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Tunneling dynamics of photogenerated carriers in semiconductor superlattices
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The tunneling dynamics of photogenerated carriers in GaAs-Alj 59Gag 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 ~ 5.0x10® V/cm. These changes are
ascribed to the onset of exciton dissociation and electron tunneling through the Aly,9Gag7;As 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-Alg,9Gag7As 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 been 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 Alg29Gag 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 Aly29Gag71As barrier layers. The MQW are
surrounded by the p-type and n-type Alps4GagssAs cladding
layers 1 um 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 c¢w 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
Alys4GagesAs, AlgGagyAs, and GaAs are 2.15 eV (X),
1.88 eV (I'), and 1.519 eV (I'), respectively.® Therefore,
neither 605- nor 678-nm light excites the AlyssGagasAs
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-um slit width. Then the time resolution is
42 ps.

The energy shift of the heavy exciton can be used to
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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 V,; 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.. + Vy)/d, where V, is the exter-
nally applied voltage and d=1.78 um 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=—2135x1073(m}* + mp, )2 F2L}/K? | ¢))

where e is the charge of electron, the z axis is along the su-
perlattice direction, L, is the well layer thickness, and
m. (=0.665mq) and muy, (=0.45my) 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. Conversely, 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
Vpi is +1.8 V. Electric field in the MQW is calculated to be
(Vext+ Vyi)/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.

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,~50x10° 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,~5.0x10° 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 5.0x 103, 9.8x103,
2.5%10%, and 2.8x10* V/cm, respectively.
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(=178 .Z‘). The field gain is almost equal to the exciton
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 —~ 1.0x10* 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 constant 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,~5.0x10? 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) =2.3x10° s~!. Ata
field of —2.8x10* 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 2.8x10*
V/cm 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 componeat. The back-
ground observed before 0 ps comes from the stray of 6-ns-lived
luminescence which is peculiar to the synchroscan streak camera.

electric field F, the dissociation rate of excitons, wy, is given
by the following formula which also describes the ionization
rate of hydrogen atoms.!°

wy= (16R¥keFag)exp(—4R/3eFag) , 2)

where R(=42 meV) is the Rydberg energy and
ag(=136 A) is the exciton Bohr radius. The dissociation
rate reaches 2.8x1013 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 Aly;90Gag7As
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 w, is estimated to be!!

wy = (mh/2m* mmy L2 expl — (2/8)N/2mpn) (U—E) ]
3)

if the Coulomb interaction between the electrons and heavy
holes is neglected. Here, E is the band discontinuity, U is
the confinpement energy of the lowest sublevel, and
d, (=58 A) is the barrier thickness. The factor
2m, L2/ 7k 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 # k/m. ) = 7k/ mwmL,. 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 altered
much when the confinement energy U is neglected because
U is smaller than the band discontinuity £ 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 £, is 307 meV and the
valence-band discontinuity E, is 54 meV. Then, the tunnel-
ing rate of electrons is 3.9x10° s~! and that of holes is
2.7x 108 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 5.0x 103 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 fact, 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-Aly29Gag71As 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 Aly,9Gag7As potential
barriers. These processes take place when the field gain can
compensate for the exciton binding energy. The tunneling
rate of the electrons is determined to be 1/(430 ps), slower
than the simple estimation.

Note added. A recent work by Polland er 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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