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Bloch Transport of Electrons and Holes in Superlattice Minibands: Direct Measurement
by Subpicosecond Luminescence Spectroscopy
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The perpendicular transport of photoexcited electrons and holes in graded-gap GaAs-AlGaAs super-
lattices is directly determined by subpicosecond luminescence spectroscopy. We show that the electron
and hole transport is through extended, Bloch-type states for superlattice periods &40 A, and determine
the mobility for such transport. Increasing the superlattice period to 60 A reduces the mobility by a fac-
tor of 20, as a result of an order-of-magnitude reduction in the hole miniband width. Our results provide
the first evidence of diffusion enhanced by potential steps.

PACS numbers: 72.20.Fr, 78.55.Cr

When the wave functions of carriers in the neighbor-
ing wells of a multilayered semiconductor heterostruc-
ture overlap significantly, the energy levels broaden into
minibands with extended, Bloch-type states. These mini-
bands are expected to lead to the transport of carriers
perpendicular to the layers (Bloch transport), and many
interesting aspects of transport in such superlattices
(SL's) have been discussed by Esaki and Tsu. ' With
steady improvement in the quality of semiconductor het-
erostructures, investigation of perpendicular transport in

SL s is becoming an increasingly active area of research.
Electron motion in the perpendicular direction has

been established by a variety of techniques such as cw
photoluminescence, picosecond luminescence, and
electrical measurements. However, these experiments
have not clearly demonstrated that the electron motion
occurred through Bloch-type miniband states. More
knowledge about miniband states was obtained in the
second group of experiments in which the energy width
of the miniband' or the electron effective mass for per-
pendicular motion'' was determined. However, these ex-
periments have not provided a direct measure of the elec-
tron mobility, an important quantity for perpendicular
transport. Also, these experiments dealt only with elec-
trons and no evidence was obtained for the motion of
holes in minibands. '

We report experiments which provide direct and quan-
titative information about perpendicular motion of elec-
trons and holes in GaAs-A16aAs superlattices. We
demonstrate that the transport of photoexcited carriers,
determined primarily by the holes, occurs via Bloch con-
duction, with an ambipolar mobility of —1800 cm /V. s

for barrier thickness ( 20 A. This mobility is compara-
ble to the mobility in an equivalent alloy. Furthermore,
we show that the transport depends dramatically on the

barrier thickness and we establish that the mobility is re-
duced by at least a factor of 20 when the barrier width is
increased to 30 A. Both the value of the mobility and its
large variation with the barrier width provide direct evi-
dence for Bloch transport. Our experiments also give
new insight into the diftusion of carriers driven by poten-
tial steps.

The perpendicular motion of carriers was directly
determined by our measuring subpicosecond time-
resolved luminescence spectra ' of stepwise graded-gap
superlattice samples (GGSL) with an enlarged well (see
the inset of Fig. 1). Each 1000-4 step and the enlarged
well (EW) luminesce at distinct energies as shown by the
cw luminescence spectrum in the inset of Fig. 1. Thus,
the measurement of luminescence spectra at diAerent de-
lays directly determines the position of photoexcited car-
riers as a function of time.

Four diA'erent samples, grown by molecular-beam epi-
taxy, were investigated. In the three superlattice (SL)
samples the SL period (a+b) is kept constant (the sam-
ples are labeled a/b SL, where a is the well width and b

is the barrier width measured in angstroms), and the Al
composition x in the barriers is changed in steps of 2%
every 800 A (1000 A in 10/10 SL), from 35% at the sur-
face to 17% —1 pm away. One EW is introduced in the
last step (typically 2000 A) to collect the carriers. The
fourth sample was a reference graded-gap GaA1As alloy
(a =0) with x changing by 1% every 1000 A (from 17%
to 18%). Growth conditions' and cw photolumines-
cence experiments on these samples have been described
elsewhere. '

Subpicosecond luminescence experiments, with a time
resolution of (400 fs, ' were carried out with a dye
laser synchronously pumped by the frequency-doubled
output of a compressed, mode-locked neodymium-doped
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FIG. 1. The luminescence spectra of the 20/20 SL at vari-
ous delays. The 5-ps spectrum shows that the carriers are
created near the surface of the sample as the luminescence
mainly originates in the first SL steps. For times as short as
100 ps, most of the carriers have been transferred into the EW.
Inset: Schematic structure of the stepwise GGSL samples: ten
steps of 1000 A (or 800 A) each with SL layers and the EW in

the last SL. Also displayed is the cw luminescence spectrum
(logarithmic scale) showing the ten SL luminescence peaks
and the EW. The intensity of the EW luminescence already
indicates a very efficient perpendicular transport.

yttrium-aluminum-garnet laser. The dye laser delivered
&300-fs pulses at a repetition rate of 82 MHz and 6100
A. Most of the spectra were taken with an average
power of 2 mW, corresponding to 5x10' photons/cm
per pulse, or to a density of 1V,t, = 1 x10' pairs/cm3.
Unless specified, the experiments were performed at
15 K.

Typical spectra at four diN'erent delays after the exci-
tation pulse are shown in Fig. 1 for the 20/20 SL. The
luminescence peak energy clearly shifts as a function of
delay, from =1.68 eV corresponding to the first SL steps
near the surface to 1.615 eV corresponding to the EW.
This shift exactly reflects the motion of the packet of
photoexcited electrons and holes in the superlattice mini-
bands. At 5 ps, the carrier packet is close to the surface,
~hereas at 50 ps it is centered in the last few SL steps,
almost 1 pm away from the sample surface.

0.8
DISTANCE (pm)

F1G. 2. Photoluminescence of (a) the 20/20 SL and (b) the
30/30 SL at different delays. The transport of carriers is

dramatically slower in (b). (c) A model calculation using the
step-driven diffusion model described in the text, with 800-A
steps and a diffusion coeflicient of 2.2 cm2/V s (corresponding
to an ambipolar mobility of 1800 cm2/V. s at 15 K and to a
hole mobility of 900 cm /V. s).

Figure 2 compares the results on the 20/20 and the
30/30 SL's. The difference is quite dramatic. After 100
ps, the carriers have not yet moved in the 30/30 sample,
whereas in the 20/20 they are already in the EW.

In Fig. 3 we show the position of the center of the
packet of carriers as a function of time in diAerent sam-
ples. ' The striking features are that (i) the movement
is linear with time in all cases (i.e., an effective velocity
can be defined for the motion of the carriers) and (ii) the
velocities for 20/20 SL, 10/10 SL, and GaA1As samples
almost coincide, whereas it is 20 times smaller in the
30/30 SL. Since the transport in the 10/10 and 20/20
SL's proceeds at essentially the same speed as in the
control alloy sample, we draw the i mportant qualitative
conclusion that the transport in these SL's proceeds via
extended miniband states, i.e., it is Bloch transport.

Since the potential does not vary continuously in our
samples, and since the width of each step is larger than
the mean free paths of carriers, the motion cannot be
modeled by a quasielectric field. ' We then consider
that the transport proceeds by diA'usion in each SL step,
followed by a fall into the next step (of lower gap).
Fach step acts as a sink for the carriers coming from the
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FIG. 3. The mean position of the carrier packet as a func-
tion of time in different samples: circles, 20/20, 15 K; crosses,
10/10, 70 K; triangles, 10/10, 15 K; squares, GaAIAs, 15 K; as-
terisks, 30/30, 15 K. Note the linear dependence in all cases,
and the very large difference between the 20/20 and 30/30
samples. The three solid lines correspond to velocities of
5 x 10, 0, 7 x 106, and 1.2 x 10 cm/s.

preceding one, as they are inhibited from going back-
~ards to the larger gap step. The diffusion process then
repeats in the next step. Thus the time travel X steps is
IV times the time to travel one step; this gives rise to
linear motion of carrier packet with time.

%e ~rite the usual equations for diffusion, ' except
for the boundary conditions imposed by the steps. This
brings three main differences compared to the usual
diffusion process: The presence of a sink at the end of
each step speeds up the diffusion (in each step), ' the
center of the carrier packet moves with time, and the
motion of this packet is linear with time [see Fig. 2(c)].
Instead of having a packet broadening as L = (Dt ) '/, we
obtain a carrier packet moving by one step in a time
t =0.2l /D, where 1 is the step size. This linear motion
with time is in very good agreement with the experimen-
tal observations in all four samples. By fitting the mea-
sured motion with this model, we have deduced the
diffusion coefticient and hence the mobility for each sam-
ple. For the 20/20 SL, the diffusion coefficient is 2.2

cm /s and mobility is 1800 cm /V s. Note that, for a
distance of 8000 A, the step-driven diffusion model gives
a transit time of 50 ps, whereas the standard diffusion
model gives a broadening time (=L /D) of 3 ns for the
same value of D.

Luminescence is observed only from those regions
where both electrons and holes are present. In cw
luminescence experiments with low excitation density, '

the results were interpreted in terms of the transport of
only electrons to the interior of the sample where they
recombined with background holes due to residual
doping (p —10' cm ). However, in our experiments
%,~ —10' cm is much larger than the residual dop-
ing. Since any separation of the two types of carriers
would give rise to a large electric field between the two
distributions at these densities, the transport is expect-

ed to be ambipolar with mobility approximately twice
the hole mobility. ' The observation of luminescence
from the interior of the sample thus implies a perpendic-
ular motion of both electrons and holes. ' Experimental
evidence that holes are also moving comes from the fact
that the luminescence intensity at long times is about the
same as at short times and that there is no change in the
transit time upon the increase or decrease of the excita-
tion density by a factor of 10.

We thus deduce that the hole mobilities in the 20/20
SL and the control-alloy sample are the same and equal
to 900 cm /V s. For such a mobility, the mean free path
of the holes is larger than the superlattice period. Thus
the transport is indeed Bloch transport in 20/20 SL. For
the 30/30 SL, the mobility is deduced to be 50 cm /V s.
In this case, the transport is not Bloch transport.

The drastic change in the transit times, and hence in
the mobilities, observed in going from 20/20 to 30/30 SL
is easily explained in terms of what is expected for the
holes. From Bloch theory, the miniband width 2h, is ex-
pected to vary as

2& ~ exp j —[(8m */h ) (AE —P;) ] '/2b I,

where b is the barrier width, hF is the band offset, and
E; is the miniband extremum position. At low tempera-
ture, the mobility of similar bulk samples is impurity
limited, so that we can assume the scattering time in our
SL's to be the same as in an equivalent alloy. The mo-
bility of the carriers for perpendicular transport is then
given by

p =m,.*II(ad'/h ')p,. II,

where p, l~ is the mobility of the GaA1As alloy, m,*]~ the
effective mass, and d(=a+b) the period of the superlat-
tice. In GaAs-A1GaAs SL's, the electron mobility is ex-
pected to reach the bulk value for a 70-A period and is
expected to be about the same for 30/30 and 20/20 SL's
(different values would be found for other materials).
The heavy-hole miniband width is expected to be 23
meV for the 20/20 SL and 2.5 meV for the 30/30 SL.
This is expected to lead to a reduction in Bloch mobility
of holes by a factor of 4. Further reduction in the mobil-
ity of holes in the 30/30 SL can be expected for the fol-
lowing reasons. First, lifetime broadening associated
with typical scattering times is comparable to 2.5 meV.
This, as well as localization resulting from disorder
eAects, will hinder Bloch transport. Second, the step
in potential between two successive SL steps becomes of
the order of or even larger than the miniband width so
that unmatching effects can be expected. Neither of
these effects is important for electrons in 30/30 SL since
the electron miniband width is large. Thus, the large ob-
served difference in the transit time between 20/20 and
30/30 SL's results from the fact that the transport of
photoexcited carriers is governed by hole mobility.

The mobility of the 10/10 samples is lower than that
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of the 20/20 GGSL at 15 K (-500 cm /V s). This is
due to localization by layer-to-layer variation of the
GaAs well thickness. These variations play a minor role
in the other samples, but (taking a reasonable value for
the thickness fluctuation of 0.5 A) give a localization
energy as large as 10 meV in the 10/10 sample. The
effective velocity increases with temperature in this sam-
ple (see Fig. 2), so that the transport is fully Bloch type
at higher temperatures.

In conclusion, we have directly determined the perpen-
dicular transport of photoexcited electrons and holes by
measuring subpicosecond luminescence spectra at vari-
ous delays following excitation. We have established
that the transport is Bloch transport for 20/20 and 10/10
SL's and determined the mobility for such transport. A
dramatic reduction in the mobility in the 30/30 SL
(compared to that in the 20/20 SL) is observed and at-
tributed to the reduction in the hole miniband widths.

We thank F. Capasso, A. Chomette, S. Luryi, and
J. F. Palmier for helpful discussions, H. Baranger and
D. S. Chemla for a critical reading of the manuscript,
A. E. DiGiovanni for technical assistance, and Spectra
Physics for the loan of the yttrium-aluminum-garnet
laser pulse compressor. One of us (B.D.) is grateful to
Delegation des Recherches et Etudes Techniques and
NATO for financial support.

Permanent address: Centre National d'Etudes des Tele-
communications, LAB/ICM, 22301, Lannion, France.

'L. Esaki and R. Tsu, IBM J. Res. Dev. 4, 61 (1970).
2A. Chomette, B. Deveaud, J. Y. Emery, A. Regreny, and

B. Lambert, Solid State Commun. 54, 75 (1985).
3K. Fujiwara, J. L. de Miguel, and K. Ploog, Jpn. J. Appl.

Phys. 24, L405 (1985).
4B. Deveaud, A. Chomette, B. Lambert, and A. Regreny,

Solid State Commun. 57, 885 (1986).
5A. Nakamura, K. Fujiwara, Y. Tokuda, N. Nakayama, and

M. Hirai, Phys. Rev. B 34, 9010 (1986).
6F. Capasso, K. Mohamed, A. Y. Cho, R. Hull, and A. L.

Hutchinson, Phys. Rev. Lett. 55, 1152 (1985).
J. F. Palmier, C. Minot, J. L. Lievin, F. Alexandre, J. C.

H armand, J. Dangla, C. Dubon-Chevallier, and D. Ankri,
Appl. Phys. Lett. 49, 1260 (1986).

8D. V. Lang, A. M. Sergent, M. B. Panish, and H. Temkin,
Appl. Phys. Lett. 49, 812 (1986).

9R. A. Davies, M. J. Kelly, and T. M. Kerr, Phys. Rev. Lett.
55, 1114 (1985).

G. Belle, J. C. Maan, and G. Weimann, Solid State Com-
mun. 56, 65 (1985).

''T. Duf5eld, R. Bhat, M. Koza, F. de Rosa, D. M. Hwang,
P. Grabbe, and S. 3. Allen, 3r. , Phys. Rev. Lett. 56, 2724
(1986).

' Electrical measurements are interpreted as giving evidence
for hole localization (Refs. 7-9).

' J. Shah, T. C. Damen, B. Deveaud, and D. Bloch, Appl.
Phys. Lett. 50, 1307 (1987).

'4B. Deveaud, A. Regreny, 3. Y. Emery, and A. Chomette, J.
Appl. Phys. 59, 1633 (1986).

'5B. Lambert, B. Deveaud, A. Chomette, A. Regreny, and
R. Romestain, in High-Speed Electronics, edited by D. H.
Auston, Springer Series in Electronics and Photonics Vol. 22
(Springer-Verlag, Berlin, 1986).

' The spatial position of the carrier packet is obtained from
the peak luminescence energy and from the cw luminescence
energy for each SL step.

' F. Capasso, Annu. Rev. Mater. Sci. 16, 263 (1986).
~sS. M. Sze, Physics of Semiconductor Devices (Wiley, New

York, 1981).
An increase in speed at a potential step was predicted by

G. Baccarani, C. Jacoboni, and A. M. Mazzone, Solid-State
Electron. 20, 5 (1977).

A separation between the electrons and the holes would
lead to an electric field of as much as 8x 10 V/cm [D. F. Nel-
son, Phys. Rev. B 25, 5267 (1982)]. We have checked that an
increase or a decrease by about an order of magnitude in the
excitation density does not change the behavior of the carriers.

'This finding is consistent with previous measurements show-

ing hole localization (Refs. 7 and 9) since the barrier widths
and heights, and hence the hole miniband widths, are diAerent
in the two cases.

F. Capasso, K. Mohammed, and A. Y. Cho, IEEE J.
Quantum Electron. 22, 1853 (1986).

A. Chomette, private communication; the calculations were
made for x =0.3 with AE, =0.65hEg.

24P. W. Anderson, Phys. Rev. 109, 1492 (1958).
A. Chomette, B. Deveaud, A. Regreny, and G. Bastard,

Phys. Rev. Lett. 57, 1464 (1986).

2585


