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Electroluminescence study of resonant tunneling in GaAs-AlAs superlattices
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We have studied the electroluminescence (EL) emission from GaAs-AlAs superlattices embedded
in a p*-i-n* diode structure under forward bias. The occupation of higher subbands by sequential
resonant tunneling between adjacent wells is demonstrated via interband emission. We observed
emission lines due to transitions involving the second and third conduction subband as well as the
third heavy-hole subband. The EL lines originating from higher subbands exhibit nearly a constant
Stark shift indicating inhomogeneous electric field and carrier density distributions.

I. INTRODUCTION

In two-dimensional systems vertical carrier transport
via resonant tunneling leads to a nonthermal occupation
of higher electronic subbands as has been reported for
coupled multiquantum well, and superlattice, as well as
double-barrier structures.!™® This effect may be used to
design light-emitting devices in the far-infrared spectral
region via radiative intersubband transitions.*”” Even a
population inversion between conduction subbands seems
to be achievable in optimized structures offering the pos-
sibility for laser operation.3”1! The relative occupation
of the subbands depends strongly on the transfer times
between adjacent wells and the intersubband relaxation
time. The former vary with the coupling between adja-
cent wells and can be increased by choosing thin barri-
ers. The intersubband scattering rate depends critically
on the subband spacing in comparison with the energy
of the longitudinal optical phonons!? (Awpo=36 meV
for GaAs). To achieve a spacing between the first two
electronic subbands below fwy,o, which favors a rather
long lifetinie in the second conduction subband, the well
widths have to be rather large. The resulting inter-
subband relaxation time is of the order of hundreds of
picoseconds'®14 compared to about less than 1 ps for
subband spacings exceeding Awpo.'*5717

Usually the occupation of excited subbands is studied
by photoluminescence spectroscopy. However, in most
practical devices the carriers are injected via electric con-
tacts. Therefore, we have realized the electrical injec-
tion of carriers by embedding the undoped superlattice
in the intrinsic region of a p*-i-n* diode. Furthermore,
we have used superlattices with thin barriers in order
to achieve short carrier transfer times between adjacent
wells. We measure the I-V characteristics and record
electroluminescence (EL) spectra in forward bias, i.e.,
by injecting electrons and holes from the respective con-
tacts into the superlattice. We observe the onset of new
EL lines at voltages which coincide with subband tun-
neling resonances between adjacent wells. Emission due
to transitions involving the second and third conduction
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subband as well as the third heavy-hole subband is identi-
fied. The subband resonances lead to an inhomogeneous
carrier distribution within the superlattice giving rise to
regions with different electric field strengths. These re-
gions are identified by the shift of the band-gap emission
line due to the quantum confined Stark effect (QCSE).!®

Our paper is divided in four sections. In the next
section we will summarize the experimental conditions
and the sample parameters. In Sec. III we will present
theoretical calculations for the sample parameters giving
the subband energy levels, the resonant tunneling field
strengths, and the oscillator strengths for the correspond-
ing interband transitions. The experimental data of the
current-voltage characteristic and the EL spectra are pre-
sented in Sec. IV. The experimental results are discussed
in Sec. V by comparing the calculations with the exper-
imental data. Finally, a brief summary and conclusion
section closes the paper.

II. EXPERIMENT

The investigated sample is a GaAs-AlAs superlattice
grown by molecular beam epitaxy on a n*-(001) GaAs
substrate. The 40 periods of a 21 nm wide GaAs well
and a 2.2 nm AlAs barrier represent the ~ 1 pum thick
intrinsic region of a p*-i-n* diode. The contact layers are
heavily doped Alg sGag sAs layers (1 x 10'® cm~3), which
are transparent at the emitting wavelengths. Cylindrical
diode structures with a diameter of 230 pm are processed
out of the wafer by mesa etching techniques. The p*
region on top is supplied with an ohmic contact using
Cr/Au, while the substrate is contacted with AuGe/Ni
(n* region). The diodes are mounted on the coldfinger
of an optical He flow cryostat. All measurements are
performed at a temperature of 5 K. The voltage is applied
using a Hewlett-Packard (HP) 3245A voltage source. The
current is measured with a HP-3458A multimeter. The
electroluminescence signal is dispersed in a 1 m grating
monochromator. The spectra are recorded using a liquid
nitrogen cooled charge-coupled device array.
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III. RESONANCE FIELD STRENGTHS,
SUBBAND ENERGIES,
AND OSCILLATOR STRENGTHS

To analyze the EL spectra it is important to know
the field dependence of the subband energies and, con-
sequently, the interband transition energies involving
higher subbands as well as the oscillator strengths of the
corresponding transitions. Without an electric field, the
situation with regard to the oscillator strength is for in-
finite barriers very simple, since due to the orthogonality
of the wave functions for the different subbands only in-
terband transitions involving the same subband index are
allowed. This selection rule breaks down in an applied
electric field. At the same time the subband energies,
and, consequently, the subband spacings, depend on the
electric field strength.

A. Resonance field strengths and subband energies

The resonance field strengths have been numerically
calculated by integrating the Schrodinger equation in the
envelope function approximation for a coupled double
quantum well system in an applied electric field. The
resonance field is found by minimizing the level splitting.
The results are listed in Table I. Only resonances be-
tween the lowest and a higher conduction (valence) sub-
band are shown.

The subband energies are calculated for a single quan-
tum well at the respective resonance fields as determined
above and are listed in Table II. The reference energy
is the corresponding band edge of bulk GaAs. Excitonic
effects are neglected. The conduction subbands are la-
beled as Cn, while the valence subbands are denoted by
Hn for heavy-hole subbands and Ln for light-hole sub-
bands with n denoting the subband index. Note that for
zero electric field the spacing of the first two conduction
subbands AFEc3-¢1 is equal to 30.8 meV, which is well
below the LO-phonon energy fuwpo in GaAs. Further-
more, the heavy-hole subband spacings H1-H2, H1-H3,
and H1-H4 as well as the heavy-hole light-hole subband
spacing H1-L1 and H1-L2 are below Awyo(GaAs). The
miniband widths of all listed subbands are smaller than
1 meV.

By applying an external voltage V,, to the contacts,
the superlattice experiences an electric field Fl,j, which is
determined by the built-in voltage of the p™-i-n* diode
(Vbi=1.46 V) and the applied voltage. For a homoge-
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TABLE 1. Calculated resonance field strengths Fi.s for
resonant coupling between the indicated subbands of adja-
cent wells. The calculation was performed by solving the
Schrodinger equation numerically for a double quantum well
system in an applied electric field. The applied voltage is
calculated from the field strength according to Eq. (1).

Resonant coupling of Fres (kV/cm) Vap
H1-H2 2.8 1.74
H1-H3 4.3 1.89
C1-C2 13.9 2.85
H1-H4 154 3.0
H1-H5 25.9 4.0
C1-C3 39.7 5.43

neous field distribution it is given by

Vap — Vbi

Fop = p—Lb“ ) (1)
where L = Nd is the width of the intrinsic region (N
denotes the number of periods and d the superlattice pe-
riod). With V,, = Vi; the applied electric field equals
zero, i.e., this is the flat-band condition. If V,, exceeds
Vbi, then electrons are injected from the contact on the
substrate side and holes are injected from the top con-
tact. With applied electric field F,, the subband ener-
gies shift due to the QCSE.!® The shift is much larger
for carriers with heavier mass, i.e., heavy holes, than for
carriers with a light mass, i.e., electrons and light holes.
It also depends strongly on the subband index (cf. Ta-
ble II). The subband spacing is therefore field dependent.
The spacing between the first and second electronic sub-
band A E¢c2-c1 increases with increasing electric field and
reaches at 28 kV/cm the LO-phonon energy of GaAs.
For even larger electric fields it increases further. This
is important since the intersubband relaxation time (7s)
depends critically on the subband spacing. If the sub-
band spacing is smaller than the LO-phonon energy, a
relatively long relaxation time of a few hundred picosec-
onds for intersubband scattering has been reported.!®*
For a subband spacing larger than Awro a short relax-
ation time of 71s < 1 ps has been measured.!''® This
implies that 7;s can change drastically with increasing
electric field.

Due to the complicated valence band structure the H1-
Ln resonance field strengths were not calculated by the
procedure described above. However, an estimate of the
field strength for resonant tunneling between heavy-hole

TABLE II. Calculated subband energies for a single quantum well at selected resonance field
strengths of Table I. The energy is given in meV and measured from the corresponding band edge
into the respective band. C denotes the conduction band, H the heavy-hole band, and L the

light-hole band.

Fres (kV/ecm)| C1 C2 C3 H1

H?2 H3 H4 H5 L1 L2 L3

0 10.2 41.0 92.6 2
4.3 10.1 41.1 92.6 1.6
13.9 9.2 41.4 92.8 -1.8

39.7 | 2.2 42.8 94.2 -16.6

8.1 18.3 32.6 50.9 7.3 29.4 66.3
8.3 18.4 32.6 50.9 7.2 29.4 66.3
8.6 19.1 33.1 51.2 5.8 29.8 66.3
3.8 20.6 36.2 53.8 -3.2 31.0 68.6
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and light-hole subbands can be obtained using

- AEH 1-Ln
FH 1-Ln _ 2
res e d ’ ( )
where e denotes the electron charge. The sub-
band energies of the H1 and Ln levels are taken
from Table II at zero electric field. The resonances
should appear at approximately FH!"I1=23 kV/cm

res
(Vap=1.69 V), FHI"L2=11 8 kV/cm (Vop=2.64 V), and
FHI"L3-97.7kV/cm (V,p=4.24 V). The first heavy-hole
resonances occur at much lower electric fields than the
electronic resonances, because the subband spacings are
much smaller. The H1-H4 resonance appears in the same

field range as the C'1-C2 resonance.

B. Oscillator strengths

The intensity I;; for interband emission involving dif-
ferent conduction Ci and valence subbands Hj or Lj is
proportional to the product of the occupation numbers
n; and p; of the respective subbands and to the corre-
sponding oscillator strengths. The oscillator strength of
a transition is proportional to the overlap integral O;; of
the envelope wave functions ®(z)

I;j ccn; x pj X Oy5 (3)

where the overlap integral is calculated from

/ " 8¢ (z) x 8% (z)dx| . (4)

— 00

O,;J' =

Taking the envelope wave functions ®¢ () and ‘I’f L(x)
from the numerical solution of Schrédinger’s equation, we
determine O;; for different subband indices as a function
of the applied electric field. The results for the strongest
interband transitions (i.e., with largest overlap integral)
are shown in Fig. 1. The envelope wave functions are
normalized to unity giving a maximum value of 1 for the
overlap integral. Note that for vanishing electric field
only transitions with equal subband index exhibit a siz-
able oscillator strength in the investigated samples (e.g.,
C1H1, C2H2, etc.). With increasing field O¢1g; de-
creases continuously to about 0.1 for F = 39.7 kV/cm,
while the transition probabilities involving higher elec-
tronic subbands increase to a maximum value of, e.g.
Oc2H1=0.6. At the C1-C3 resonance the C2H1, C3H]1,
and C1H3 overlap integrals are larger than the one of
the C1H]1 transition. This implies that efficient emission
from these transitions can be expected if the involved
conduction and valence subbands are significantly oc-
cupied. The transitions with equal subband index like
C2H2 and C3H3 are less likely because of the simul-
taneous low occupation of higher conduction and higher
valence subbands in the same well and decreasing over-
lap integrals of the CnHn transitions for larger electric
fields. The transitions shown in Fig. 1 are therefore the
most probable ones involving a higher subband in one
band and the ground state in the other.
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FIG. 1. Overlap integrals of the normalized electron and
hole wave functions versus electric field. The involved sub-
bands are indicated. The solid lines are a guide to the eye.

IV. EXPERIMENTAL RESULTS

The dark current-voltage characteristic measured at
forward bias is plotted in Fig. 2. For voltages below
3.2 V the current increases continuously. Above 3.2 V
we can clearly see three distinct regions exhibiting nega-
tive differential conductivity (NDC), i.e., at 3.3, 4.5, and
5.3 V. The data near 5.3 V are shown on an enlarged
scale in the inset. The NDC regions are attributed to
subband resonances. The current through the superlat-
tice is dependent on the transfer rate of carriers between
neighboring wells. A resonant alignment of subbands by
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FIG. 2. Current-voltage characteristics in the dark at
T = 5 K. The inset shows the region around 5.3 V on an
enlarged voltage scale. A current of 1 mA corresponds to a
current density of 2.4 A/cm?.
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an appropriate electric field results in fast transfer times
by resonant tunneling and therefore allows a high cur-
rent. Both, an increase or decrease of the electric field
strength reduces the current again because the resonance
condition is not fulfilled. Electrons as well as holes con-
tribute to the current. We compare the calculated sub-
band resonance voltages with the experimental values to
assign the involved subbands. The NDC region at 3.3 V
is attributed to the C'1-C2 resonance (calculated value
2.85 V, see Table I). The region at 4.5 V is assigned to
the H1-H5 (cf. Table I) or the H1-L3 resonance (4.24 V,
cf. Sec. IITA), while the NDC region at 5.3 V is due to the
C1-C3 resonance (5.43 V). This assignment is based on
the I-V characteristic in conjunction with the EL spec-
tra, which are presented in the following.

We have measured the EL spectra in the voltage range
from 2.7 to 6.2 V. The emission efficiency (intensity nor-
malized to the current) of the C1H1 band-gap transi-
tion (1.52 eV) versus photon energy is plotted in Fig. 3.
We find a strong emission line for the C1H1 transition
around 1.524 eV with a double peak structure at low
voltages (e.g., 2.7 V). The efficiency decreases with in-
creasing voltage with a resonance maximum at 3.4 V.
This maximum coincides with the first NDC region in
the I-V characteristic (cf. Fig. 2). For higher voltages
(above 3.6 V) the efficiency stays nearly constant on a
lower level. The EL-line broadens strongly and splits up
into several peaks at lower photon energies. These peaks
shift to the red with increasing voltage.

The emission of higher subbands is expected between
20 and 100 meV above the GaAs band gap. The EL ef-
ficiency for this photon energy range (1.54 to 1.62 eV) is
plotted in Fig. 4. At 2.8 V a new line arises at 1.558 eV
having an efficiency maximum at 3.4 V. This line corre-
sponds to the C2H1 transition. The linewidth is rather
narrow with a full width at half maximum (FWHM) of
3 meV at 3 V. This line is accompanied by two lines of
lower intensities, one at higher energy of 1.563 eV (C2L1
transition) and the other one at lower energy of 1.546 eV
(C1H3 transition). For voltages above 3.6 V the effi-
ciency of the main peak saturates. The peak position,
however, does not shift with increasing voltage, but re-
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FIG. 3. Electroluminescence efficiency (intensity normal-
ized to the current) of the GaAs-AlAs superlattice vs photon
energy in the vicinity of the C1H1 transition for applied volt-
ages between 2.7 and 6.2 Vin 0.1 V steps at T =5 K.
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FIG. 4. EL efficiency between 20 and 100 meV above the
GaAs band edge for voltages between 2.7 and 6.2 V in steps
of 0.1 V. The efficiency is about 200 times less than that of
the C1H1 transition in Fig. 3.

mains at the same energy position. Above 6 V the effi-
ciency decreases and the position shifts to lower energies.
In this voltage range above 5.4 V a new line emerges at
a photon energy of 1.60 eV (C3H1 transition). This line
is broader than the first one with a FWHM of 8 meV.
The strong increase of the background intensity on the
low energy side originates from the band-gap transition
at 1.52 eV, which is about 200 times more intense (cf.
Fig. 3).

V. DISCUSSION AND INTERPRETATION

In Fig. 5 the experimentally observed positions of the
EL peaks are compared with the calculated energies as a
function of the applied voltage. The EL peak positions as
derived from Figs. 3 and 4 are shown as dots. The large
dots mark the peak positions of the dominating emission
lines. The calculated transition energies for the interband
emission involving the indicated subbands are shown as
solid lines. The energies of the CiH j transitions are cal-
culated as the sum of the Ci-, and Hj-subband energies
from Table II plus the energy gap of GaAs (1.52 eV at
5 K). To account for the excitonic binding energy we shift
all calculated transition energies by a constant energy
value. The shift of a few meV was chosen in such a way
that the calculated C1H1 transition energy agrees with
the experimental value derived from photoluminescence
experiments at flatband. We neglect the difference in ex-
citonic energies between different subbands and the shift
of the excitonic binding energy with the electric field.
The onset of the lines marks the theoretical resonance
voltage for the occupation of the higher subband by res-
onant tunneling from the ground state of the adjacent
well. At 2.85 V, for example, the C1-C2 resonance leads
to an occupation of the C2 subband resulting in an op-
tical C2H1 transition. To compare the applied voltages
Vap with the calculated field F,, we assume a linear de-
pendence between V,;, and F,, according to Eq. (1), i.e.,
a homogeneous field distribution.

The assignment of the experimentally observed emis-
sion peaks to the calculated subband energies is made by



comparing the emission energies, the resonance voltages,
and the expected intensities according to Egs. (3) and (4).
The emission is most intense for interband transitions
with the largest value of the overlap integral and highest
occupation. We find a good agreement between the ener-
getic position of the main peak at 1.558 eV (large dots)
and the calculated C2H1 transition energy at 2.8 V. The
onset voltage of 2.8 V for the C2H1 transition corre-
sponds very well to the calculated C'1-C2 resonance volt-
age of 2.85 V (cf. Table II). Only above the C1-C2 res-
onance an occupation of the C'2 subband is possible by
resonant tunneling resulting in an optical C2H1 transi-
tion. This is consistent with the calculation of the overlap
integral, which shows a significant oscillator strength for
the C2H1 transition at this field strength. Furthermore,
the heavy-hole ground state H1 is much more populated
than the higher heavy-hole subbands like H2 or H3. For
this reason, the C2H1 emission is much more intense
than the C2H2 line, which is not observed. The less
intense line at higher energy is due to the C2L1 transi-
tion, the L1 state being thermally populated. The weak
line at 1.546 eV is attributed to the C1H3 transition
which agrees well with the calculated values. The C1H2
transition which is expected to arise 7.4 meV above the
C1H1 line is not observed in the spectra because the
high-energy tail of the C1H1 transition is much more
efficient than the weak C1H?2 emission.

We expect for the C2H1 transition an increasing red-
shift with increasing field due to the QCSE (cf. calcu-
lated lines in Fig. 5). However, only a constant redshift
is observed, i.e., the dominant lines remain at the same
energetic position until the C'1-C3 resonance occurs. The
EL line from the C3H1 transition also seems to exhibit
only a constant redshift without a dependence on V.
The experimental peaks below 1.53 eV lie in the range of
the C1H1 transition. Instead of an expected single peak
shifting strongly to the red with increasing applied volt-
age according to the QCSE (solid line in Fig. 5), we detect
several peaks with the most intense line (large dots) ex-
hibiting no further redshift. However, for voltages above
3.4 V less pronounced broad peaks arise at lower energies

3 1.581 1
5 1.56 * ;
g e
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FIG. 5. EL energy peak positions of Figs. 3 and 4 vs applied
voltage (dots). The large dots mark the C1H1, C2H1, and
C3H1 emission lines (from bottom to top). The solid lines
indicate the calculated interband transition energies.
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exhibiting a clear redshift.

All these observations demonstrate that the C1H1,
C2H]1, and C3H1 emission peaks (large dots in Fig. 5)
originate from regions of nearly constant electric field
within the superlattice in spite of an increasing applied
external voltage. The injected carriers are screening the
electric field. The field distribution depends on the car-
rier density and distribution according to Poisson’s equa-
tion.

For the C2H1 transition the Stark-shift remains con-
stant. The emitting wells lie in a region of the super-
lattice with “pinned” electric field near the C1-C2 reso-
nance field. For the other parts of the superlattice the
field varies with increasing voltage. The C2H1 emission
originates from this “pinned” region. This is valid for
all voltages up to about 6 V. Above that voltage, the
C2H1 peak shifts to the red and broadens. The C1H1
emission stems from the whole width of the superlattice.
This means that one part of the emission originates from
the region with constant field showing a constant Stark
shift. In the other part, the emission should shift further
to the red because the field is changing. At the C1-
C?2 resonance voltage (3.4 V), which corresponds to the
voltage of the maximum intensity of the C2H1 emission
line, the experimental C1H1 peak position (large dots
in Fig. 5) coincides with the calculated C1H1 transition
energy. This is seen in Fig. 5 as a crossing of the calcu-
lated C1H1 transition line with the experimental large
dots at 3.4 V. For voltages above 3.4 V we see the onset
of new, lower energetic peaks with increasing redshift for
increasing V,p (see Figs. 3 and 5). This results from the
inhomogeneous broadening of the C1H1 transition due
to the different Stark shifts in an inhomogeneous elec-
tric field. The wells in the region “pinned” to the C'1-C2
resonance field are emitting with a constant Stark shift
according to this field strength (large dots in Fig. 5).
The emission of the wells in the other regions, however,
shows an increasing red-shift with increasing field. The
detected emission is a sum of all wells resulting in a broad
peak distribution.

This picture is supported by a calculation of the ver-
tical carrier and electric field distribution. A model with
an effective mobility of electrons and holes in the super-
lattice direction was assumed.!® Together with Poisson’s
equation and an effective carrier lifetime of 1.5 ns, we
calculated the electron and hole distribution for a given
applied voltage. The emission intensity of each well is
proportional to the local occupation n times p. The sin-
gle well peak shifts according to the local field strength
by the QCSE. The emission of all 40 wells with a dif-
ferent local electric field according to the calculated field
distribution was added up resulting in a broad spectrum.
The comparison with the experiment is shown in Fig. 6
for a voltage of 3.8 V (e.g., above the C'1-C2 resonance).
The experimental spectrum is indicated as a full line,
the calculated spectrum as a dashed line. The intensity
is normalized. The peak positions as well as the FWHM
are well reproduced. The carrier and field distributions in
this voltage range are shown in Ref. 19. For a more pre-
cise analysis calculations with an improved model taking
into account a field dependent mobility along the super-
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FIG. 6. Experimental EL spectrum of the C1H1 transition
at 3.8 V (full line) compared with a model calculation (dashed
line) taking into account a broadening due to an inhomoge-
neous electric field distribution.

lattice direction are necessary.

The peak intensities of the C1H1, C2H1, and C3H1
emission lines (large dots in Fig. 5) and the I-V char-
acteristic are shown in Fig. 7. Please note the different
scales in efficiency for the three emission lines. We ob-
serve distinct features which are correlated to the sub-
band resonances. The onset of the C1H1 emission at
1.7 V is connected to hole resonances (H1-L1 at 1.69 V,
H1-H?2 at 1.74 V, H1-H3 at 1.89 V) which allow an ef-
ficient transport of holes from the top contact into the
superlattice. The hole resonances are important for an
efficient emission because they lead to a sufficient supply
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FIG. 7. EL peak efficiency of the C1H1, C2H1, C3H1

emission lines (see Fig. 5) and I-V characteristic vs applied
voltage.
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of heavy holes into the superlattice region. In the range
of the onset voltage of the C2H1 emission at 2.8 V a
third heavy-hole tunneling resonance occurs (H1-H4 at
3.0 V). The C2H1 efficiency increases to a maximum at
3.4 V. At this voltage a maximum in efficiency is also
seen for the C1H1 line. The first NDC region in the
I-V characteristic occurs also at this voltage. The max-
imum in emission intensity corresponds to a minimum
of the current. The observed resonance value is some-
what higher than the expected voltage of 2.85 V for the
C1-C2 resonance. The reason for this discrepancy is the
inhomogeneous field distribution within the superlattice
and/or a possible series resistance of the cladding layers.

The occupation of the C2 subband can be estimated
from the ratio of the C2H1 transition to the C1H1 tran-
sition.

L _ 2 fo
L n fi
I; and f; are the intensity and the oscillator strength of
the CiH1 transition, respectively, and n; the occupation
number (i = 1,2). The values of f; are proportional to
the overlap integrals given in Fig. 1. The ratios are inde-
pendent of the occupation of the heavy-hole ground state
H1 because the C1 and C2 electrons recombine with the
same heavy-hole state H1. Because of the inhomoge-
neous carrier distribution in the superlattice direction the
ratios are different for wells in different regions within the
superlattice. This leads to an underestimation of the oc-
cupation numbers because only part of the superlattice is
in resonance. The emission peak of the C1H1 transition,
which does not exhibit an increasing Stark shift with in-
creasing voltage, originates from regions with a constant
field near the C2-C1 resonance field (large dots in Fig. 5
at 1.524 eV). This is supported by the observation that
the emission energy of this peak remains constant at a
value which coincides with the expected redshift for the
C?2-C1 resonance field strength. The crossing of the cal-
culated C1H1 transition energy with the experimental
data occurs at the resonance voltage of 3.4 V. Thus, we
conclude that the wells emitting a C1H1 line with a con-
stant redshift of that for the C2H1 resonance field are
located in the same electric field and spatial region as
the wells emitting the C2H1 line. The comparison of
the intensities of this two lines leads to an estimate of
the occupation ratio in this resonance region neglecting
reabsorption and assuming a constant linewidth.

The peak ratio I3/I; for a voltage of 3.4 V is 0.011
(see Fig. 7). The ratio of the oscillator strengths at the
C1-C?2 resonance field is taken from the calculation to be
f2/f1 = 0.93 (Fig. 1). The resulting ratio nz/n, is 0.012.
Reabsorption reduces the above band-gap C2H1 emis-
sion more than the C1H1 emission. Taking into account
reabsorption the value of nz/n; would be even larger. In
the region of the “pinned” C2-C1 resonance field strength
about 1% of the electrons are in the second subband.
This demonstrates an efficient occupation of the second
subband by resonant tunneling, since at a temperature
of T = 5 K no thermal population of the second subband
is possible.

The C3H1 emission intensity peaks at 5.9 V, which

(5)
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is larger than the calculated value of 5.4 V. Neither the
other emission lines nor the I-V characteristic show a res-
onant behavior at this voltage. For the C3 subband the
energy spacing with respect to the C2 and C1 subband is
larger than the LO-phonon energy. A fast relaxation to
lower subbands via emission of optical phonons can take
place. The C1-C3 resonance leads to a change in the
vertical transfer time of electrons resulting in a change
of the field distribution. This is seen in the spectra in
Fig. 4 at voltages of about 6 V. The C2H1 line begins to
shift to the red, to broaden, and to decrease in intensity.
In the region, which is “pinned” to the C'1-C2 resonance
field, the field strength now increases with increasing ap-
plied voltage. The same behavior is found for the part of
the C1H1 line with a Stark shift according to the C2H1
resonance field (right peak in Fig. 3).

The estimate of the occupation of the C3 subband is
more difficult. Because of the large C3-C2 and C3-C1
subband spacing one would expect a fast intersubband
relaxation out of C3. The peak maximum of the C3H1
emission is about 18% of that of the C2H1 line (see
Fig. 7). The C3H]1 emission originates from regions with
a constant field near the C3-C1 resonance field strength.
For the C2-C1 resonance we used the C1H1 line peak
at a redshift according to the C2-C1 resonance field as
a reference for the amount of wells at the “pinned” field.
In contrast for the C3-C1 resonance no emission peak
energy of the C1H1 transition can be identified which is
shifted according to the QCSE of the C3-C1 resonance
field. A further difficulty arises from the experimental
fact that for voltages near the breakdown voltage (at
~ 6.7 V) the high-energy C1H1 emission is more in-
tense than the broad red-shifted C2H1 transition. This
makes it difficult to observe the C2H1 transition for ap-
plied voltages above 6.2 V. Therefore, an estimate of the
occupation number of the C'3 subband according to the
procedure given for the C2 subband is not possible.

The occupation number of the H3 heavy hole subband
in the region of the “pinned” C2-C1 resonance field can
be given by a similar analysis as for the C2 subband. At
3.4 V the ratio of the intensities of the C1H1 transition
to the C1H3 transition is 1000:1 and the ratio of the
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respective oscillator strengths is 6:1 (cf. Fig. 1). Using
Eq. (5) we estimate an occupation of the H3 subband of
0.6% with respect to H1. However, because of the more
complicated valence band structure and the low intensity
of the C1H3 transition on the high-energy tail of the
C1H]1 transition this estimation contains a rather large
uncertainty compared to the one for the C2 subband.

VI. CONCLUSION

We have observed electroluminescence emission from
the C2H1, C3H1, and C1H3 interband transitions. The
emission lines are identified by calculations of the tran-
sition energies, the resonance field strengths and the os-
cillator strengths, i.e., the overlap integrals of the wave
functions. The experimental spectra demonstrate an in-
homogeneous field distribution within the superlattice
which is determined by electron and hole transport. A
nonthermal occupation of the second conduction subband
of 1% with respect to the C1 subband is found for C1-C2
resonant tunneling condition. Furthermore, an occupa-
tion of the third conduction subband and third heavy-
hole subband by resonant tunneling is observed. The
transitions involving higher subbands exhibits a constant
Stark shift over a wide range of applied voltages indicat-
ing a pinning of the electric field within a certain region
of the superlattice at the corresponding resonance field
strength. A more quantitative description of the inho-
mogeneous field distribution can be achieved once the
model calculation contains the resonant behavior of the
drift velocity.
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