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Intersubband Emission from Semiconductor Superlattices
Excited by Sequential Resonant Tunneling
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We present the first observation of infrared light emission from a semiconductor superlattice in a
resonant-tunneling experiment. Radiation from the three lowest intersubband transitions is observed,
proving resonant tunneling an eAective means of populating high-lying states of the superlattice. The
relative strength of the emission lines enables us to estimate the electron temperature below the optical-
phonon energy to reach about 140 K, whereas transitions originating above the optical-phonon energy
are strongly quenched.

PACS numbers: 73.40.Gk, 78.60.—b, 78.65.Fa

Soon after the first proposal by Esaki and Tsu' of
semiconductor superlattices, the problem of generating
and amplifying infrared light in these systems was
theoretically addressed by Kazarinov and Suris. There
they suggested that photon-assisted tunneling could lead
to gain or infrared emission. However, direct optical
transitions between energy levels in superlattices or
quantum wells (subbands or minibands) also appear at-
tractive for the generation of infrared radiation due to
the large electric dipole moment between them. Indeed,
several schemes to achieve a population inversion and
lasing action between subbands or minibands have been
proposed. ' To achieve this goal it is clear that experi-
ments must go beyond the simple Ohmic heating of
quantum confined systems that has been used in the
past, since this technique does not appear to have the
potential for producing gain. In this Letter we report the
first observation of intersubband emission from a super-
lattice excited by sequential resonant tunneling. Elec-
trons are injected into an excited bound state of the first
quantum well, where they relax by emitting phonons and

photons, and subsequently tunnel into an excited state of
the adjacent well. This process is repeated throughout
the whole superlattice. We observe radiation stemming
from the three lowest intersubband transitions. This is
the first experiment which uses tunneling to create hot
carriers capable of emitting radiation and establishes a
fundamental step towards the realization of an intersub-
band laser.

The GaAs/Alo 3Gao7As superlattice was grown by or-
ganometallic chemical vapor deposition on an n+ sub-
strate and consists of 60 periods of 350-A-wide GaAs
wells and 100-A-thick AlGaAs barriers. The superlat-
tice was not intentionally doped, resulting in an n-type
background of n=5x10' cm, and is sandwiched be-
tween n+ GaAs buAer and cap layers, both of thickness
0.5 pm.

In the following we will discuss some of the issues in-
volved in the design of a resonant-tunneling superlattice
radiator. The quantum efficiency, g, for light emission in

semiconductors is given by the ratio of the radiative re-
laxation rate, 8'„, to the total relaxation rate between
two levels, that is, ri = W,/(W„+ W„,), where W„, is the
nonradiative relaxation rate. For electrons within the
conduction band of a semiconductor superlattice this ra-
tio is usually very small, since optical-phonon emission
occurs on a picosecond time scale whereas typical radia-
tive processes between quantum well levels are of the or-
der of microseconds. However, as long as electrons are
not capable of emitting optical phonons, their nonradia-
tive relaxation rate is reduced by about 2 orders of mag-
nitude to 10 -10 ' s ', limited by acoustic-phonon emis-
sion, ' thus improving the quantum efficiency. In the
present superlattice the energies of the first five sub-
bands, calculated according to Bastard's model, " are
E~ =3.8 meV, E2=15.2 meV, E3=34.1 meV, E4=60.5
meV, and E5 =94.2 meV. Because of the thick barriers,
the levels are localized states rather than extended mini-
bands. Three subbands lie below the optical-phonon en-

ergy of Aro» =36 mev for GaAs.
It is well known that transitions between subbands in

quantum wells are allowed only for light polarized per-
pendicular to the layers. ' This poses an experimental
difficulty for both absorption and emission measure-
ments. In the latter case, the emitted radiation leaves
the sample mainly at the edges, leading to undetectably
small signals (at least as long as there is absorption rath-
er than gain in the medium). Recently we have shown
that it is possible to overcome this problem by depositing
a metallic grating on the surface of the sample, which
essentially converts the radiation propagating along the
layers into a wave radiating from the surface. This
method was also employed in the present experiment.
Gratings with periods between 8 and 30 pm were defined
photolithographically (area 3X4 mm ), after which Sn
(150 A) and Au (1500 A) were evaporated. After
lift-oA, the grating was alloyed at 400 C to serve as the
top electrical contact. Then, by using the grating as an
etch mask, the highly absorbing top n+ GaAs layer was
etched away between the metal stripes. Finally, the
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second contact was made by alloying In at the bottom of
the sample. In order to study in detail the current-
voltage characteristics of the structure we also fabricated
mesas with 200-pm diameter (about 500 times smaller
area than the grating structure).

Figure 1 shows the current-voltage characteristics of a
mesa structure at 10 K. Many extremely sharp negative
differential resistances (NDR's) are observed, similar to
those reported in the initial work of Esaki and Chang, '

and later by Choi et al. ' and Vuong, Tsui, and Tsang. '

The origin of these NDR's is sequential resonant tunnel-
ing in connection with a high-electric-field domain ex-
panding through the superlattice. Each single NDR re-
gion corresponds to a single superlattice period breaking
off from a resonant condition (i.e., ground state in reso-
nance with an excited state in the adjacent well), and
aligning to resonance with the next higher level (see inset
of Fig. 1).' ' The most pronounced NDR's occur
whenever the superlattice breaks off from being homo-
geneously aligned. This enables us to identify the energy
levels between which tunneling takes place (numbers in

Fig. 1). Consequently, we can determine the energy lev-
el into which the electrons are injected at a certain volt-
age. The energy levels deduced from the current-voltage
characteristics are in reasonable agreement with the cal-
culated ones. The main features of Fig. 1 could also be
observed with the grating structure, although not as
clearly. The current density in these structures is basi-
cally determined by the barrier thicknesses. The thick-
ness of 100 A., chosen in the present experiment, leads to
a current of a few tens of mA in the grating structure
when injecting into the fourth or fifth subband. This re-
sults in sufficient electrical power to expect an observable

emission signal without overheating the sample.
The experimental setup for studying emission from the

superlattices was as follows: Voltage pulses of several
ms duration were applied to the sample, which was kept
at a temperature of 10 to 20 K. The resulting radiation
was guided with a light pipe to a high-sensitivity Si
bolometer operated at 1.5 K. In order to analyze the
spectrum of the emitted radiation, a tunable absorber
consisting of a wedged slab of InSb (n =10' cm ) was
placed between the superlattice and the bolometer in the
center of a superconducting magnet. By application of a
magnetic field the cyclotron resonance absorption fre-
quency in the InSb was varied, providing a tunable
filter. The filter was calibrated with a Fourier-
transform spectrometer. The spectral resolution was
about 20 cm ' (2.5 meV or 0.3 T); the rejection was
50% for unpolarized light. Because of the small effective
mass of InSb a magnetic field sweep from 0 to 6 T corre-
sponds to a frequency scan from 0 to 325 cm ' (40-meV
photon energy). As a consequence of this detection tech-
nique, minima in the detected signal will be observed at
magnetic field values where the InSb cyclotron resonance
frequency coincides with the frequency of the emitted ra-
diation.

Figure 2 shows the emission signal as a function of the
InSb magnetic field. The two top curves are for a sam-
ple with a 12-pm-period grating, biased at 8 (curve a)
and 9 V (curve b); the lower trace represents the emis-
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FIG. 1. Current-voltage characteristic of the superlattice
(mesa with 200-pm diam) at 4.2 K. The numbers indicate the
relevant tunneling processes. Inset: Schematic of conduction-
band edge together with transport and relaxation paths.
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FIG. 2. Detector signal vs magnetic field of InSb filter and
corresponding photon energy for samples with diA'erent grating
periods at bias voltages as indicated. The observed intersub-
band transitions are marked. The peak absorption is about
20%,. the magnitude of the signal in curve b has been reduced
by a factor of 2.5.
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sion from a sample with an 8-pm-period grating at 9.5 V
(curve c). The absorptive features occur at magnetic
field values of 1.35, 2.35, and 3.4 T, corresponding to
photon energies of 11, 18, and 25 meV, respectively. In
comparison, the calculated transition energies (without
electric field) between the four lowest subbands, E~q,
E23, and E34 are 11.4, 18.9, and 26.4 meV. From this
agreement we conclude that we are observing intersub-
band light emission. With the 12-pm sample, the rela-
tive strength of the 3-2 transition increases with respect
to the 2-1 transition upon increasing the voltage from 8
to 9 V. The current rises thereby from 35 to 75 mA
(nearly exponentially, as expected for a tunneling pro-
cess) and the emission intensity increases by a factor of
3, that is, faster than the electrical input power. Below 6
V no emission signal could be detected, because the
current and the input power become too small. As a re-
sult, emission can only be analyzed over a small part of
the I-V curve. In curve c we note that the 8-pm grating
enables us to observe weak radiation from the 4-3 sub-
band transition. These results show that sequential reso-
nant tunneling is much more effective than Ohmic heat-
ing, since electrons are injected directly into high-lying
states. The conversion efficiency of electrical input
power into intersubband radiation power is at least 1 or-
der of magnitude better in the present case.

It is striking that the observed transition energies ap-
pear hardly affected by the strong electric field across the
superlattice and agree so well with the Oat-quantum-well
calculation. This suggests that most of the voltage drops
across the barriers rather than the wells. The screening
of the electric field in the well can arise from electron ac-
cumulation on the positive side of each well and hole ac-
cumulation on the negative side. Since there are no
holes before bias is applied, they are created through im-

pact ionization, initiated by electrons accelerated up to
energies of several eV. We found strong support for this
assumption by observing GaAs-band-gap luminescence
from the biased superlattice.

The relative strengths of the emission lines can be used
to determine the effective electron temperature provided
the relative grating coupler efficiency is known. In order
to better understand the coupling mechanism of the grat-
ing to the inter subband transition, we performed
grating-coupled absorption measurements in similar su-
perlattices grown on a semi-insulating substrate. The
measurements were performed with a Fourier-transform
spectrometer at fixed temperatures between 50 and 130
K. For a certain intersubband transition to be observed,
the period of the grating must be smaller than the wave-
length corresponding to the respective transition, X, di-
vided by the refractive index of the material (n„=3.5 for
GaAs). The coupling is strongest when k/n„ is close to
the grating period and decreases slowly towards longer
wavelengths. Emission measurements on samples with
30-, 22-, and 16-pm periods also revealed intersubband

transitions; the line shape, however, seemed distorted by
the vicinity of the grating resonance. This consideration
can possibly explain the fact that the 4-3 transition can
be observed with the 8-pm grating, but not with the 12-
pm grating.

In Fig. 3 the conduction-band edge of the superlattice
at a bias voltage of approximately 8 V is sketched. At
this bias, according to the current-voltage characteristics
(Fig. l), electrons are injected into the fifth electric sub-
band. From there they relax into the ground state by
emitting photons and mainly phonons, or leak out
through the barrier without relaxing, giving rise to im-
pact ionization after they have gained enough energy.
The energy of the LO phonons in GaAs is indicated by
the dashed line. It becomes clear now why the two lower
transitions can be observed so clearly, whereas the two
upper transitions remain very weak or undetectable.
While the estimated radiative relaxation rate for the 4-3
transition is at most 3 times larger than for the 3-2 tran-
sition (W„a:co f, where ro is the transition frequency
and f the oscillator strength), the nonradiative rate in-
creases by 2 orders of magnitude, because the channel
for optical-phonon emission is available. This drastically
reduces the quantum efficiency and, hence, the magni-
tude of the 4-3 emission signal.

We now use the relative strengths of the two transi-
tions in trace b of Fig. 2 to determine the effective tem-
perature of the electron system, or instead, if a popula-
tion inversion exists. To answer this question, we have to
consider the factors determining the emitted line
strengths. The power emitted in each line is given by

P =@cod„nCV,
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FIG. 3. Schematic of the conduction band of the superlat-
tice at a bias of about 8 V. The tunneling and relaxation pro-
cesses are indicated, as well as the optical-phonon energy.
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where W„ is the spontaneous emission rate, n is the elec-
tron density in the excited level, V is the volume of the
sample, and C is a coupling constant, describing the
eSciency with which radiation generated in a certain
transition eventually leaves the sample. C obviously in-
cludes the inAuence of the grating. Knowing the ratios
of P, IV„and C for the different transitions, it is possible
to determine the respective electron population ratio.
The relative grating coupling strength has been deter-
mined by the absorption measurement described above,
and is about 1.2 ~ 0.2 times larger for the higher transi-
tion. The power ratio is simply measured from the area
under the lines in Fig. 2, and the emission rates are eval-
uated by noting that the oscillator strength for the 3-2
transition is about twice as large as for the 2-1 transi-
tion (neglecting the electric field). From this, the popu-
lation ratio n3/nq is calculated to be 0.23+ 0.05, corre-
sponding to an intersubband temperature of 140+ 20 K.
Above the optical-phonon energy, the electrons are
cooled more effectively and the temperature is much
lower. As an illustration consider a temperature of 120
K and assume the grating coupling to be the same for all
transitions. Then, according to Eq. (1), the ratio of the
emitted power in each line, P2~.P32.P43 would equal
9:14:5, so the 4-3 transition ~ould be about half as
strong as the 2-1 transition. In the experiment, however,
the 4-3 transition is barely visible (curve c in Fig. 2).
Thus we conclude that the electron distribution is not in-
verted, being very hot below the optical-phonon energy,
but significantly cooler above the optical-phonon energy.

In conclusion, we have demonstrated emission of in-
frared light from a superlattice excited by sequential res-
onant tunneling, realizing an idea that has been incubat-
ing as long as the concept of the superlattice itself. This
method of excitation has the potential for directly pump-

ing, by electrical means, excited states of the quantum
well, and the potential for producing population inver-
sion. We look forward to experiments and theoretical
modeling to ascertain whether these conditions can be
achieved.
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