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We report on the dynamics of photoexcited carriers using picosecond luminescence measure-
ments of GaAs/AlAs superlattices with a barrier width of 1.2 nm and a well width of 3.4 nm.
The observed decay kinetics allow us to observe the tunneling-assisted radiative recombination of
electrons and holes in different wells. Furthermore, introducing an enlarged well in the superlat-
tice, we investigate the dynamics of photoexcited carriers sinking into the deeper well via vertical

transport.

Dynamics of photoexcited carriers in a semiconductor
superlattice has recently received considerable interest.
Much attention has been paid to the carrier dynamics
within the well because of the two-dimensional proper-
ties.!=* If the width of the barrier is reduced up to the or-
der of 1 nm, the tunneling of carriers through the barrier
occurs dominantly and sublevels in the wells form mini-
bands.’> In such a superlattice with thin barriers, i.e.,
short-period superlattice (SPS), we can expect a vertical
transport of photoexcited carriers and “a tunneling-
assisted radiative recombination” between electrons and
holes in different wells. Very recently, Deveaud et al.® re-
ported the vertical transport observed by the picosecond
spectroscopy at S K. However, they could not observe this
recombination with tunneling, since excitons are formed at
low temperature. In addition, the decay kinetics of exci-
tons becomes more complicated at low temperature be-
cause of the phonon-assisted cross relaxation between lo-
calized exciton states as was shown by Masumoto,
Shionoya, and Kawaguchi.}> Therefore, a study of time
behavior of emission due to the electron-hole recombina-
tion is necessary to investigate the carrier dynamics across
the heterostructures.

In this Rapid Communication, we report on dynamics of
photoexcited carriers which sink into an enlarged single
quantum well (SQW) introduced in GaAs/AIAS SPS
structures with a well width of 3.4 nm and a barrier width
of 1.2 nm. A carrier transport across the heterostructures
in the SPS at 77 K was investigated by measuring pi-
cosecond time behavior of luminescence from the two
kinds of SPS samples with or without an enlarged SQW.
The carrier lifetimes of the SPS layers in the sample with
SQW decrease compared to that of the sample without
SQW. Furthermore, time evolution of SQW emission is
delayed and the intensity increase corresponds to the de-
crease in the SPS emission. This time behavior directly re-
flects the vertical transport of photoexcited carriers across
the heterostructures. From the quantitative analysis of de-
cay curves on the basis of rate equations of photoexcited
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carriers in SPS layers and SQW, we could elucidate
dynamics of carriers sinking into SQW via vertical trans-
port. This also allowed us to find the radiative recombina-
tion process with tunneling through the barriers in the SPS
structure.

The GaAs/AlAs SPS structures studied here were
grown by molecular beam epitaxy (MBE) on (100) GaAs
substrates.” The growth sequence for the SPS sample
without SQW (we named it No. 3) consisted of 0.2 um of
GaAs buffer, 1.4 um of Alg4GageAs lower cladding, 80
periods of the GaAs/AlAs SPS, and 0.2 um of
Alg4GaggAs cap layers. In the SPS sample with SQW
(No. 2), 6.1 nm of GaAs was introduced above the 40
periods of the GaAs/AlAs SPS and confined by 40 periods
of the same SPS. Thus, the two types of samples differ
only by the introduction of the SQW. To examine influ-
ences of unknown growth conditions on carrier dynamics,
we made another sample (No. 1) in which 10 periods of
GaAs/Aly 4Gag¢As multiple quantum well (MQW) buffer
(L, =Lp=10 nm) were grown between the GaAs buffer
and the Alg4GaggAs lower cladding keeping the same SPS
and SQW structures.

The experiment was performed by using a synchronous-
ly mode-locked dye laser with 613.4 nm of wavelength and
about 10 ps of pulse width. The excitation intensity was
~150 mW/cm?. Time evolution of emission intensity was
measured by a time-correlated single-photon counting
method. The time resolution of about 50 ps was obtained
for decay curves using a convolutional analysis. The emis-
sion from the three samples was collected in the backward
direction with the same configuration in order to compare
relative intensities of these samples.

Figure 1 represents emission spectra of three samples
(No. 1, No. 2, and No. 3) at 77 K with excitation of a cw
dye laser (A =613.4 nm). In the SPS without SQW (No.
3), two emission bands are observed and assigned to the
emission_due to the n =1 electron-light-hole (Ih) transi-
tion (ETFS) and n =1 electron-heavy-hole (hh) transition
(E 1S:h ) from the higher-energy side. In the SPS with the
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FIG. 1. Emission spectra of the samples No. 1-3 at 77 K.
E ﬂ:ﬁ and E ‘S};s are due to n =1 electron—heavy-hole transition
and n=1 electron-li%xt-hole transition of the SPS layers,
respectively, and E MY and EMRV are those of the MQW.

ESRYisdue ton =1 electron-heavy-hole transition of the SQW.

SQW (No. 2), the emission band associated with n =1
electron-heavy-hole transition of the SQW (E 3" ) is ob-
served in addition to the emission from the SPS layers. In
the sample No. 1, two emission bands which originate
from the MQW are also observed (EMY and EMQV).
The intensity of luminescence from the SPS layers of the
samples No. 2 and No. 1 decreases compared to that of the
SPS layers without SQW (No. 3). The intensity of the
SQW emission is quite strong in spite of the small volume.
This suggests that photoexcited carriers in the SPS layers
diffuse across the heterostructures to be trapped effective-
ly to the enlarged well.

To investigate carrier dynamics by the vertical trans-
port, we have performed measurements of time evolution
of emission intensity in the picosecond time region. In Fig.
2 are shown decay curves of the E SFs emission bands and
the ESQY emission band. In curves (a) and (b), the time
behavior does not exhibit single exponential decay and
seems to be decomposed into fast and slow components.
As displayed in curve (b) of Fig. 2, the introduction of the
enlarged well in the SPS structure causes the decrease in
the carrier lifetimes. The emission bands due to n =1
electron-light-hole transition exhibit completely the same
time behavior as the E ,S,l,)hs bands. This implies that light-
and heavy-hole bands are strongly mixed and holes in
these bands are thermally in equilibrium at 77 K. In curve
(c) of Fig. 2, the time behavior of the SQW emission is
shown. We should note the delayed rise corresponding to
the decrease in the SPS emission.

In what follows, we will quantitatively analyze the ex-
perimental results on the basis of a rate equation model for

FIG. 2. Decay curves measured at the peak positions of £ ohh
and EMZY bands. (a) ETS band of the sample No.3, (b) E iy
band of No. 2, and (c) ETQY band of No. 2. Open circles
represent calculated curves by the convolution of solutions of
rate equations with the instrumental response.

photoexcited carriers in both the SPS layers and the SQW.
We consider only kinetics of electron population, since the
excitation density is low (150 mW/cm?) and undoped
GaAs contains residual acceptors with N, —Np=10'*
~10"% cm 3. The GaAs quantum wells in the SPS struc-
tures are uniformly excited by the exciting laser (613.4
nm) because of the small well thickness. Since the barrier
width of the samples studied here is 1.2 nm, the tunneling
of carriers through the barrier effectively takes place.
Thus, we can expect the tunneling-assisted recombination
between electrons and holes which are bound in different
wells as well as the direct recombination within the same
well. In Fig. 3 we display schematically such processes for
the electron-hole recombination. Holes in the /th well can
recombine with the electrons in the mth or nth well as well
as those in the /th well, since the electrons in the mth or
nth well tunnel through the barrier to be found simultane-

FIG. 3. Schematic diagram of processes of the direct recom-
bination and the tunneling-assisted radiative recombination in
the SPS structures with the enlarged well.
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ously in the /th well. 7 is a radiative recombination time
of electrons and holes in the same well and t,,,, 7, are ra-
diative lifetimes of the recombination between holes in the
Ith well and electrons in the nearest well (mth well) and
those in the next-nearest well (nth well), respectively.
Since the photon energy of the recombination via the tun-
neling between different wells is thought to be the same as
that of the direct recombination in the same well, the ob-
served emission from the SPS layers is the superposition of
these processes. Therefore, we consider the following rate
equations for electrons in the /th, mth, and nth wells tak-
ing into account the tunneling across the barriers. Assum-
ing that the SPS layers are uniformly excited, rate equa-
tions for the carrier kinetics of the samples without SQW
are

dNp NP
__‘__G(t)___’_, _I_-L+L+_l_ , (1)
dt o o Tt Tum T
dNS Ng 1 1,1
=G(t)———, — = +— )
d T,(,), 1',9, Trm Tnr
dNy Ne o111
=G()———, ——=—+— | 3)
dt @7 D0 ot Ty

where N°, N2, and N2 are electron densities in the /th,
mth, and nth wells, respectively, and 1y, is the inverse of
the tunneling rate, i.e., the transfer time between the /th
well and the mth well. G (z) is the generation of electrons
and holes by exciting pulses. 7y, is the nonradiative life-
time including all nonradiative processes. For the direct
recombination process, we took into account the decay
term due to the tunneling, since the tunneling is one of the
decay channels for the electrons that recombine with holes
in the same well.® For the tunneling-assisted recombina-
tion process, however, this term is not included in Egs. (2)
and (3), since this process is already considered by the
periodic arrangement of quantum wells in the SPS.

Similarly, rate equations for the electron kinetics of the
sample with the SQW are given as follows, considering the
diffusion to the SQW:

dN, NY

DS/ U S U @
dt o W tuw
dNy, "

Fogo-NE Lol 1
dt o T Tm Timw
dNy Ny

" =G() ——, -1—-—16+ L (6)
d o™ T Tn Ttnw

N N " Ny N
d SQW o (1) + i“_’_ m Mo _ Nsqw

dt Triw Ttmw Tinw TSQW

: | . @)

£ + N

TSQW TrSQW TarSQW

where 7y, Timw, and 7., are the times of tunneling
transfer to the SQW which have approximately the same
value and can be replaced by an effective transfer time 7,,,.
7rsQw and 7, sQw are the radiative and non-radiative life-
times of SQW, respectively.

The time evolution of emission intensity for each process
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is written as

I,-’(t)'%—N,-J(t), i=I,m,n,and j =0,w . 8)
ri

Therefore, the decay curves of emission from the SPS
layers are the sum of the three exponential functions with
different time constants, 7/ (i =1, m, n, and j=0,w). Nu-
merical solutions of Egs. (1)-(3) for the sample without
the SQW are fitted to the observed decay curve as adjust-
able parameters of decay times and the relative amount of
the three components. The best fitted curve is shown by
open circles in curve (a) of Fig. 2. The values of decay
times are summarized in Table I. The decay time for the
direct recombination of electrons and holes in the same
well is 0.3 ns. The decay time for the recombination of
holes with electrons in the nearest well via the tunneling is
1.9 ns and that for the recombination of holes with elec-
trons in the next nearest well is ~10 ns. Since the period
of the exciting pulse train in our measuring system is 12
ns, we could not measure decay curves at delay times
longer than —5 ns. As a result, the long decay time was
not accurately determined. Nevertheless, if we do not con-
sider the third component with slow decay, we could not
obtain the best fit between the experimental and calculat-
ed curves at both the initial stage and the late stage. Con-
sequently, the above analysis based on the rate equations
allowed us to find the tunneling-assisted recombination of
electrons and holes in the different wells. This can be
compared to the tunneling-assisted emission in compensat-
ed GaAs with heavy doping® and the photon-assisted tun-
neling across a GaAs p -n junction with forward bias.!® In
addition to the radiative recombination process, we note
that the nonradiative process such as the interface recom-
bination in the heterostructure may be included to shorten
the measured decay times.

Similarly, we have calculated a decay curve for the SPS
luminescence of the sample with the SQW. From the best
fit of the calculated curve, we have found the decrease in
the decay times for each component. This decrease results
from the sinking of photoexcited carriers in the SPS into
the SQW. These values are also summarized in Table I.
By using the values of zf, 73, 72, ), 7%, ¥, we can deter-
mine the time of the electron sinking into the SQW;
Tyw =0.6 n8, Tmy =1.1 ns, and 7,,, ~4.5 ns. These times
should give approximately the same value, which is an
averaged or effective time of sinking. The value of 1y, is
very sensitive to the experimental errors for the determina-
tion of the decay times, since they are short. Considering
the experimental accuracy of our measuring method,
which is about 50 ps, 7y, is in the range of 0.4~1.2 ns.

TABLE 1. The values of decay times, 7/ (i =/, m, n, and
Jj =0, w), tsqw, and a rise time tg for E 5t and EFQY bands of
the samples No. 1-3. All decay times are in units of ns.

0 0 0
T le Tm,Tm TnsTn

TSQW TR
No. 3 0.3 1.9 ~10 S B
No. 2 0.2 0.7 3.1 1.9 0.2
No. 1 0.2 0.7 3.1 1.6 0.2
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Thus, Ty == Timw. However, 7., is larger than this value.
This discrepancy might arise from the poor accuracy for
the slow decay component. Consequently, we have found
that the time during which photoexcited carriers sink into
the enlarged well by the vertical transport is about 1 ns in
the SPS structures studied here.

Decay kinetics of the SQW emission will be analyzed
from Eq. (7). The solution of this equation gives two com-
ponents; a fast-rise component which originates from the
directly excited carriers in the SQW by the exciting pulse,
and a delayed component with a rise time due to the verti-
cal transport from the SPS layers. We could obtain the
best fit by choosing the effective rise time 7z of 0.2 ns and
the decay time of 1.9 ns. The intensity ratio of the com-
ponent due to the vertical transport to the direct excitation
component is 3.3. Therefore, most of the photoexcited
carriers in the SQW which contribute to the luminescence
arise from the carriers that are excited in the SPS layers.
This is consistent with the strong luminescence of the
SQW in spite of the small volume.

Next, we will give further evidence for the validity of
our analysis based on the rate equations from the relation
of the time-integrated intensity and the lifetimes. From
Egs. (1), (2), (4), (5), and (8) we can get the following re-
lations for the time-integrated intensities of each com-
ponent:

: 7l
1,-’-N0—Ti—, i=I,m,and j=0w , )

i
where Ny is the electron density at 1 =0. Thus, the inten-
sity ratios I}*/I? and I}/I3 are equal to the ratios 7)/zf
and )/t%, respectively. Using the values shown in Table
I, we obtain /7P =0.67, t}2/1% =0.37 for both sets of the
samples (No.2 + No. 3 and No. 1 + No. 3). On the other
hand, the time-integrated intensities of each component
can be calculated from the decay curves of the SPS emis-
sion. We estimated the sum of the time-integrated intensi-
ties of the decay curves which were measured at the peak
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positions of the F ?{,’E and E,Sﬁ,s bands. This intensity is
proportional to the total emission intensities of SPS layers,
since the linewidth of these bands is similar and it is un-
changed by the introduction of the SQW. The ratios ob-
tained by this procedure are I}’/I° =0.53 and I}%/I5 =0.21
for No. 2 + No. 3 and I}’/I? =0.65 and I;/1 =0.40 for
No. 1 + No. 3. Comparing them with the ratios, o/t
and 1)%/1%, we find that the ratio calculated from the
time-integrated intensities is in good agreement with that
deduced from the decay times within the experimental ac-
curacy of the relative intensities of the three samples.
Therefore, this confirms that the values of decay times
were unambiguously determined from the best fit between
the experiments and calculations. We should also note
that these ratios are independent of the samples studied.
This demonstrates the reproducibility of the SPS hetero-
structures by our MBE system. As a result, we can con-
clude that the change in the time behavior by the introduc-
tion of the enlarged well in the SPS structures originates
from the intrinsic properties and reflects the dynamics of
the carriers sinking into the deeper well via the vertical
transport in the SPS.

In summary, we have measured the time behavior of
luminescence from the GaAs/AlAs SPS structures with
the barrier width of 1.2 nm in the picosecond time region.
The quantitative analysis of the decay kinetics allowed us
to find that holes can recombine with electrons in the
nearest and the next-nearest wells via the tunneling
through the barriers. Furthermore, introducing an en-
larged well in the SPS structures, we have demonstrated
the dynamics of photoexcited carriers which sink into the
deeper well via the vertical transport. The sinking time
was determined to be about 1 ns in the SPS structures
studied in the present work.
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