the pulse propagation in an Na-vapor cell®. Their calculation
has an assumption as follows,

E(0,t) = V(1)R(L), ao
vwhere R(t) is the Gaussian-distributed random variable of zero mean and V(t) is
the slowly varying envelope function. R(t) in eq.(10) reflects the characteristic
feature of the coherent spike. We also adopt the same assumption. Then, the
crosscorrelation trace J(t) is given by’

J(T) = f_:dt E*(d.t)E(d, t)E*(0,t-T)E(0, t-T)

« [Cat 1V 121V(0 12 K@), ()
K@ = [Cas” ["as"Fd.s” Fd,s™)
x (R'(s” +t)R(s” +t)R*(t-T)R(t-T)) , (12)

where d is the sample thickness. The autocorrelation function of R(t), which

represents the coherent spike, is given by

h(t) = (R*'(t)R(t+1)) . (13)
It is a Fourier transform of the laser spectrum P(w)
h(r) = & f_ :de(m) exp (~iat). (14)



By using eq.(12) and the fractorization property in higher-order moments of

Gaussian random variables, eq.(12) is reduced to two parts'°.

K(z) = lj:ds E(d,s)h(T+s) | :

+ f ds’ f ds” F*(d,s” )F(d,s” )h(s” —=s’ )h(0). (15)
Another form of K(t) is obtained by substituting egs.(9),(14) into eq.(15).

K(t) = (ér-)z if_-_dm P(w) exp {-A(w)d-iwt} ‘2

2 (L) [[awp(e) exp (-2Re{A@ }a] [ P, (16)
By substituting eq.(7) into eq.(6), we can obtain

k@ = (£)° | [Loo Pee) exp ot} cos (afr + 2L } |2

e (&) | [ p e (o) sn fofe + 222 |

2 = = p
+ ('2?1.?) f_ duwP(w) exp {-2a(w)d} f_ da’ P(a” ). an
For the simple calculation, we assume a(w) and n(w) as follows based on the

Lorentz model.

Azcowel /4
~ s 18)
D~ ) + (/27 (
(@) ~ Amaguo (wo—w)/2 1, (19)

(wo-w)? + (/2)?
where ap represents the exciton-phonon coupling strength. The value is adjusted
to describe approximately the absorption spectrum in Fig.1. They also satisfy
Kramers-Kronig relations. Since |V(t-t) |2 is a slowly varying function of T
compared with K(z), K(t) represents the coherent spike profile. The amplitude

ratio of the coherent spike to the base correlation trace is obtained by comparing

K(0) with the wing of the K(t) profile.

-10-



In order to clarify which dominates the reduction of the coherent spike,
n{w) or a(w), we calculated K(t) by artificially setting one of n(w) and a(w)
to zero. Figure 8 shows the calculated ratio, corresponding the cases of
{n(@) = 0, a(w) » 0} and {n(w) = 0, a(e) = O}, when the laser spectrum P(w)
has a Gaussian profile. In the case of {n(w) » 0, a(e) = 0}, the calculated
result does not show the reduction of coherent spike. On the other hand in the
case of {n(m) = 0, al(w) = 0}, it is satisfactory to account for the experimental
feature in Fig.8. The calculation clearly indicates that the absorption a(w)
causes the reduction of coherent spike but the refractive index n(w) dose not.
The present work presents the first observation of the coherent propagation effect

of incoherent light in semiconductors due to the absorption a(w).

§ 5. Conclusions

The remarkable pulse distortion in GaAs quantum wells was observed around
the exciton resonance by means of light gating technique. We demonstrated the
usefulness of the incoherent pulses to observe the distortion of both the pulse
envelope and the coherent spike. The pulse was strongly distorted, but was not
anomalously delayed. The pulse distortion in GaAs quantum wells around the
exciton resonance is well understood by taking account of the absorption
saturation. The relaxation time 7; = 90 ps obtained by our experiments is
comparable to the result of pump and probe experiment previously presented. The
SHG crosscorrelation technique is conventional technique to know the ultrafast
temporal change of the absorption saturation under the certain conditions. The
reduction of the coherent spike observed experimentally was explained by taking

account of the coherent propagation effect in the linear absorber. The effect

~11-



was observed in semiconductors for the first time in the present experiment.
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Figure Captions

Fig.1 Absorption spectrum of the sample and three excitation laser spectra.

Fig.2 Schematic diagram of experimental system. The magnified inset shows the

detail of the sample surroundings.

Fig.3 SHG correlation traces. In the each figure, solid lines and dashed lines
correspond to cases that sample is present or absent, respectively. The
excitation power densities corresponding to Fig.3(a), Fig.3(b) and Fig.3(c)
are 2x107% J/cm®-pulse, 4x107 J/cmz-pulse and 5x1078 J/cmz-pulse,
respectively., Note that the crosscorrelation traces are shift by 30 fs so

as to set the coherent spikes to the zero time standard.

Fig.4 Peak delay of the base correlation envelopes relative to the coherent spike
as a function of the excitation power density. Experimental results are

shown by symbols together with the calculated result for 1.6766 eV denoted

by the solid line.
Fig.5 The typical coherent spikes corresponding to cases that the sample is
present or absent are shown. SHG intensity is normalized by the peak

amplitude of the base correlation trace.

Fig.6 The peak amplitude ratio of the coherent spike to the base correlation trace

as a function of the excitation photon energy (symbols). The solid line

~14~



shows the absorption spectrum.

Fig.7 The peak amplitude ratio of the coherent spike to the base correlation trace
as a function of the excitation power density. The incident photon energy

is 1.67986 eV.

Fig.8 The calculated result of the peak amplitude ratio of the coherent spike to
the base correlation trace as a function of the excitation photon energy.
Circles and crosses correspond the cases of {n(w) - 0, a(w) » O} and
{n(w) » 0, a(w) = O}, respectively. Here n(w) and a(w) are the
refractive index and the absorption coefficient, respectively. The solid
line and the dashed line represent the model absorption spectrum and the

corresponding refraction spectrum, respectively.
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Homogeneous width of exciton absorption spectra in CuCl microcrystals

Yasuaki Masumoto, Tetsuro Wamura and Atsushi Iwaki

Institute of Physics, University of Tsukuba, Tsukuba, Ibaraki 305, Japan

Abstract
Homogeneous width of Zj exciton absorption spectra in CuCl microcrystals
was measured for the first time. It was determined to be 0.15 meV at 77K by the
laser saturation spectroscopy. The temperature dependence of the Z5 exciton
_absorption linewidth also supported the result. The measurements of the
saturatibn density, the homogeneous linewidth and the lifetime of Z4 excitons
informed us the transitioﬁ dipole moment for a CuCl microcrystal. The obtained

transition dipole moment for a CuCl microcrystal is 16 times of that for an unit

cell in bulk CuCl.



Recently nonlinear optical properties of semiconductor microcrystals have
attracted much interest. Especially, CuCl microcrystals, giving the typical
example of the exciton quantizationl), are expected to show the large optical
2,3)

nonlinearity In our previous paper, we demonstrated the optical

nonlinearity of Zj excitons in CuCl microcrystals in NaCl host crystals by the
laser saturation spectroscopy4). However, the basic optical character of CuCl
microcrystals, such as the homogeneous width of Z3 excitons, their transition
dipole moment and so on, are not yet known. Homogeneous width is masked by the
inhomogeneous broadening due to the size distribution of CuCl microcrystals.
Homogeneous width is one of the most important parameters characterizing the
linear and nonlinar optical properties of excitons, because it determines the
coherent length which dominates the exciton lifetime and the transition dipole
moment for a microcrystal. This is because the transition dipole moment of
excitons in the coherent volume are superposed to be enhanced one5'7). In this
work, we investigated the homogeneous width of the Zy exciton absorption spectra
in CuCl microcrystals by the laser saturation spectroscopy. Simultaneously we
observed the temperature dependence of the absorption linewidth of Z; excitons
to clarify the mechanism of the homogeneous broadening as well as to ascertain
the homogeneous width obtained by the laser saturation spectroscopy. We also
measured the lifetime of Z3 excitons. The saturation density, the homogeneous
linewidth and the lifetime of excitons informed us the transition dipole moment
of excitons for a CuCl microcrystal, which the current theory refered toz'3).
Samples of CuCl microcrystals in NaCl host crystals were grown by the
transverse Bridgman method followed by heat treatment4). The size of the CuCl
microcrystals was determined by the absorption peak energy of Z3 excitons at 77K

following the method established by 1tohd). In this study, we used a typical



sample 0.035 cm thick containing CuCl microcrystals whose mean radius is 6.1 nm.
The CuCl molar fraction in the sample is determined to be 0.16% by the plasma
emission spectroscopy4).

To obtain the temperature dependence of the absorption spectra, we used a
temperature variable cryostat. We also used an incandescent lamp, a
monochromator, a photomultiplier and a lock-in amplifier. For the laser
saturation spectroscopy, we used a dye laser pumped by a nitrogen laser. The
sample was directly immersed in liquid nitrogen. The dye laser is composed of
an output mirror, a dye cell filled with BBQ in dioxane, a beam expander made of
two prisms and an echelle grating (316 grooves/mm). Selecting the order of the
grating and adjusting the beam expander, we could easily change the linewidth of
the laser output quasi-continuously. The peak photon energy of the laser 1light
was set to be 3.223 eV (384.58 nm) which corresponds to the I3 exciton
absorption peak of the sample at 77 K. The pulse duration was 3.6 ns and the
pulse power was measured by using a pyroelectric energy detector. The size of
the excitation spot was measured under a microscope. The transmitted laser
light was detected directly by a photomultiplier with a calibrated set of
neuatral density filters. The signal was averaged by using a Boxcar integrator.

In Fig.l1, temperature dependence of the absorption spectra of CuCl
microcrystals is shown. At low temperatures, spectra are composed of sharp I,
and z]_’2 exciton absorption lines. With the rise of temperature, the exciton
structure broadens together with the blue shift. At elevated temperatures,
exciton absorption spectra have the Lorentzian shape. The linewidth of the Z4
exciton absorption is plotted as a function of temperature in Fig.2.

As is shown, the linewidth changes little below 70K. The size distribution



of CuCl microcrystals causes the inhomogeneous .broadening of the exciton
absorption. The linewidth below 70K almost comes from the inhomogeneous
linewidth. The temperature dependence of the linewidth of the Zy exciton

absorption T'(T) is well expressed by the equationg)
T(T) = Tynp + A /[exp(B/kgT) -11 , (1)

where Tj,p = 8.0 meV is the inhomogeneous broadening. The best fitting is
obtained with parameters A = 474 meV and B = 55.7 meV, as is shown in Fig.2.
Fitting 1is satisfactory. Fitting is not good, if we use the fitting function
T(T)=Typn + CTZ, where C is a fitting parameter. So far, the expression has
been used to explain the temperature dependence of the Zj exciton linewidth in
CuCllO). In this case the line broadening is due to interactions of excitons
with long-wavelength acoustic phononsll).

Instead, the validity of eq.(1) implies that the line broadening is due to
interactions of 23 excitons with optical phonons. Energies of longitudinal
optical (LO) phonon and transverse optical (TO) phonon at the I point in CuCl
are 25.6 meV and 20.0 meV, respectivelylz). The absorption of one optical
phonon can not explain eq.(1l), because the value of B is about twice of the LO
phonen energy. Succesive absorption of two LO phonons can explain eq.(1),
because nn’' = [exp(ﬁmLo/kBT)-l]'l[exp(ﬁufLo/kBT)-l]'l & {exp[(-(Ruwpgq +
n m’m)/kﬂ'x‘]—l}"1 holds when Tw;g, B’y > kpT. Here n(n’) and fwo(fw'py) are
the phonon occupation number and the LO phonon energy, respectively. Therefore,
a possible broadening mechanism for the Z; excitons at elevated temperatures is
the scattering of the Z; excitons to the 21’2 excitons as a result of the
succesive absorption of two LO phonons, because the 21'2 exciton state is higher

than the Z5 exciton state by 70 meV. Exciton thermal ionization can not be



taken into account in contrast to the case of GaAs quantum wellsg), because the
binding energy of the 23 excitons is 213 meV, which is much larger than the
value of B. The large binding energy and the 70 meV energy splitting of 23 and
21,2 excitons may cause the peculiar thermal broadening mechanism of Zg
excitons. Our experimental observation about the phonon broadening of the 23
exciton absorption is limited to the elevated temperatures, because the
inhomogeneous broadening dominates the broadening at low temperatures.
Therefore we can not infer the phonon broadening mechanism at low temperatures.
Next, homogeneous width of the Z3 exciton absorption was studied by the
13)

laser saturation spectroscopy On the basis of the 1laser saturation

spectroscopy, the saturation density I, is expressed by
I, = eqeti®/(2|u]?T,T,) (2)
s €0 LD B LA

where € is the dielectric constant in vacuum, ¢ the light velocity in vacuum,
the transition dipole moment, T; the longitudinal relaxation time and T, the
transverse relaxation time. This equation holds when the laser linewidth is
sufficiently narrower than the homogeneous width, Tp = ﬁ/Tz. When the laser
linewidth I ; is comparable to or larger than the homogeneous width T, eq.(2)

is rewritten 3514)

Ig = ek T pp/(2[0f2T) . (3)

Tagr =Tp+T

Here [ pp 1is the effective linewidth which is the convoluted result of the
homogeneocus linewidth and the laser linewidth. We assumed the laser spectra to

be Lorentzian for simplicity. The homogeneous width I'y is obtained, if Ig is



investigated as a function of T 1 Figure 3 shows the fitting of the
experimental result of the intensity-dependent absorption coefficient by the
expression e = al/(1+I/Is) +ag, where @ is the absorption coefficient, I is
thé laser intensity and ey and ¢, are fitting parameters. The obtained
saturation density -Ig is shown by arrows in Fig.3. The saturation densities
thus obtained are plotted as a function of the laser linewidth I, in Fig.4. The
saturation density increases with the increase of the laser 1linewidth, as
expected. By fitting eq.(3) to the experimental results, we obtained the
homogeneous linewidth of the Zy exciton in CuCl at 77K. It is Q.15 meV.

We can easily obtain the homogeneous broadening at elevated temperatures,
because the phonon broadening is dominant. Reversely, we must estimate the
homogeneous broadening at 1low temperatures by extraporating the phonon
broadening contribution. The calculation based on the eq.(1) gives 0.1 meV to
the homogeneous width of the Z3 excitons at 77 K in fairly well agreement with
the result of the laser saturation spectroscopy. Therefore the experiments on
the temperature dependence of the linewidth supports our dicision on the
homogeneous width. At low temperatures, the homogeneous width is expected to
decrease much more, because the phonon broadening is reduced. Experimental
demonstration that the saturation density depends on eq.(3) suggests that it
decreases much more at low temperatures.

Equation (2) informs us that the transition dipole momentIUIis determined,
if we obtain I;, B/T, and Ty. The luminescence lifetime of Z, excitons was
measured to be 610 ps at 77K under the band-to-band excitation by using the
ultraviolet picosecond pulses (3.42 eV) and a synchroscan streak camera. Using

the values of Ig = 4.5 uJ/cmz,'ﬁ/Tz = 0.15 meV and T;= 610 ps, we can obtain



the value of |u| to be 6.3x10718 esu cm (6.3 Debye) for a CuCl microcrystal.
The oscillator strength f for a unit cell in bulk CuCl 1is 5.8x1073. This
corresponds to the dipole moment of 0.401:10'18 esu cm (0.40 Debye), because the
transition dipole momentlLd and the oscillator strength f is related to each
other by the equation, f = 2mdﬁw(|u|/eﬁ)2, where my is the electron mass and e
is the electron charge. Therefore the transition dipole moment for a CuCl
microcrystal 1is enhanced by 16. The coherent volume in a CuCl microcrystal is
250 times of the unit cell but is not extented for the whole microcrystal volume
as theory expectedz'a). In fact, the whole microcrystal is considered to be
coherent, because the energy split between the first and second quantum levels
in a CuCl microcrystal whose radius is 6.1 nm is 15 meV and is larger than Ty =
0.15 meV. We can not explain this discrepancy. We may have to measure T, under
the resonant excitation of the Zy excitonms.

In summary, homogeneous width of Z, exciton absorption spectra in CuCl
microcrystals was measured by using the laser saturation spectroscopy for the
first time. It was 0.15 meV at 77K for CuCl microcrystals whose mean radius 1is
6.1 nm. The extraporation of the temperature broadening of the Zs exciton
absorption linewidth to 77 K also supported the result. The laser saturation
spectroscopy also informed us the transition dipole moment for a CuCl
microcrystal to be 16 times of that for an unit cell in bulk CuCl.
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at the University of Tokyo for the critical reading of the manuscript and
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Figure captions

Fig.l. Absorption spectra of CuCl microcrystals in NaCl at various temperatures.
The mean radius of the CuCl microerystals is 6.1 nom.

Fig.2. Temperature dependence of the linewidth of the Z3 exciton absorption.
The fitting is shown by the solid line described by eq.(1) in the text.

Fig.3. Laser intensity dependence of the absorption coefficient at the Zj
exciton resonance at 77K. Experimental points are shown by various symbols
corresponding to the laser linewidth [ ; (meV). The least-squares fitted
results are shown by solid lines.

Fig.4. The saturation density as a function of the laser linewidth. The solid

line is the fitted result based on eq.(3) in the text.
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