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Resonant-tunneling light-emitting diodes contain three regions where charges accumulate during
device operation: the electron and hole accumulation layer in the emitter and collector, respectively,
and the quantum well of the structure for bipolar accumulation. It is shown that charges redistribute
over these regions with increasing current through the device and that the amount of redistribution
depends on tunneling escape rate and hence on the thickness of the tunneling barriers. This charge
redistribution is particularly pronounced at the resonances in the current-voltage characteristics.
The process is clarified by electroluminescence spectroscopy on a set of resonant-tunneling light-
emitting diodes with diferent barrier thickness. Signal intensities from the three spectral regions are
compared and yield the relative majority carrier occupation of each region. A tradeofF in quantum-
well versus accumulation-layer emission is observed as the tunneling escape rate increases with
decreasing barrier thickness. Line-shape analysis yields free-carrier electron and hole broadening in
the quantum well. Peak position analysis allows the determination of the electric field across the
well region from which an accurate picture of the band bending during tunneling is obtained.

I. INTRODUCTION

Resonant-tunneling light-emitting diodes (RTLED's)
are p i ndiodes -c-ontaining a double-barrier (or multibar-
rier) resonant-tunneling structure in the intrinsic region
of the diode. The simultaneous intraband tunneling of
electrons and heavy holes gives rise to injection electrolu-
minescence from the quantum well and from the two ac-
cumulation layers on either side of the resonant-tunneling
structure. The fast quantum-well tunnel escape time ob-
tained in these structures allows us to obtain a fast re-
sponse of the optical output otherwise only found in
semiconductor lasers. As the external bias sweeps across
a region of resonant tunneling, either by electrons or by
holes, the current shows a resonance and intuitively a
resonance in light output intensity is expected. This was
observed in the first reported RTLED's. This, however,
is not necessarily the case, because (i) the injection of
electrons and holes is not mutually independent, and (ii)
the discrepancy in the amounts of electrons and holes will
lead to a light output that is governed by the number of
minority carriers in the structure.

The aim of this paper is to substantiate both of the
above statements by performing a more complete inves-
tigation of RTLED's. We will show that the requirement
of conserving external total bias and/or band bending
between resonance and off-resonance will translate in an

electron and hole redistribution in the quantum well and
in both accumulation layers, an effect we will call charge
feedback This fe.edback mechanism will alter the light
output from the three emission regions. The argument
of difFerent electron versus hole currents, which will be
substantiated from the electrical characteristics, causes
the presence of a minority carrier hole flow. If the dis-
crepancy with the electron flow is very large, the light
output versus current will be entirely hole dependent and
will not follow the electron resonances.

The effects will be studied by comparing the charac-
teristics of three RTLED's that only differ in the width
of the tunneling barriers. As a consequence, emission en-
ergies do not vary, but the current scales exponentially
with barrier thickness.

II. EXPERIMENT

Three p-i-n samples were grown by molecular-beam
epitaxy on p+-doped GaAs substrates and consisted of
the following layers: 300-nm GaAs p+ (4 x 10~s cm s)
bufFer layer, 50-nm GaAs not intentionally doped (NID)
spacer layer, the resonant-tunneling structure, 50-nm
GaAs NID spacer layer, and a 300-nm GaAs n+ (2 x
10~ cm ) top contact layer. The resonant-tunneling
structure had a 5-nm GaAs quantum well and 5-nm, 4-
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nm, and 3-nm AlAs barriers for samples B5, B4, and
B3, respectively. Standard optical lithography was used
to define rectangular mesas of 150 x by 100 pm and
AuGe jNi/Au ohmic contacts featuring a 100-pm side op-
tical window on top of the mesa. The sample is mounted
into a chip carrier, which is placed on the cold finger of a
liquid nitrogen dewar in order to maintain a temperature
of about 85 K during the experiments.

The calculated band structure of the device at Hat
band (approximately 1.5 V) and the corresponding elec-
tron and hole subbands are shown in Fig. 1. The calcu-
lated confinement energies are shown in the inset adding
up to transition energies for the electron to heavy-hole
transition El-HH1 = 1.613 eV and the electron to light-
hole transition El-LH1 = 1.647 eV. They agree with
the measured electroluminescence spectral data to well
within 1 ML thickness variation, which would result in a
8-meV shift in transition energy of El-HH1.

The electroluminescence signal emitted in forward bias
is dispersed in a 0.32-m spectrometer and the resulting
spectrum is imaged onto a cooled charge-coupled device
(CCD) array. The voltage range under investigation cov-
ers the lowest electron and hole resonances i.n forward
bias.

III. ELECTRICAL CHARACTERIZATION

The current-voltage characteristics at 85 K of the three
RTLED's beyond Hat band show the presence of reso-
nances (Fig. 2), of which the smaller ones are due to
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FIG. 2. Current-voltage characteristics of the three
RTLED's at 85 K, with barriers of 5 nm (B5, bottom), 4 nm

(B4, middle), and 3 nm (B3, top). The larger resonances are
are due to electron resonant tunneling and the smaller (indi-
cated by arrows) are light-hole resonances. The shift of the
resonances to higher voltage with decreasing barrier thick-
ness is due to the increased voltage drop across the contact
resistance. The inset shows the transmission coefBcient of the
di8'erent carriers; electrons (solid line), light holes (dashed
line), and heavy holes (long dashes) through the RTLED for
sample B4 as a function of carrier energy.

0.0
EFn

0 5 E1 = 0.0915 eV LH1 = 0.051 eV HH1 = 0.018 eV
E2 = 0.369 eV LH2 = 0.219 eV HH2 = 0.071 eV

HH3 = 0.157 eV

-1.5—

90 100 110

EF

I

120

P

position (nm)

FIG. 1. Band structure of the bipolar RTLED at Bat band
(1.50 V across the structure) over the energy range of the
lower electron and hole subbands. The Fermi levels in the n-
and p-doped contact regions are added as bold lines. Electron
subbands (dot-dashed lines), light hole (solid lines), and heavy
hole (dashed lines) are added and the confinement energies are
given.

light-hole resonant tunneling and the larger are due to
electron resonant tunneling. The relative positions are
compatible with the energy-level calculations shown in
the inset of Fig. 2 where the calculated transmission coef-
Gcient of electrons, light-holes, and heavy holes is plotted
for sample B4. With increasing bias successively the bot-
tom light-hole, electron, and second light-hole resonances
are obtained. Heavy-hole resonances are not observed
in the I(V) at 85 K. With decreasing barrier thickness
from B5 to Ba, the currents through the device expo-
nentially increase, which in turn increases the positions
of the resonances because of the increasing voltage drop
across the contact resistance. Subtracting this voltage
drop by assuming a series resistance of 10 0 makes the
corresponding light-hole and electron resonances of the
three samples coincide. The series resistance is responsi-
ble for the observed current hysteresis in B3.

This does not explain why the second light-hole reso-
nance in Fig. 2 is much closer to the first electron reso-
nance than follows from the energy spacing in the inset
of Fig. 2. Self-consistent band-structure calculations for
the three samples (Fig. 3) resolve this apparent disagree-
ment. The band-bending profiles of the three samples
were calculated for the devices biased at the electron res-
onance. Since the net quantum-well charge at all bias
values beyond the onset of electron tunneling is not zero
but negative, the electric field E across the well is not
constant but gradually increases towards the bottom, as
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FIG. 3. Calculated band bending at the electron resonance
for B3 (solid line), B4 (dashed line), and B5 (long dashes).
From the slope of the barrier potential follows that the bottom
barrier on the hole accumulation layer side acquires most band
bending. A bias scan, therefore, sweeps through the electron
and hole energy subbands at difFerent rate. The electric field
at resonance decreases from B3 over B4 to B5 because the
same voltage drops over a wider device.

can be seen f'rom the diferent slopes of the top and bot-
tom barrier potential. Since the electric field. across the
bottom barrier is higher than that across the top barrier,
the holes enter the tunneling structure at higher energy
(@bottom barrier X dbarrier) thall tile eleCtl'Oils (Etop barrier
xdb „;„).The valence-band resonances are, therefore,
shifted to lower bias with respect to the tunneling trans-
mission calculations as indeed observed in the I(V). This
reasoning also suggests that electron and light-hole res-
onances may even coincide depending on the relative
charging of the quantum well and the accumulation lay-
ers. This can be achieved by correct tuning of the well
and barrier widths

The band-bending diagrams in Fig. 3 are plotted at the
electron resonance, as can be seen from the alignment of
the conduction band. in the emitter with the electron sub-
band in the quantum well. The external bias at the elec-
tron resonance is the same for the three samples. This
holds because the equal well width results in identical
electron subband energies E ~„t, „and the resonant volt-
age is approximately 2 xE,I„t, „(which is exact if the
well were fully depleted). Since the barrier widths are dif-
ferent, the resonant electric field across the quantum well
increases with decreasing barrier thickness (same voltage
drop over a narrower structure), from 120 kV/cm (85)
over 140 kV/cm (84) to 160 kV/cm (83). The optical
experiments from Sec. IV will substantiate this calcula-
tion.

The relative intensity of hole versus electron resonances
remains to be explained. The near equal doping concen-

tration of the n- and p- doped layers results in equal
free-carrier concentrations but, because of the di6'erent
efFective density of states (N, = 4.7 x 1017 cm s and
N„= 7.0 x 10 cm ), the electron Fermi level in the
electron accumulation layer is larger than the hole Fermi
level in the accumulation layer. This holds for all forward
bias values. The heavy-hole concentration outnumbers
the light-hole concentration by the ratio of the density
of states efFective masses, i.e. , (mbb)s~2/(mib)a~2 = 11.
This assumes constant effective masses and no valence-
band mixing and is, therefore, only valid as first approxi-
mation. Charge neutrality thus requires that the amount
of electrons, light holes, and heavy holes N, :N1h.Nhh
around the resonant tunneling structure is 12:1:11.The-
ory on unipolar n-type resonant-tunneling structures es-
tablishes that the peak resonant carrier current is pro-
portional to the integral under the transmission reso-
nance times the carrier efFective mass times the car-
rier Fermi energy. s The integrated transmission (IT) for
electrons, light holes, and heavy holes IT:IT1b..IThh for
the three structures relates as 0.3:1:10 . By further
neglecting the difference in Fermi distribution between
electrons and holes, the relative electron, light-hole,
and heavy-hole resonant peak currents relate as 3:1:5x
10 . The last approximation results in an overestimate
of the hole currents. These relative electron and light-
hole currents are consistent with the experimental ob-
servations (Fig. 2) and prove the absence of heavy-hole
resonances in the I(V).

The current peak-to-valley ratio of the electron reso-
nance at 85 K does not decrease with increasing barrier
thickness, since the resonant and nonresonant-tunneling
currents decrease with increasing barrier thickness and
the thermionic current is small at this temperature. Nev-
ertheless the overall peak-to-valley ratio of all resonances
in these bipolar structures is smaller than in the corre-
sponding unipolar n-or p-type structures because of the
double component of the two nonresonant currents (elec-
trons and holes). Because of the lower valence-band bar-
rier, the thermionic light-hole current and the nonreso-
nant light-hole current are even larger than the corre-
sponding electron currents.

IV. SPECTRAL CHARACTERIZATION

A. Spectra

The normalized electroluminescence spectra beyond
the onset of the bottom light-hole resonance are shown in
Fig. 4 for the three samples (solid line for 85, dashed for
84, and dot-dashed for 83). Beyond 1.5 V an electron
and hole tunneling current Hows giving rise to emission
from the n-GaAs (at 1.507 eV) and p-GaAs (at 1.485 eV)
contact regions that can be distinguished spectrally be-
cause the combined efFects of band-filling and band. -gap
narrowing are positive for n-doped GaAs and negative for
p-doped GaAs. Most of the emission &om these two re-
gions stems from the accumulation layers very close to
the resonant-tunneling structure since the charge density
is highest.
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FIG. 4. Electroluminescence spectra at 85 K beyond Hat
band for B5 (solid line), B4 (dotted line), and Bj (dot-dashed
line) normalized to identical n-GaAs emission. With decreas-
ing barrier thickness the quantum-well intensity decreases be-
cause of the increased tunneling rate.

Even though the hole current consists mainly of light-
holes entering the resonant tunneling structure, fast in-
tersubband relaxation to the bottom heavy-hole subband
will occur and the main quantum-well electrolumines-
cence feature will be the electron to heavy-hole transition
(at = 1.613 eV) and a smaller feature arises from elec-
tron to light-hole transitions (at = 1.647 eV). Because the
tunneling escape time decreases with decreasing barrier
thickness, the relative quantum-well versus GaAs emis-
sion decreases (Fig. 4) &om 1.7 over 1.0 to 0.35. These
values do not linearly translate into tunneling escape time
ratios because the radiative recombination rate is a com-
plex function of electron and light- and heavy-hole tun-
neling times. Transient photoluminescence can resolve
the tunneling escape times as has been demonstrated on
a unipolar triple-barrier structure.

B. Charge distribution and charge feeciback

A complete bias scan of the spectral emission lines is
provided below but we start with two snapshots of the
spectra at and ofF-resonance for the ground-state electron
and light-hole subbands.

Electroluminescence spectra at and beyond the ground
light-hole resonance are very similar for the three sam-
ples (Fig. 5). At resonance (solid line in Fig. 5) the n-
GaAs emission is larger than the p-GaAs emission, but
beyond the resonance the n-GaAs signal has decreased
and the p-GaAs signal has increased. The decreased n-
GaAs emission obviously refIects a decreasing hole cur-
rent, even though the total current does not decrease at
this resonance (cf., Fig. 2). The p-GaAs emission in-
crease is helped by two factors: the concentration in the

FIG. 5. Electroluminescence spectra at 85 K at (solid line)
and beyond (dashed line) the first light-hole resonance for B5
(bottom), B4 (middle), and B3 (top). Charge redistribution
is apparent from the change of the accumulation-layer signals.

hole accumulation layer increases since tunneling of holes
through the structure is blocked and the total net charge
around the structure has to remain zero. Second, the
ofF-resonance hole voltage is several MV closer to the
electron resonance and, therefore, the electron current
has increased. Both efFects cannot be distinguished but
the bias dependence of the quantum-mell (QW) emis-
sion substantiates the presence of both. For B5, the QW
emission increases beyond resonance, demonstrating the
increased electron current and the fact that the hole re-
combination efBciency is not unity or else the emission
would not increase. B4 and 83 in contrast show an al-
beit small decrease in QW emission (much less than the
decrease in n-GaAs emission) reHecting, therefore, the
decrease in hole concentration in the well. Since the de-
crease is smaller than that of the n-GaAs emission, it is
counteracted by an increased electron population, an ef-
fect that cannot occur for the n-GaAs emission since it
only requires one free carrier.

At the electron resonance, the p-GaAs emission has in-
creased with respect to the n-GaAs emission and has even
become larger for B5 and B4 (Fig. 6). This reflects the
resonantly increased electron current. The n-GaAs emis-
sion in contrast has increased far less since the hole occu-
pation is not resonantly enhanced and more holes are lost
to the quantum well for recombination. OfI'-resonance,
the n-GaAs emission has doubled (for B5 and B4) or
tripled (for B3) and the p-GaAs emission is more than
halved. The quantum-well emission always decreases ofI-
resonance and this decrease is 0.9 (B5), 0.5 (B4), and 0.7
(B3). The decrease (for QW and p-GaAs) reflects the
loss of electrons in the quantum-well ofF-resonance and
the decrease in the total electron current. This loss has
to be countered by an increase of the electron occupation
in the electron accumulation layer to conserve external
band bending. This charge feedback pulls the n-GaAs
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FIG. 6. Electroluminescence spectra at 85 K at (solid
line) and beyond (dashed line) the first electron resonance
for B5 (bottom), B4 (middle), and B3 (top). Charge feed-
back is apparent from the strong increase in n-GaAs emission
ofF-resonance compensating for the loss of electron charge in
the quantum well.

accumulation-layer concentration up and causes the ap-
parent increase in n-GaAs emission. Similarly to the dis-
cussion of the hole resonance, the switching to ofF electron
resonance increases the band bending across the quan-
tum well and the second barrier, and brings the structure
closer to the second hole resonanc; thereby, increasing the
hole current; and hence the hole occupation. This cannot
be the only efFect since it cannot provide charge neu-
trality across the whole structure. The presence of this
efFect is proven by the shift of the quantum-well emis-
sion to lower energy due to the quantum-confj. ned Stark
efFect.

A complete picture is given in I"ig. 7 where the bias
dependence of all emission lines is plotted for the three-
samples. The n-GaAs emission line (triangles in Fig. 7)
peaks at the light-hole resonance (cf., Fig. 5) and reaches
a minimum ofF-resonance, beyond which it increases with
current. At the second light-hole resonance it peaks
again and becomes minimum ofF-resonance. This sec-
ond light-hole resonance is pronounced for B4 and B3.
The n-GaAs emission, therefore, follows the hole current
through the device. The switch from electron resonance
to off-resonance strongly redistributes electron charge be-
tween the quantum well and accumulation layer and be-
cause of the increased electron concentration in the accu-
mulation layer the n-GaAs emission drastically increases
(cf., Fig. 6). Therefore, also the changing population
of the electron reservoir is monitored. From sample-
to-sample the amount of charge feedback increases with
decreasing barrier thickness because a larger charge is
needed to conserve band bending. The p-GaAs emission
line (diamonds in Fig. 7) peaks at the electron resonance
and becomes minimum off-resonance so it follows indeed
the electron current through the device. The small vari-
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FIG. 7. Electroluminescence intensity vs bias of the three
emission lines for B5 (left), B4 (middle), and B3 (right).
Triangles (diamonds, circles) indicate the n-GaAs (p-GaAs,
quantum-well), emission, respectively. The origin of the reso-
nances is indicated on the graphs. Charge feedback is promi-
nent at the electron resonance.

ations at the hole resonances are strictly due to the n-
GaAs background superimposed on the p-GaAs emission
line. Because of the much smaller hole current, charge
feedback efFects that change the hole reservoir are negli-
gible. The intensity variations of n- and p-accumulation
layers, therefore, monitor the minority carriers.

C. Quantum-well charge accumulation

Since the quantum-well emission (circles in Fig. 7)
stems from recombination of tunneling electrons and tun-
neling holes, it should follow both current variations.
This is clearly observed at all resonances for B4 and B3.
For these samples, the combined efFect of electrons and
light holes switching to ofF-resonance leads to a maxi-
mum optical on-off ratio. This implies that for device
applications coinciding electron and hole resonances are
essential. B5 in contrast shows much smaller variations
of the quantum-well intensity at the resonances in spite of
the strong electron and hole current resonances as wit-
nessed &om n- and p-GaAs intensity variations. (This
implies that the quantum eKciency for recombination in
the quantum well is not unity for electrons nor for holes
and the decreasing electron occupation is counteracted
by an increasing hole population. The line shape of the
quantum-well emission resolves the relative importance
of either carrier for the three samples. Figure 8 shows the
full width half at maximum (FWHM) of the quantum-
well line. The extraction of the carrier concentration
from line-shape analysis has already been shown by pho-
toluminescence on unipolar n-type and p-type
resonant-tunneling structures. The behavior of B5 is op-
posite that of B4 and B3: for 85 the change in free-
carrier hole broadening between on- and ofF-resonance
is six times (three times) more pronounced than for 84
(B3) proving that for the two-dimensional system more
holes occupy the structure. Since the escape time for B5
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FIG. S. Red shift of the quantum-well emission with in-
creasing electric field for B5 (dot-dashed line), B4 (dashed
line), and B3 (solid line). For decreasing barrier thickness,
the resonances are obtained at increased electric fields as cal-
culated in Fig. 3. As the quantum well is depleted of electrons
beyond the electron resonance, the electric field increases.
This increased band bending is responsible for an increased
hole current oK-resonance.

the electric field increases since the quantum well is de-
pleted of electrons and. assumes a larger field. This in-
creased band bending is responsible for an increased hole
current ofF-resonance as explained in Sec. III.

is largest, the heavy holes do not escape until they ra-
diatively recombine leading to a very strong hole charge
buildup. At the electron resonance where the electron
occupation decreases, the hole population increases as
substantiated in the beginning of this section. This is ap-
parent &om the linewidth increase of B5 at the electron
resonance. B4 and B3 show linewidth reductions at the
electron resonance proving that the main carrier change
responsible for the intensity profile is the electron charge
reduction. Besides slow escape, an additional reason for
the opposite behavior of B5 may be scattering in the thick
barriers leading to a population of the subbands also o8'-

resonance. Also, the lower relative resonant-tunneling
current with respect to the nonresonant-tunneling cur-
rent creates a bipolar population in the well at all bias
values.

The electric Geld across the quantum well is monitored
from the red shift of the emission line (Fig. 9). The shift is
quadratic for samples B5 and B4 and superlinear for B3.
The latter is due to the voltage drop across the series re-
sistance, which stretches the voltage axis. As the barrier
thickness decreases, the resonances are obtained at in-
creased electric fields, which is in agreement with theory
as calculated in Fig. 3. From resonance to off-resonance,

D. Optical poorer output

The narrow quantum-well emission is the useful emis-
sion line, but because of the non-negligible contact-layer
emission, the total emitted. power can be considered,
&om which a total quantum eKciency can be extracted
(Fig. 10). The bottom graph in Fig. 10 shows the power
emitted by the sample (dashed line) versus scaled volt-
age. The voltage drop across the series resistance has
been subtracted. from the externally applied voltage so
as to remove resistive heating &om the argument. The
main variations in power output stem from hole reso-
nances and very little eÃect is due to the electron reso-
nance. This substantiates the reasoning under Sec. III
(electrical characterization) where we calculated the rel-
ative electron versus hole currents through the device.
With decreasing barrier width, the optical power output
exponentially increases and follows the overall slope of
the I(V). The optical power output at the electron reso-
nance for B5 (B4, 83) is 1.10 pW (22.1 pW, 153.0 pW)
and o8'-resonance 1.15 pW (28.8 pW, 233.0 pW). Divid-
ing the emitted power by the consumed electrical power
yields the quantum efBciency (top graph in Fig. 10). Lo-
cal maxima are again obtained at the hole resonances and
the quantum efBciency steps up at the electron resonance.
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FIG. 10. Optical power output (dashed line in bottom
graph) and external optical quantum efficiency (top graph)
vs scaled voltage. The current-voltage characteristics have
been added as single lines in the bottom graph. The voltage
drop across the series resistance has been subtracted from the
voltage scale so as to remove resistive heating from the pic-
ture. Local extrema are obtained at the hole resonances and
the quantum efBciency is minimum at the electron resonance
indicating the discrepancy between the numbers of holes and
electrons.

This seemingly illogical step is obtained because the op-
tical output relies on the smaller hole current, whereas
the electrical current at the electron resonance is mostly
an electron current. Total quantum eKciency is, there-
fore, not a good measure for the eKciency of RTLED's
because of the large discrepancy between electron and
hole tunneling currents.

From the electrical and spectral characterization and
their discussion, we can summarize several suggestions
that will lead to improved device performance, i.e, higher
absolute electroluminescence intensity and maximized
on-ofF ratios. Wide-barrier samples are best for larger
relative quantum-well emission versus contact-layer emis-
sion, but have a low optical on-oK ratio. Narrower bar-

In conclusion, electrical and optical characteristics of
resonant-tunneling light-emitting diodes have been pre-
sented and analyzed. The presence of a charge feedback
mechanism that guarantees self-consistency between res-
onance and ofF-resonance has been witnessed. This com-
plex charge distribution versus bias has been clarified and
it is shown that electrons and holes redistribute over the
accumulation layers with increasing current through the
device and that the amount of redistribution depends on
tunneling escape rate and hence on the thickness of the
tunneling barriers. This charge redistribution is particu-
larly pronounced at the resonances in the current-voltage
characteristics. Signal intensities from the three spectral
regions are compared and yield the relative majority car-
rier occupation of each region. A tradeofF in quantum-
well versus accumulation-layer emission is observed as the
tunneling escape rate increases with decreasing barrier
thickness. Line-shape analysis yields free-carrier electron
and hole broadening in the quantum well. Peak posi-
tion analysis allows the determination of the electric field
across the well region from which an accurate picture of
the band bending during tunneling is obtained.
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