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Hot-Electron Spectroscopy of Sloch Electrons in High-Order Minibands
in Semiconductor Superlattices
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We inject electrons at arbitrary energy into the band structure of a GaAs/AIGaAs semiconductor su-
perlattice. The electrons traverse a finite number of periods and are then analyzed for the electron
momentum distribution using a hot-electron spectrometer. By this technique, we are able to give the
first demonstration of miniband conduction through high-order minibands. We relate the transmission
and energy-loss characteristic to tight-banding models of the superlattice.

PACS numbers: 71.25.Tn, 72.20.Ht, 73.40.6k, 73.40.Lq

Semiconductor superlattices provide an ideal system in
which to study band transport in periodic materials in a
range of parameter space inaccessible in natural struc-
tures. ' By adjusting the well and barrier thickness and
composition, it is possible to tailor the electronic states
from being localized to being extended "miniband"
states, and experimentalists have not only revealed the
formation of bands, they have also been able to explore
a range of transport processes from hopping conduction
to band transport. '

A key issue is coherent or miniband transport. Al-
though there have been convincing demonstrations of
miniband transport by techniques as diverse as cyclotron
resonance, time of Aight, and tunneling studies,
they all su6'er from the same limitation that the electrons
(or holes) have been confined to the bottom of the
lowest-lying mlnlband. It is also important to address
the possibility of hot-electron transport in high-lying
minibands, where the bandwidths are larger and there-
fore less subject to localization by unavoidable Auctua-
tions, but the mean free path can be curtailed by inelas-
tic processes such as phonon or plasmon emission. In
this case we can envisage situations where the electronic
states are delocalized, but the mean free path of elec-
trons is of the order of the superlattice period.

In this Letter, we report the first experimental obser-
vation of Bloch transport in high-lying minibands (the
second, third, and fourth) in semiconductor superlattices.
We have performed measurements on a variety of super-
lattices, sandwiched between a variable-energy electron
injector on one side, and an electron spectrometer on the
other (inset, Fig. 1).' " With this new technique we

may unambiguously identify electrons which traverse the
superlattice in a single miniband. It also allows the first
measurement of scattering rates and mean free paths of
hot carriers in such an artificial periodic system. %'e
have modeled the system assuming an infinite superlat-
tice, and obtain excellent agreement with our data. This
demonstrates the remarkable result that even in a finite
system with strong scattering, the electrons are essential-
ly described by the infinite-system dispersion relation.

In detail, the structures we have studied are or-
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FIG. 1. The injector tunneling characteristic. The calculat-
ed effective-mass-approximation minibands are indicated by
the solid lines (displaced by the Fermi energy). Inset:
Schematic of the structure when typically biased, with the
various relevant bias voltages and currents indicated. The
minibands are shown hatched; the Fermi energy is shown as a
dashed line.

ganometallic chemical vapor deposition- (OMCVD-)
grown GaAs/AIQ. 3Gao 7As heterostructures consisting of
(from the top of the wafer down, see Fig. 1), an electron
injector comprised of an n+ (n 2X 10' cm ) GaAs
top contact (200 nm), a low-doping (n -4X10' cm )
transit region of thickness 250 nm, and an 8-nm AloaAS
tunnel barrier. %Ye follow this with a superlattice transit
region consisting of a seven-period superlattice with 12-
nm quantum wells and 2.5-nm AIGaAs barriers (the su-
perlattice is terminated at both ends with a GaAs well).
The doping throughout the superlattice is n type,

2X10' cm . Finally, we have an electron spec-
trometer consisting of a triangular-graded barrier in
which we linearly grade the AI concentration to 0.3 over
20 nm and then back down to zero over a further 150

'The structure is terminated by a 1000-nm n
(rr -2&10' cm ) region adjacent to a semi-insulating
GaAs substrate. ' ' The wafer was processed using stan-
dard wet-etching techniques into mesas of diameter 100
pm, and separate Ohmic contacts were made to the elec-
tron injector, superlattice transit region, and electron
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collector using alloyed Au:Sn. Hereafter, we will refer
to these contacts as the emitter, base and collector, re-
spectively. The emitter-base bias controls the energy at
which electrons are injected into the superlattice,
whereas the base-collector bias allows independent con-
trol of the electron spectrometer. The first four superlat-
tice minibands calculated using Bastard's' model are
80, 19-26 meV; 81, 79-107 meV; 82, 176-242 meV;
and 83, 313-432 meV.

We turn now to the low-temperature (4.2 K) electrical
characteristics of the structure. In Fig. 1 we show the
injector (emitter-base) characteristic. The presence of
two regions of negative diA'erential resistance (NDR) is
apparent. Note that in view of the high doping, the bias
voltage (in V) corresponds well to the injection energy in
the superlattice (in eV). However the large Fermi ener-

gy in the superlattice (=80 meV) makes the lowest
miniband (80) filled, and therefore, unobservable. We
have illustrated the position of the minibands calculated
using the Bastard model, displaced by the appropriate
Fermi energy, by the horizontal bars in Fig. 1. Although
there is a reasonable correspondence between the ob-
served features and the calculated bands, the features
are broader than those we have seen in more lightly
doped superlattices, probably because of lifetime
broadening due to the enhanced plasmon scattering in
the highly doped material. The interpretation we will

adopt (to be supported by the following measurements)
is that between 0.1 and 0.26 V, we are injecting into 82;
between 0.26 and 0.28 V, we are injecting into the band

gap; and above 0.28 V, we are injecting into the third
band (83).

Next we will describe the analyzer (base-collector)
characteristic under constant-current emitter injection
(the emitter-base characteristic is almost independent of
Vb, implying constant-voltage injection as well). From
this we will be able to extract the hot-electron momen-
tum distribution after traversing the superlattice. In Fig.
2(a) we show the collector current as a function of base-
collector bias for a sequence of injection energies. As we
steadily increase the emitter voltage from 75 to 100 pA,
we see an abrupt change in the analyzer characteristic
around Vb, 0.1 V. Reference to Fig. 1 indicates that
this corresponds to injection into 83. The inference we
draw is that when we are biased to inject into 83, a
quasimonoenergetic electron beam passes through the
minib and, and can be detected spectroscopically at
Vb, 0.1 V with the analyzer. We will be more quanti-
tative later.

Of more physical interest is the electron distribution
function n(e) of the electrons after they have traversed
the superlattice. By noting that the analyzer only col-
lects e1ectrons with energy exceeding the effective barrier
height (at a given bias), it follows that
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FlG. 2. (a) The analyzer characteristics at a sequence of in-
jector currents (0 pA, 25 pA, 50 pA, etc.) the corresponding
injector voltages are Vb, (mV) 0, 172, 208, 235, 263, 329,
342, 357, 368, and 376. (b) The electron energy distribution
function n(e) at the same injection energies (omitting 0 mV).

(Ref. 10). We show this derived quantity in Fig. 2(b).
[Strictly we are measuring the perpendicular component
of momentum, but since most electrons suffer several
scattering events we can regard n(e) as being propor-
tional to the energy distribution. ] We see a clear peak in
the momentum distribution around Vb, 0.1 V. S'ithin
the limits of resolution, the peak does not move as the
emitter bias (or injection energy) is increased, giving us
confidence that the feature is related to the band struc-
ture. This is in contrast to measurements on devices
without a superlattice in the base, where injection energy
and analyzer feature positions are correlated. ' The ap-
pearance of the hot-electron peak is extremely rapid: a
& 100 times increase in the number of transmitted elec-

trons for a doubling of the injection current. A similar
feature is seen when we bias to inject into and sweep
through 82. In samples in which we intentionally pre-
clude the possibility of band transport by chirping the
superlattice period, although we still see structure in the
injector, we do not see significant hot-electron miniband
transport.

An important quantity is the fraction of electrons
which transport through the band structure as a function
of injection energy: the transfer function, a. We arrive
at this parameter by taking the ratio of the analyzer
current (at fixed analyzer energy) with the injection
current (as a function of injection energy), i.e.,
a(e) I,/I„where e' eVb, . We have plotted this quan-
tity in Fig. 3 with the analyzer set both to the center of
82 (Vb, 0.4 V, dashed line) and to the center of 83
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(Vb, 0.1 V, solid line). Turning first to the characteris-
tic associated with B2, we see that for low injection ener-

gy (i.e., Vb, (0.1 V), the transfer function is small
(a= 10 ) and independent of bias. However, when
biased to inject into 82 (i.e., at Vb, 0.1 V), the transfer
function rises abruptly, appearing to saturate at
a= 3X10 . A similar feature is seen with the analyzer
set to 83 (Fig. 3), but now the abrupt change occurs
when we bias to inject into B3, as we would expect, and
the characteristic saturates at a =0.06. (With the
analyzer set to collect all of the electrons in the ballistic
peak, rather than set at its maximum point, we can col-
lect more than 20% of the electrons in the nonequilibri-
um distribution. ) The weaker feature at Vb, 0.26 V
with the analyzer set to B2, and the nonzero background
below 0.26 V in the B3 curve are largely a consequence
of the 6nite-energy resolution in the analyzer, which, for
example, precludes us from studying the band B2 when
biased to inject into B3.

We will now attempt to explain these observations
within the tight-binding approximation of semiconductor
superlattices. The excellent energy resolution of the in-

jector (= 30 meV) means the transfer function (Fig. 3)
can be used as an accurate probe of the miniband disper-
sion relation. In the following, we will assume a one-
dimensional tight-binding miniband dispersion relation
e(k) 8p;[1+cos(ka)], where cp; are the miniband
half-widths, and a is the period. The use of the infinite-
system dispersion relation is clearly only an approxima-
tion; however our experimental energy resolution is
inadequate for observing the discrete states that
comprise the band. The corresponding group velocity is

&oi + 2e
v

A. ep;

2 1/2

We will now develop a model for electrons propagating
in this band structure while scattering and losing energy.

F1G. 3. Fraction of electrons transmitted (the transfer func-

tion) with the analyzer set to the center of B2 (dashed line)
and B3 (solid line). The dotted lines are the results of the cal-
culation described using fitted miniband widths, and the dot-
dashed line, using the calculated bandwidth.

We remark that the interband scattering rate is rather
low (if the band separation exceeds the optic-phonon en-

ergy eLo), because only large-wave-vector scattering
events are allowed. Calculations indicate that the inter-
band scattering mean free path is of order 1 pm (away
from the band edges), an order of magnitude longer than
our superlattice. ' Therefore, we can consider our elec-
tron distribution as confined to a single band. (The
eventual fate of electrons close to the band edges will be
addressed shortly. ) Within a band, we will assume that
the predominant energy-loss process is optic-phonon
emission described by a single scattering rate r;, for
each band.

An electron injected low into the miniband structure
will propagate at the appropriate group velocity until
scattered or collected by the analyzer; clearly an in-
creased group velocity results in a greater probability of
collection and correspondingly higher a. The group ve-
locity increases steeply at the band edges which explains
the sudden increase in the transfer function as we bias to
inject into a miniband. The group velocity, and hence
transfer function, should continue to increase until the
band center, whereupon the group velocity starts to fall.
However, the transfer function will not fall since an elec-
tron injected high in the band, although it will have a
shorter mean free path before scattering, is likely to
scatter into a state close to the center of the band, where
the partial mean free path is again large. Therefore, the
transfer function appears to saturate because the elec-
tron travels only a short distance in these high-energy
states, which is as we have observed. Finally, we expect
that electrons close to the band edge will have a very low

group velocity, and will not contribute signi6cantly to the
current (they may even be in localized states at the band
edges), and these electrons will eventually be lost
through interband scattering events. We will now give a
quantitative description of these phenomena.

Rather than attempting a Monte Carlo or other sto-
chastic description of the transport and energy-loss pro-
cess, we will use an analytic approach in which we as-
sume that electrons injected at energy e; can be de-
scribed as having an average path length X(e;) before be-
ing lost from the band. While within the band, an elec-
tron will typically su6'er several optic-phonon emissions
of energy eLo (strictly coupled phonon-plasmon modes
with slightly higher energy). The transfer function may—I.JK(ei)then be written a(e;) Ce ', where L is the super-
lattice length and C represents the analyzer efticiency
(this is determined predominantly by where we set the
analyzer energy, but also is intended to include eA'ects

such as scattering events which reverse the electron
direction, which we do not describe explicitly, and other
events which can remove an electron from the band such
as Auger processes). We may express X as the sum of
the mean free path before scattering and the mean free
path after one optic-phonon emission of energy t. Lo, two
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phonon emissions, etc., that is,

band edge

X(e;)- g k(e; —«Lo) =
n p

X(e)de,
&LO

where we approximate a discrete by a continuous
energy-loss process (although our bandwidths are only
several eLo wide).

Using A, (e) v~(e)r;, and the group velocity described
earlier we arrive at the following:

2- i/2
&Ie&P& +

i —+ —1 2
25 a'Lo 2 Eo 8p 6p

+arcsin —1
~p

We have plotted this function using the calculated band-
width for 83 with the dot-dashed line in Fig. 3 (the
fitted scattering time is 45 fs). We see that the form of
the predicted transfer function is approximately correct
in that it predicts the steep rise of a at the band edges,
and the form of the saturation near midband. However,
if we use the band positions and widths which are more
consistent with the injector characteristic, we arrive at
the dotted lines in Fig. 3 (the bandwidths chosen are 200
and 300 meV and the fitted scattering times are 24 fs for
82 and 21 fs for 83, which are close to what we would

expect for doped bulk GaAs at these injection ener-
gies. ' ). The mean free path before energy loss at the
band center given these scattering rates is = 3 periods.
The corresponding collection efficiencies, C, are 0.11 and
0.4 for B2 and B3, respectively. We see very good
agreement of the detailed form of the transfer function
for realistic values of the fitting parameters (on the loga-
rithmic plot only the scattering rate determines the shape
of the curve, and C merely determines the vertical posi-
tion) suggesting that electrons are transporting coherent-
ly between scattering events in high-order minibands. A
more detailed calculation would necessarily include the
anisotropic three-dimensional band structure rather than
approximating to a one-dimensional problem.

To conclude, we have described a new type of struc-
ture for studying hot-electron effects in semiconductor
superlattices. It allows the unique flexibility of indepen-
dent variable-energy injection into the band structure,
and spectroscopy on the electrons after they have
traversed the superlattice, permitting study of the dy-

namics of electrons in high-order minibands for the first
time. Our results imply that miniband conduction is pos-
sible in high-lying minibands: a result vital for device
applications of semiconductor superlattices. In addition,
our modeling indicates that the electrons are traveling
coherently for several superlattice periods between
scattering events, and obey the infinite sys-tem dispersion
relation. Finally, the present type of structure offers the
possibility of studying transport in almost any Gnite
arti6cial one-dimensional potential, and we are currently
applying it to other problems including localization and
the fabrication of high-gain superlattice-base hot-
electron transistors.
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