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Nonthermal Occupation of Higher Subbands in Semiconductor Superlattices
via Sequential Resonant Tunneling
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%'e report on the observation of photoluminescence from the second and third electronic subbands in

undoped GaAs-A1As superlattices under application of an electric field perpendicular to the layers. The
occupation of the higher subbands is achieved by sequential resonant tunneling of electrons. We deter-
mine the relative occupation of the second subband at resonance. Together with the electrically mea-

sured transport time between adjacent wells this novel spectroscopic eA'ect provides a new method to
determine the intersubband relaxation time.

PACS numbers: 79.80.+w, 72.20.Jv, 72.40.+w, 78.47,+p

The occupation of higher subbands and the lifetime of
excited states in semiconductor quantum wells (QW's)
and superlattices (SL's) has been the subject of great
current interest and of some controversy. In a recent
publication it was shown via intersubband emission ex-
periments that higher subbands in GaAs-Al„Ga~ „As
superlattices can be occupied by sequential resonant tun-
neling (SRT). However, this type of experiment was

only possible for intersubband transitions with an energy
below the optical-phonon energy in GaAs. This suggests
that the emission of optical phonons is an important pro-
cess in the intersubband energy relaxation of carriers in
QW's and SL's. The lifetime of electrons in higher sub-
bands in quantum wells has been investigated by a
variety of experimental techniques. The reported in-

tersubband scattering times vary over more than 1 order
of magnitude. Furthermore, intersubband scattering in

quantum wells has recently attracted significant theoreti-
cal interest. According to a recent calculation the in-

tersubband scattering time due to slab phonons should

depend strongly on the barrier height. It decreases with

increasing Al content in Al„Gal —„As barriers.
In this Letter we report the first observation of band-

to-band photoluminescence (PL) from excited subbands
in undoped semiconductor superlattices under weak il-

lumination. The occupation of the higher subbands is a
result of SRT of electrons in an electric field perpendicu-
lar to the layers. The occupation of the second subband
exhibits a maximum for resonant coupling of the wells,
i.e., when the second and first subbands are aligned in

adjacent wells. The ratio of occupation between the
second and first subbands obtained from the correspond-
ing PL intensities is used to determine the intersubband
scattering time in this system. The energy spacing be-
tween the first and second subbands is larger than the
optical-phonon energy in GaAs.

The samples are GaAs-A1As superlattices with fifty
periods sandwiched between p and n layers of
AloqGa05As in a p-i-n structure. The structures are
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FIG. 1. Peak photocurrent vs applied voltage for sample I
under 530-nm illumination. Inset: The transit time vs the ap-
plied voltage for the same sample.

grown by molecular-beam epitaxy on a (100)-oriented
n+-type GaAs substrate. The superlattices are nominal-

ly undoped. The thickness of the GaAs wells is 12.3 nm
in sample I and 11.8 nm in sample II with respective
AlAs barriers of 2. 1 and 1.6 nm. The p-i-n diodes are
processed into mesas of 0.004 mm area with Ohmic
Cr/Au contacts on both sides.

Electrical time-of-liight experiments demonstrate that
SRT contributes to the transport in superlattices. Furth-
ermore, the transport times through the whole superlat-
tice are obtained. Experiments of this type are described
in detail in Refs. 8 and 9. In Fig. 1 we plot the peak
photocurrent at 80 K of sample I as a function of the ap-
plied voltage. The peak photocurrent exhibits a strong
maximum at —3.6 V (the minus sign referring to the re-
verse direction) and a weaker maximum around —11 V.
Both maxima can be explained by resonant coupling of
adjacent wells in the superlattice. The first (second)
maximum occurs at an applied voltage where the first
and second (third) electronic subbands are aligned.
Taking into account the built-in voltage of 1.5 V we esti-
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mate from the positions of the maxima a subband spac-
ing of 100 meV (250 meV). Photocurrent spectrosco-
py

' (PCS) gives a subband spacing of 86 meV (198
meV) at low electric fields. The difference between the
values obtained by PCS and transport experiments arises
from a partial depletion of the doped contact regions
near the superlattice.

We conclude that the transport in this system is en-
chanced at certain applied voltages due to SRT, i.e., in-
jection of electrons from the lowest subband into a
higher subband of the adjacent well followed by rapid re-
laxation to the lowest subband. The inset of Fig. 1 shows
the transit times through the whole intrinsic layer of
sample I determined from the photocurrent transients.
The transit time exhibits a minimum at the same applied
voltage where the peak photocurrent has a pronounced
maximum. The transit time at —3.6 V is 3 ns, which
corresponds to a transport time of 60 ps per superlattice
period. This transport time is a measure for the time it
takes a carrier to reach the adjacent well. It should not
be confused with the time constant for coherent resonant
tunneling as discussed in Ref. 11.

Time-resolved PL experiments are performed with a
synchronously pumped, mode-locked dye laser with a re-
petition rate of 80 MHz and a pulse width of 5 ps. The
excitation wavelength can be varied between 650 and
790 nm by using two dyes (Pyridin-2 and DCM). The
intensity of the excitation is adjusted between 1 and 2
mW to give an average photocurrent of the order of 200
pA. The diameter of the focal spot is about 25 pm re-
sulting in a carrier density of the less than 10' cm
The luminescence is focused onto the entrance slit of a
0.32-m monochromator. A 2D streak camera is used to
record the PL intensity as a function of time and energy.
The overall time resolution of the system depends on the
temporal dispersion of the monochromator and varies be-
tween 10 and 20 ps (full width at half maximum of the
laser pulse on the streak camera).

A typical time-dependent PL spectrum of sample I at
an applied voltage of —13 V and 77 K is shown in Fig. 2.
The excitation wavelength is 652 nm (1.902 eV), i.e.,
carriers are excited above the third electronic subband.
Three distinct features are observed. The strongest peak
at 1.510 eV is due to the transition from the lowest con-
duction subband to the highest heavy-hole state (transi-
tion hh 1 1 ). The energy is redshifted from its value at
zero field due to the quantum-confined Stark effect. ' A
discussion of the detailed structure of this PL line is
beyond the scope of this paper. A weaker peak is ob-
served at 1.598 eV and assigned to the transition from
the second electronic subband to the heavy-hole ground
state (transition hh21). This identification can be made
unambiguously by comparing this spectrum to the photo-
current spectrum at the same temperature and same ap-
plied electric field. A very weak peak is seen at 1.715
eV. It corresponds to the transition from the third elec-
tronic subband to the heavy-hole ground state (transition
hh31). The time dependence is in most cases not purely
exponential. It is therefore difficult to extract time con-
stants from the transients.

The intensities of the second and third electronic sub-
bands in the PL spectrum are strongly voltage depen-
dent. In Fig. 3 we plot the PL spectrum of sample I at
200 ps after 652-nm excitation for different applied volt-
ages. At —2 V there is no indication of the second- or
third-subband PL present. At —5 V the second subband
has clearly emerged, while the third subband is still not
visible. At —10 V the intensity of the second subband
has grown in strength relative to the PL intensity from
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FIG. 2. Typical time-resolved photoluminescence spectrum
for sample I at an applied voltage of —13 V and a temperature
of 77 K.

FIG. 3. Photoluminescence spectra of sample I at 200 ps
after photoexcitation for different applied voltages. The dif-
ferent curves are shifted with respect to each other and have
been smoothed for clarity. The high-energy background tail is
due to the limited dynamical range of the streak camera.
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the first subband. The third subband, on the other hand,
does not appear below —11 V and is clearly observed at
—13 V. The high-energy side of the PL from the lowest
conduction subband decreases nearly exponentially with

energy, revealing a carrier temperature of 80-90 K,
which indicates a thermal population of the lowest con-
duction subband on this time scale. In sample II we also
observe PL from the second subband between —3 and
—6 V. The maximum value of the relative intensity of
the second-subband PL is larger than in sample I. Be-
cause of the thinner barriers in sample II the transit time
at higher fields becomes much shorter than the lumines-
cence lifetime so that a significant PL signal of the
second subband cannot be detected beyond —6 V.

When the excitation wavelength is changed to an ener-

gy between the first and second subbands (790 nm), we

again observe PL from the second and third subbands
with a similar voltage dependence. This is additional
evidence that the population of the higher subbands is

produced by SRT. The time dependence of the higher-
subband PL displays a significant change at short times
( & 100 ps) for excitation below the second subband. In
this case, the PL signal rises within the time resolution to
a maximum value and stays approximately constant out
to about 100 ps. For excitation above the second sub-
band the PL signal again rises to a maximum within the
time resolution, but begins to decay immediately after-
wards.

An interesting feature of the voltage dependence of
the PL intensity is the fact that the hh21 luminescence
does not disappear for applied voltages above the reso-
nance condition. To get a better understanding of this
feature we plot in Fig. 4 the intensity ratio of the hh21
and the hhl 1 transitions at 200 ps after excitation as a
function of the applied voltage. Two regions of large in-

crease at both ends of the voltage scale are separated by
a plateaulike region between —7 and —10 V. To extract
the level of occupation from the measured PL intensities
we have to take into account that the oscillator strengths
of both transitions are strongly field dependent. ' ' The
correct relation between occupations and intensities is

n2 fi I2
(1)

III f2 II
when n I and n 2 are the occupations, f I and f2 are the os-
cillator strengths, and I I and 12 are the intensities of the
hh 1 I and hh21 transitions, respectively. To determine
the oscillator strength we take the peak height of the
respective transitions from the photocurrent spectra '

that were measured at the same applied voltages and
temperature. The resulting occupation ratio is also
shown in Fig. 4. The largest occupations of the second
subband are achieved at about —5 and —13 V close to
the first and second resonances in the peak photocurrent
of Fig. 1, which clearly supports the SRT picture. The
maximum occupation ratio at —5 V is about 1.1x10
in this sample. In sample II the maximum occupation
ratio is 6 X 10 . We conclude from the correlation be-
tween the voltage dependence of the occupation ratio and
of the peak photocurrent that the occupation of the
higher subbands is nonthermal.

To extract the intersubband relaxation time from the
observed occupation ratios we can, in good approxima-
tion, neglect the eFect of the recombination times and
the transit time through the whole superlattice. The dy-
namics of the system is then determined by the intersub-
band relaxation time rI and a transport time r2 which is
a measure for the transport from one well to the adjacent
well. Tunneling out of the higher subbands into the ad-
jacent well or continuum can be neglected in this system
due to the large barrier height of A1As. The time evolu-
tion of the population of the first and second subbands in

the ith well can be described by
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Photoluminescence intensity ratio 1(21)lI(l l )
for the hh21 and hh11 transitions and occupation
(dashed line) of the second and first subbands in

applied voltage. The lines are guides to the eye.

nI and n2 are the occupation of the first and second sub-
bands in the ith well and 6 is the generation rate of the
photoexcitation. We have assumed that carriers are only
generated in the first subband, i.e., optical excitation
below the second subband. To further simplify the
analysis we set n'~ ' =n1, i.e., the number of carriers that
enter the ith well by tunneling into the second subband is
equal to the number that leave the same well by tunnel-
ing from the first subband. The solution of Eqs. (2) and
(3) leads to a constant occupation ratio at long times
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which is given by

7l2

7l ) &2

(4)

This result clearly shows that a finite occupation of the

second subband can be achieved for transport times r2,

which are much shorter than the luminescence lifetime

and transit time through the whole superlattice, but of
the same order of magnitude as the intersubband relaxa-
tion time r~. Equation (4) also holds for excitation into

or above the second subband. In this case the time

dependence at short times changes (in a similar way as

observed in the experiments), but the behavior at very

long times remains unchanged. We note that this result

remains valid even when the luminescence lifetimes of
both subbands are included in Eqs. (2) and (3), provided

that r~ and r2 are much smaller than the PL lifetimes.

A quasi-steady-state is reached for times longer than r~

and r2 and shorter than the PL lifetimes and the transit

time.
In order to use Eq. (4) to estimate the intersubband

relaxation time from the experimentally determined oc-
cupation ratios, we note that n~ 2 gn'~ 2, where we sum

over all the wells in the illuminated region. It can be
shown for our systems that the occupation ratio in Eq.
(4) is approximately equal to the experimentally ob-

served occupation ratio in Eq. (1). Assuming a transport
time rT r~+r2 of 60 ps for sample I (as discussed

above), the observed maximum occupation ratio yields

an intersubband relaxation time of 0.65 ps, in good
agreement with recent experimental and theoretical
values. For sample II we assume the same oscillator
strength. The transport time rT of 10 ps for sample II is

taken from Ref. 15. The resulting intersubband relaxa-
tion time of 0.57 ps is in excellent agreement with the
value obtained in sample I. We emphasize that the

present method to determine the intersubband relaxation
time does not require subpicosecond time resolution.

In summary, we have shown that a finite occupation of
higher subbands in a GaAs-A1As superlattice can be

directly observed by photoluminescence spectroscopy,
even for subband spacings larger than the optical-phonon

energy. The voltage dependence of the relative occupa-
tion of the second subband is similar to the voltage
dependence of the peak photocurrent, indicating a non-

thermal population in the second subband. The mecha-

nism for the occupation is sequential resonant tunneling.
This is a resonantly enhanced transport process between
two aligned energy levels with subsequent intersubband

relaxation. The relative occupation of the second sub-

band together with the electrically measured transport
time between adjacent wells was used to determine the
intersubband relaxation time in a superlattice to be 0.6
ps, which is the same value as measured in independent
quantum wells.
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