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We study the optical and electrical properties ofn-i-n GaAs/AlAs double-barrier resonant tunneling diodes.
Under illumination, new resonances appear in the current-voltage curves due to tunneling of photoexcited
holes. By tuning the bias and the intensity of illumination, we can control independently the number of
electrons and holes tunneling into the quantum well. This allows us to create charge conditions in the well that
favor the formation of either positively charged, neutral, or negatively charged excitons. Our measured value
of the binding energy of the second electron in the negative trion is significantly larger than that of the second
hole in the positive trion.
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Many-particle systems are characterized by complexity
and self-organization arising from simple physical laws. For
instance, the long-range Coulomb interaction between elec-
trical charges is responsible for the bound states of matter. In
atomic and semiconductor physics, the simplest case is a
bound pair formed by two opposite charges, of which the
hydrogen atom and the exciton are representative examples.
The role of particle mass on the formation of the bound
complex becomes more relevant when a third charge is
added. For hydrogen ions, the binding energy of H2

+ is
2.8 eV, whereas for H− it is 0.75 eV. Hence, the electronic
affinity is significantly larger for the heavier charge than for
the lighter one.1

In a semiconductor, the electronic affinity of the third car-
rier involved in the formation of charged excitonssso-called
trionsd is expected to show a similar behavior.2,3 Positively
charged sX+=2 holes+1 electrond and negatively charged
trions sX−=2 electrons+1 holed form when excitons are
present in an environment with excess holes or electrons,
respectively. They were initially investigated theoretically1–3

and later observed in semiconductor quantum wellsQWd
structures.4–6 The binding energy of the second electron,
Eb,e, or second hole,Eb,h, is a few meV, and increases with
the quantum confinement.7 However, theory and experiments
have provided conflicting evidence about the relative magni-
tudes ofEb,e and Eb,h in QW’s.8–11 The measured binding
energies forX+ and X− are rather similar.10 In some cases,
Eb,h is about 10% larger thanEb,e,

9 in other cases smaller.11

This disagrees with theoretical predictions3 that suggest that
Eb,h should be about 30% larger thanEb,e in GaAs QWs due
to the heavier hole effective mass.

Recent theoretical work12,13 has considered other possible
mechanisms involved in the binding energy of the third car-
rier. They suggest that the disorder due to well-width fluc-
tuations may lead to a significant increase of the trion bind-
ing energy in narrow QW’s where interface defects become
relevant. The different electron and hole localization at the
defect site is responsible for the distinct increase of theX−

and X+ binding energies, which is larger in the case ofX−

than ofX+. In narrow QW’s, this effect could therefore per-
turb the expected value ofEb,h andEb,e when the degree of
quantum confinement is increased.7 In self-assembled quan-
tum dots, which can be regarded as an extreme limit of in-
terface roughness, the difference between theX+ and X−

binding energies is of particular significance and interest.14

This paper examines the formation and binding energies
of charged excitons in a narrow GaAs QW structure in which
the relative concentrations of electrons and holes can be ad-
justed in a controlled way. This is achieved by using a
double-barrier resonant tunneling diodesRTDd in which the
GaAs QW is embedded between thin AlAs barriers. Under
an applied bias, electrons can tunnel into the QW from
n-doped GaAs layers placed on either side of the barriers. By
illuminating the device with above-band-gap light under
bias, the photogenerated holes can also tunnel into the well
ssee Fig. 1, insetd. By varying the bias,V, and the intensity of
illumination, we can control the number of electrons and
holes tunneling through the barriers. Thus, we can precisely
tune the charge state of the QW from hole-rich through
charge-neutral to electron-rich conditions. This allows us to

FIG. 1. IsVd characteristics at 4.2 K in forward bias under illu-
mination by a 760-nm laser line for different powers between 0
sbottomd and 13 mW/cm2 stopd. Inset: The schematic band diagram
showing how the photocreated electron-hole pairs drift in opposite
directions under an applied electric field.
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create, in the same QW, different environments that favor the
formation of positive, neutral, and negatively charged exci-
tons, respectively. In this way, we can compare the values of
Eb,e andEb,h in the samestructure without resorting to mak-
ing difficult comparisons between spectra of different
modulation-doped samples, in which there can be unintended
small differences in the well width.

We investigate the current-voltage characteristics,IsVd,
and the photoluminescencesPLd of a n-i-n GaAs/AlAs reso-
nant tunneling diode under laser illumination over a wide
range of bias. The device was grown by molecular beam
epitaxy at 550 °C on a semi-insulatings100d GaAs substrate.
It has a symmetric layer sequence, incorporating two 6-nm
AlAs barriers and a 9-nm GaAs QW in the undoped intrinsic
region. Undoped GaAs spacer layers of 20 nm separate the
barriers fromn-type doped contact layers with Si doping
graded from 231016 s51 nm thickd through 231017 s80 nmd
to 231018 cm−3 s100 nmd. Optical lithography and wet etch-
ing were used to process circular mesas of diameter 100,
200, and 400mm with a metal-free window at the top to
provide optical access for PL measurements.

Under bias, a two-dimensional electron accumula-
tion layersEALd forms in the GaAs spacer layer on the nega-
tively biased selectron emitterd side of the devicessee
inset of Fig. 1d. At low temperatures, the electron gas in the
EAL is degenerate, as confirmed by the Shubnikov–de Haas-
like oscillations observed in the tunnel current when a mag-
netic field is applied perpendicular to the electron sheet.15

Figure 1 shows typicalIsVd curves at T=4.2 K for a
400-mm-diam device under different levels of laser light il-
lumination s760-nm lined. In dark conditions, the device
shows a peak inIsVd at V< +0.185 V, corresponding to
resonant tunneling of conduction electrons from the EAL
into the lowest energy subbandE1 of the QW. At the onset of
the E1 resonancesV< +0.070 Vd, the electron charge
buildup of the QW increases and is a maximum at the reso-
nant peak position. TheIsVd curves are symmetric in forward
and reverse bias. Under illumination, two new resonances,16

R1 and R2, appear inIsVd at bias voltagesVR1< +0.065 V
andVR2< +0.100 V, significantly below the peak of theE1
resonance. They appear only for photon energies larger than
the GaAs band gap and their amplitudes depend strongly on
the illumination intensity, as shown in Fig. 1.

To understand the effect of illumination we refer to the
band profiles of the device shown in inset of Fig. 1. In for-
ward bias, corresponding to the topn+ GaAs layer biased
positive, photocreated electrons in the GaAs depletion region
beyond the right-hand barrier are swept into the doped col-
lector region, but photocreated holes drift towards the collec-
tor barrier where they form a hole accumulation layer
sHAL d. This process has been discussed previously in the
context of PL of RTD’s.17 The space charge of the HAL
modifies the electrostatic profile in the device and accounts
for the observed shift to lower bias of the threshold and peak
of theE1 resonance. The line shapes ofR1 andR2 are similar
in both bias directions but their amplitudes are smaller in
reverse bias because of optical absorption effects. We ascribe
theR1 andR2 resonances to hole tunneling through the heavy
hole and light hole state QW subbandssHH1 and LH1d re-

spectively, in analogy to the assignment of hole resonances
below E1 observed inp-i-n tunneling diodes.18 Assuming a
similar escape rate for electrons and holes from the QW, the
ratio of electron/hole charge is approximately given by
Qe/Qh=Ie/ Ih. Therefore, comparing theIsVd curves in dark
conditions and under illumination, we estimate that the hole
density into the QW is an order of magnitude larger than the
electron density at biasVR2 for the highest illumination con-
ditions.

With increasing bias beyond the threshold of theE1 reso-
nance, electron tunneling is more efficient and electrons pro-
gressively become the majority carriers in the QW. In this
way, hole-rich and electron-rich conditions occur on theR2
andE1 resonances, respectively. When electrons and photo-
created holes injected from EAL and HAL enter the QW,
they recombine leading to PL emission. The bias-dependent
tunability of the QW charging allows us to control the rela-
tive populations of the neutral and charged excitons as is
clearly revealed in the optical response of the QW.

For a given illumination powerse.g., 2.6 mW/cm2d, the
PL spectra are very sensitive to the carrier charge buildup of
the QW, which can be tuned with the applied bias. No PL
signal from the QW was detected at zero or low applied bias.
As shown in Fig. 2, the threshold for detecting PL emission
from the QW is atV, +0.090 V, corresponding to the low
bias edge of the resonanceR2. On this resonance, the photo-
created holes are efficiently injected into the QW and ther-
malize intoHH1 where they can recombine with the small
number of electrons that start to tunnel into the QW in this
bias range. This recombination in the QW has an excitonic
nature as revealed by the diamagnetic shift of the PL spectra
under the magnetic field.19 The number of emission lines and
their relative intensities are sensitive to the charge state of
the QW. Thus, betweenV= +0.090 V and +0.120 V, in the
vicinity of VR2 where holes are majority carriers in the QW,
we can resolve two PL peaks at 1.5603 and 1.5618 eV. We

FIG. 2. PL spectra at 4.2 K at different forward biases under
illumination by a 760-nm laser line with power=2.6 mW/cm2.
Spectra are displaced vertically for clarity.
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identify them asX+ and X, respectively. Within this bias
range, any increase of hole density would favorX+ forma-
tion. Figure 3 shows the PL spectra for different illumination
powers for a biasV= +0.095 V. It is clear that theX+ forma-
tion is favored when the hole density in the QW is enhanced
at high illumination powers. Despite their relative intensity
changes in the PL spectrum over this bias range, the energy
positions of theX+ andX PL lines do not change. When the
bias is increased toV= +0.120V, which corresponds to
the minimum in current betweenR2 andE1, only the neutral
exciton peak remains. A further small increase of bias
towards the peak ofE1 gives rise to another well-resolved
emission line at lower energys1.5597 eVd. With a further
increase in bias, the electron density in the QW increases
and the new emission line becomes dominant for bias
V. +0.130 V, whereas the neutral exciton PL quenches at
the approach of the peak of theE1 resonance. The fact that
the new line is favored by electron charging of the QW iden-
tifies it as arising fromX− recombination.

Still higher bias leads to changes in the relative intensity,
but the energy position of the PL lines remains identical.
Note that for the whole range of bias up to the peak of theE1
resonance, the energy position of theX PL line remains con-
stant, i.e., the quantum confined Stark effect is negligible, as
expected in a 9-nm-thick QW at these modest applied elec-
tric fields.20

The evolution with bias of the PL spectrum fromX+

throughX to X− emission is a clear signature of the electrical
charging state into the QW. The resulting PL can therefore be
used to monitor the tunneling of electrons and holes into the
QW as a function of bias. In Fig. 4, we compare the tunnel
current flowing through the device with the PL intensities
of neutral exciton and trions as a function of bias for fixed
illumination power s13 mW/cm2d. The evolution of these
PL lines is clearly correlated to the hole and electron tunnel-
ing. The X+ PL intensity increases from a threshold
at V= +0.090 V to a maximum at +0.100 V and then de-
creases, disappearing atV= +0.120 V. Note that the peak of
the X+ PL intensity coincides with that ofR2. Thus, we con-
clude thatR2 in IsVd is associated with resonant tunneling of
photogenerated holes into the QW. TheX− line appears at
V. +0.120 V, and its PL intensity increases, to reach a
maximum atV= +0.160 V, which coincides with the main
peak inIsVd due to electron tunneling into theE1 subband.

The maximum intensity of theX PL line also coincides

with the current peak of theR2 resonance atV= +0.100 V
and falls off gradually with increasing bias, disappearing
close to the threshold of the main resonant peakE1 due to the
increasing amount of electronic charge in the QW. The bias
dependences of theX+ andX− PL peaks provide a clear sig-
nature of the changing carrier environment in the QW and is
consistent with a model of trion formation involving a dy-
namical equilibrium between trions, neutral excitons, and
free carriers, and the respective recombination times.21 Inter-
estingly, atV= +0.120 V and for the laser excitation condi-
tion shown in Fig. 2, the PL spectrum is dominated by theX
PL line, indicating that neutral-charge conditions prevail in
the QW. This condition can be shifted slightly to lower bias
by increasing the laser intensity. Since the holes entering the
QW from the HAL arise mainly from photogeneration in the
GaAs collector layer, by varying the illumination power we
can enhance the formation ofX+ as is confirmed by the PL
spectra shown in Fig. 3.

The PL spectra in Fig. 2 provide us with values of the the
binding energies ofX+ and X− in the same QW: Eb,h
=1.5 meV andEb,e=2.1 meV. It is of particular interest that
Eb,e is ,40% larger thanEb,h, especially as a similar result
has also been reported for trions in quantum wires.22 A larger
value of Eb,h than Eb,e is expected2,3 in analogy with the
relative binding energies of H2

+ and H−. On the other hand, a
previous experimental study comparing trion binding ener-
gies in a wider 20-nm GaAs QW10 gave Eb,h=Eb,e
=1.10 meV. These values are significantly smaller than those
we have obtained in a 9-nm QW. In the case ofX+, the
observed increase of 35% ofEb,h for our narrow QW can, in
principle, be explained by the reduction of the quantum well
width.7 However, an increase of 90% forEb,e is difficult to
explain by considering confinement effects only.

Our results suggest that other mechanisms may cause the
large increase ofEb,e for a narrow QW, and compared with
the Eb,h value. Recent calculations suggest that fluctuations
in the well width produce disorder, which tends to increase
the binding energy of the third carrier.12,13 They predict a
larger increase of the trion binding energy compared to cal-
culations, which neglect disorder effects.7 Thus, when the
effect of disorder is included the expected value ofEb,e in

FIG. 3. Illumination power dependence of the PL spectra under
illumination by a 760-nm laser line forV= +0.095 V at 4.2 K. FIG. 4. Bias dependence of PL intensities of linesX

s1.5618 meVd, X+ s1.5603 meVd, andX− s1.5597 meVd under illu-
mination by a 760-nm laser line for a fixed illumination power of
13 mW/cm2 at 4.2 K. The PL intensity dependence is compared
with the forward biasIsVd.
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narrow GaAs QW’s is a factor of 2 larger than for the case
when confinement effects only are considered.7,13 In addi-
tion, the influence of disorder is expected to be different for
X+ and X− as is observed in quantum dots.14 Due to its
smaller effective mass, the spatial extent of the electron wave
function in the interface defect is larger than that of the
hole.7,13 This leads to a largerEb,e thanEb,h. Since interface
roughness is particularly important in narrow QWs, disorder
effects may become more significant than the quantum con-
finement effect as the QW width is decreased. This could
explain our observation of a significantly larger value ofEb,e
thanEb,h in a narrow GaAs QW.

In conclusion, we find strong evidence for a larger bind-
ing energy forX− than for X+ in narrow QWs. Our experi-
ments indicate that interface defects may enhance the bind-

ing energy of the third carrier in trions, as recently
predicted.12,13We demonstrate that a RTD is a useful system
for studying trion formation, since it is possible to precisely
tune the electron and hole densities in the QW by a combi-
nation of voltage-controlled injection and optical excitation.
We also identify the origin of a photoinduced resonant peak
in IsVd. Finally, we suggest that further insights into the ef-
fect of disorder on the positive and negative trion binding
energy could be gained by studying similar RTDs but with
controlled amounts of interface disorder, e.g., by introducing
a small concentration of Al near the QW-barrier interfaces.
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