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Photoluminescence of the electron-dressed confined X exciton
in an n-type AlAsiGaAs resonant tunneling device
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Spectroscopic evidence is presented for the existence of the electron-dressed exciton (X' )—an
electron bound to an exciton —in the 8-nm-wide quantum well of an asymmetric n-type AlAs/GaAs
triple-barrier resonant tunneling device. This is revealed by a transition just below the lowest heavy-
hole exciton, leading to a doublet structure in the photoluminescence peak. The splitting of 2.1 meV
is only weakly dependent on electrical bias. The efFect is observed in the neighborhood of each of
the three electron current resonances, when the number of electrons in the well is still low but
signi6cantly greater than that of photocreated holes. The inBuence on the X spectrum of applied
electrical bias, temperature, excitation photon energy, and excitation power density is investigated.
Indications were also found for the existence of X in the narrower, 6-nm-wide quantum well.

I. INTRODUCTION

Photoluminescence (PL) spectroscopy is a sensitive
and effective technique for characterizing electronic
and optical properties of resonant tunneling structures
(RTS's) based on compound semiconductors, ~ ~ which
are commonly fabricated by molecular-beam epitaxy.
Excitonic recombination inside the quantum well (QW)
is a prominent feature in the PL spectrum of a RTS under
bias. This results not only from the enhanced radiative
recombination of confined excitons, but also &om the ef-
ficient collection of carriers photocreated in the contact
layers that subsequently tunnel into the QW. 2 s s ~~

The existence of a bound state for different types of
excitonic complexes was proposed by Lampert in 1958
and further theoretical work has been performed on this
subject. In particular, a bound state was predicted
for an electron-dressed exciton, denoted by X, com-
posed of an electron bound to an exciton, with many
similarities to the hydrogen anion H . The energy of
the electron-dressed exciton is reduced compared to the
sum of the separate &ee exciton and &ee electron due to
the electron-electron exchange and correlation interac-
tions, which is a genuine quantum physical effect. Spec-
troscopic evidence for X has been reported recently
in three cases: in CdTe/CdZnTe multiple quantum-well
systems, in a bipolar resonant tunneling light-emitting
diode, and in modulation-doped GaAs/Al Gaq As
quantum wells, an additional peak is observed in the
optical spectra of the lowest heavy-hole exciton (denoted

by Aqh). Also, a similar observation made recently in
an n-type double-barrier RTS device, which was given a
tentative explanation in terms of electron-hole exchange
interactions, should probably be ascribed to the same
origin.

We present here PL results on the charged exciton X
in an n-type A1As/GaAs asymmetric triple-barrier RTS.
By varying the applied bias across the device, the den-
sity of electrically injected electrons in the QW can be
adjusted to create favorable circumstances for the X
formation. With increasing density of the excess elec-
trons in the QW's (i.e., electrons with density in the well
in excess of that of the photocreated holes), the number
of exciton-electron collisions increases and an exciton has
a higher probability to couple to an electron, resulting in
the X complex. The temperature evolution of the X
component in the PL spectrum as well as the variations
of its intensity with excitation photon energy (E,„,) and
laser power (P) have been investigated.

II. EXPERIMENTAL PROCEDURES

The RTS used here is a unipolar device that is com-
posed of two QW's, a 6-nm GaAs narrower well (NW) on
top of an 8-nm GaAs wider well (WW) defined by three 4-
nm A1As barrier layers, all not intentionally doped. This
intrinsic region is sandwiched between two 50-nm-thick
n -doped (5 x 10~a cm s) GaAs spacer layers, which
in turn are surrounded by the GaAs top layer and the
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substrate, both n+-doped (3 x 10 cm ). Apart from
its electrical efFects, the use of n -doped spacers tends
to reduce the difFusion of donors into the intrinsic region
during sample growth. The preparation of mesa and con-
tact pad with an optical window of 30 pm in diameter
for optical probing (similar to Ref. 11) allows measure-
ments under electrical operation. Forward (reverse) bias
designates applied positive (negative) voltage on the top
electrode, i.e. , the polarity for which the WW (NW) is
the first well for electron tunneling. During PL measure-
ments the device was mounted in a helium How cryostat
at temperatures down to 5 K. The laser power on the
device was kept below 0.6 mW, at which no change is
found in current-voltage (I V) ch-aracteristics of the de-
vice. The optical path for PL studies was arranged in
near backscattering geometry. Continuous wave optical
excitation was performed by a Ti-sapphire laser, pumped
by an Ar+ ion laser. The laser spectrum was purified by
a narrow-band prism filter. The light dispersion and mul-
tichannel detection of the emitted light were realized us-
ing a triple 80-cm monochromator and a nitrogen-cooled
charge coupled device detector of high sensitivity, which
yields a spectral resolution of 0.05 meV in the near in-
frared region. The size of the optical window of the de-
vice was deliberately chosen to match the excitation laser
spot so as to maximize the signal-to-noise ratio.

III. RESULTS AND DISCUSSION

Figure 1 depicts the I-V characteristics of the device at
T = 5 K, showing two current resonances in forward bias
(1+ and 2+ at V = +0.28 and +1.80 V, respectively) and
one resonance (1 at V = —1.20 V) in reverse bias. In
each case a so-called triple alignment occurs between the
emitter and levels in the first and. the second quantum
we]]. Eww and ENw for the 1+ Eww and E2Nw for the
2+, and E and E for the 1 resonance. Close to
each of the three resonances, the accumulation of elec-
trons in the two QW's can be significant, as observed in
the same device by the intensity and width of the low-
est exciton PL transitions in both wells. One can see

from Fig. 1 that at low voltage —0.2 ( V ( +0.1 V, the
tunneling current is extremely small, as is the electron
density in the QW's.

The PL spectra in Fig. 2 were measured at a volt-
age close to the 1+ resonance (see the inset of Fig. 1) in
the region of the lowest exciton transition in the WW.
They show the evolution of the lowest exciton PL peak
with bias (a) before resonance and (b) after resonance.
The PL transition at 1.576 eV in (a), appearing first at
V = +0.09 V, stems from the radiative recombination
of n = 1 free heavy-hole excitons (Xih, ) in the WW.
The Xqh excitons are mainly formed from photocreated
electron-hole pairs because at this bias very few electri-
cally injected electrons can tunnel into the WW. The
broad feature at lower energy is extrinsic PL due to
donors in the quantum well. It is described as (D, h)
recombination with an estimated energy of 11 meV be-
low the Xqp, transition for a donor at the center of the
well.

Upon increase of the applied bias, the number of elec-
trically injected electrons that tunnel into the WW in-
creases and so does the electron density in the well. A
new feature appears in the spectrum at the lower en-
ergy side of the X~h peak, with a splitting in energy
against the Xih line of AE = 2.1 meV. This feature
grows very quickly with bias and dominates the PL band
from V = +0.11 V on, over the whole 1+ resonance re-
gion. One should be cautious about the latter statement:
electron sheet densities above 10 cm can eass y oc-
cur in the resonance region changing the character of the
transition, because above this density screening efI'ects

15,22can inhibit the formation of excitons.
The WW-to-NW alignment exists only for a narrow

bias region, yielding a very sharp feature in the I-V char-
acteristics at the 1+ resonance (inset of Fig. 1). Beyond
the resonance, the Xqh line becomes observable again at
+0.36 V as shown in Fig. 2(b). Since the alignment be-
tween the WW and the emitter is still locked in this bias
range, the lower-energy feature does not disappear until
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FIG. 1. Current-voltage characteristics of the triple-barrier

RTS device measured at T = 5 K, showing the three tunneling
current resonances in the voltage range of interest. The region
of the narrow 1+ resonance between the lowest levels in the
two wells is enlarged in the inset. Arrows indicate the different
regions where the doublets were observed.
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FIG. 2. Evolution of the doublet structure in the WW PL
spectra (R,„, = 1.658 eV) taken when the external bias is
swept over the 1+ resonance, (a) below the resonance and
(b) above the resonance, at T = 7 K for increasing and for
decreasing voltage (steps of 20 mV). Also shown in (b) is
the hysteresis in the line shape for discharging ("up" scan)
compared to recharging ("down" scan) of the wide QW.
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the density of excess electrons in the WW decreases to
such a extent that the Xih line regains dominance over
the feature. This happens suddenly at V = +0.42 V [be-
tween the third and fourth curves in Fig. 2(b)), which
points to a sudden disruption of the emitter-to-WW
alignment.

The close correlation between the existence of the
lower-energy feature and the density of excess electrons
in the QW indicates that this feature must be related to
an. excitonic complex of larger binding energy LE than
the excitons, which is nothing but the electron-dressed
exciton X . From Ref. 23, and taking recent material
parameters valid for GaAs at T = 5 K, a theoretical
value of LE = 2.2 meV is found for X relative to Xqh
in a two-dimensional system, in excellent agreement with
the observed splitting. The evolution of the spectra in
Fig. 2(a) is very similar to that reported by Langerak
et al. , which was ascribed to electron-hole exchange
splitting, but in our opinion also originates from the X
exciton.

Doublet structures in the emission spectra of confined
excitons in QW's have been reported in several instances
and ascribed to a variety of origins. We briefiy consider
the proposals different &om the X formation in connec-
tion with the present results. Excitons bound to accep-
tors or donors can possess a binding energy comparable
to the doublet splitting observed here. However, the
saturation properties of the present PL peak do not agree
with extrinsic PL (see below). The biexciton 7 pos-
sesses a binding energy comparable to that of X, but
its formation is expected in conditions of high exciton
concentration and will be favored by balanced electron
and hole densities, both of which are not the case here.
Discrete well-width fluctuations seem to be excluded
because they would show up more strongly in the NW
than in the WW spectra. Finally, the electron-hole ex-
change efFect is sometimes invoked, which can cause
an increase in exciton binding energy. This cannot be
the origin of the doublet splitting observed in our PL
measurement because the electron-hole exchange inter-
action in the NW should again be considerably larger
than in the WW due to larger overlap of the wave func-
tions. Moreover, regardless of which of the alternative
origins —donor or acceptor, biexciton, well-width fiuctu-
ations, or exchange splitting —it is hard to give a good
explanation for the bias dependence of the spectrum re-
ported here. The X exciton yields a natural explana-
tion for the appearance of the emission line each time the
electron density is increasing over a certain threshold.

Since the existence of the X line closely depends
on the concentration of excess electrons in the QW,
one would expect it to be sensitive to the space-charge
efFect, which can occur at resonance and causes hys-
teresis efFects in the device operation. This is exactly
what is observed in Fig. 2(b), showing spectra recorded
beyond the resonance with increasing and decreasing bias
variation. A hysteresis of about 40 mU in applied voltage
is clearly seen by comparing the corresponding spectra,
paying special attention to the disappearance and reap-
pearance of the doublet structure. The hysteresis is a
direct reflection of space-charge buildup in the QW when

it proceeds in discharging ("up" scan at V = +0.42 V)
and recharging ("down" scan at V = +0.36 V) close to
the current resonance. The behavior of the spectra in
Fig. 2(b) is a difFerent manifestation of the fact that a
sufficient density of excess electrons in the QW is a pre-
requisite for the X formation.

The inBuence of temperature on the doublet structure
is shown in Fig. 3(a), where the X intensity gradu-
ally decreases with respect to Xih when the temperature
increases. In good agreement with the observed bind-
ing energy (b,E = 2.1 meV) the X line nearly van-
ishes when temperature goes up to 30 K. This results
from thermally induced dissociation of X into the free
exciton and the &ee electron. Figure 3(b) shows, on a
logarithmic scale, the integrated intensity ratio between
the two lines as a function of the inverse temperature,
which clearly demonstrates the thermal activation with
an energy difFerence of 2.1 meV, corresponding to the
measured doublet splitting. The intensity ratios are ob-
tained &om a profile analysis using two Voigt components
(convolution of Gauss and Lorentz) and a linear base line.

The Xqh component evolves from a purely Gaussian
shape at T = 5 K w'ith a linewidth of only 1.8 meV to
a more Lorentzian one at high temperature. Such a nar-
row linewidth is found because the PL originates from a
single quantum well (no fluctuations between subsequent
wells), the electric field is low and therefore so are the
field inhomogeneities, and the interface quality is very
good. From the line-shape analysis, the X line has a
Lorentzian fraction comparable to the Gaussian one al-
ready at low temperature. At T = 35 K both lines are
predominantly Lorentzian with full width at half maxi-
mum (FWHM) of 2.3 ineV and 3.6 meV for Xis and X
respectively.

The low-temperature linewidths clearly result from in-
homogeneous broadening. The appreciable temperature
dependence of the line shapes and widths can have dif-
ferent origins. We can exclude interactions with the LO
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plQ. 3. (a) PL spectra of the WW measured as a
function of temperature taken before the 1+ resonance at
V = +0.13 V. (b) Ratio of integrated intensities of the X'

to Xy p, band on a logarithmic scale as a function of inverse

temperature. The solid line is a guide to the eye, the slope
of which corresponds to the thermal activation energy of
2.1 meV.
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phonons at these low temperatures. Also the tunnel-
ing escape times are not expected to be changing in this
temperature range. The scattering by acoustic phonons
was shown for the normal exciton to yield a contribu-
tion to the FWHM smaller than 0.5 meV (Ref. 34) below
T = 35 K, well below the measured widths (after scaling
for the smaller well width of our sample). Because of fluc-
tations in the quantum-well potential, e.g. , due to atomic
steps of the interfaces, the exciton is localized at low tem-
perature. At higher temperature it can reach regions of
somewhat higher potential, corresponding to a diferent
transition energy, which can be an origin of the temper-
ature dependent line shape. Finally, it is not excluded
that carrier-carrier interactions lead to a homogeneous
broadening of the Xqh, and X transitions, taking into
account the excess electrons that are electrically injected
in the QW.

It should be stressed that the intensity ratio X /Xi~
also depends on the bias voltage due to the difFerent
amounts of excess electrons, but the thermal activation
energy is expected to be the same. The X line inten-
sity is transferred to the Xih line, while the overall inten-
sity is decreasing. The latter results &om the decrease
in recombination efficiency for QW emission at higher
temperatures. 35 36

In addition to the observation of the doublet structure
around the 1+ resonance, we have also found similar ef-
fects in a narrow bias range before the 2+ resonance in
forward bias and before the 1 resonance in reverse bias,
as shown in Fig. 4. Compared to Fig. 2, the transition
energy of both X and Xih is much lower, especially
in the case before the 2+ resonance [Fig. 4(a)j, which
is caused by the quantum confined Stark efFect at high
bias. In addition, the doublet splitting is not as sharp as
that observed near the 1+ resonance, corresponding to
slightly wider linewidths of the components. The latter
could be due partly to static e8'ects, e.g. , larger lateral in-
homogeneity of the electric field over the device at higher
absolute bias voltage, but also to dynamic efFects, which
reduce the dephasing time. The splittings determined
Rom the profile analysis are LE = 2.1 and 2.4 meV be-

fore the 2+ and 1 resonances, respectively. These small
difFerences in LE are not understood in detail.

The spectra in Fig. 5(a) are obtained at increasing
E,„,using the same laser power density P = 14 W/cin2.
These energies correspond to direct optical excitation in
the GaAs contact layers only (E,„,= 1.558 eV), in the
contact layers and the WW (1.610 eV), and in all GaAs
layers including the WW and the NW (1.687 eV), since
in this device the transition energies of the lowest &ee
heavy-hole excitons in the WW and in the NW at the
+1 resonance are 1.575 eV and 1.650 eV, respectively.
The increasing hole density in the WW with increasing
photon energy yields an appreciable enhancement (up to
a factor 3) of both Xih, and X peaks. This is not vis-
ible here because the spectra are normalized to the Xip,
component in order to clearly demonstrate the relative
increase in intensity of X with respect to Xih. Indeed,
for the lowest energy case (1.558 eV) electron-hole pairs
are only created in the GaAs contact layers and the only
source of holes is the accumulation layer on the collector
side, &om which they can tunnel through the barriers and
the NW into the WW. For the direct optical excitation
in the NW, there are three hole sources available for the
WW, i.e., the WW itself, the NW, and the hole accumu-
lation layer on the collector side. However, the small but
consistent increase of the X intensity relative to that of
the Xih shown in the figure is ascribed to the increased
number of photoexcited electrons. Indeed, the X and
Xqh densities are in a first approximation expected to be
quadratically and linearly dependent, respectively, on the
electron density in the QW. The electron density (electri-
cally injected as well as photocreated) should increase by
5—10% in order to explain the change in relative intensi-
ties observed in the figure. This is acceptable, regarding
the very low tunneling current at the measuring voltage,
which refl.ects in a low density of electrically injected elec-
trons.

Using excitation at 1.687 eV, Fig. 5(b) shows the de-
pendence of the spectrum on the laser power on the de-
vice, ranging between 14 W/cm and 84 W/cm . No
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FIG. 5. PL measurements of the WW emission before
the 1 resonance, normalized to the X~h exciton intensity,
and measured (a) for difFerent excitation photon energies
E,„=1.558, 1.610, and 1.687 eV at a constant power den-
sity P = 14 W/cm, and (b) for increasing P = 14, 49, and
85 W/cm at E,„,= 1.687 eV.

FIG. 4. Appearance of the doublet structure in the WW
emission (E,„,= 1.687 eV) measured at T = 5 K when the
bias voltage is approaching (a) the second forward (2+) and
(b) the reverse bias (1 ) resonance. The voltage scan step is
(a) 40 mV and (b) 20 mV.
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saturation at all is found for the intensity of the X
line even at higher excitation powers, in contrast to the
case of impurity-related bound exciton emission, which
can be easily saturated ' 2 at levels as low as 10 W/cm2.
This definitely rules out models in which the lower-energy
component in spectral doublet splitting would be as-
signed to extrinsic exciton transitions. The similarity of
the spectra in Figs. 5(a) and 5(b) shows once more that
the growth in intensity of the X line with the num-
ber of photoexcited carriers at constant excess electron
densities is faster-than for Xih. When increasing the ex-
citation power, we increase the number of photocreated
electrons and holes in much the same way as by variation
of Eeoc.

In our measurements, no clear doublet splitting could
be observed in the NW PL spectra around any of the
three current resonances. However, indications for un-
resolved splitting are found at the 1+ resonance, where
the electron accumulation in the well is significant. Fig-
ure 6 presents the PL spectra of the NW when applied
bias is swept through the 1+ resonance: Before and after
the resonance the PL band is more symmetric and at the
resonance (V = +0.28 V) a bump appears at the low-
energy side. A profile analysis, which unfortunately does
not yield a unique solution, is able to give a very good fit,
taking one Gaussian component with similar width and
position as the symmetric NW peaks (with a FWHM ap-
proximately equal to 4 meV) and one Voigt component
at lower energy by about 2.6 meV (see dotted lines in
Fig. 6). In this picture, the X exciton would only ex-
ist exactly at the resonance, when a suKcient density of'

excess electrons is built up. The splitting is not resolved
only due to the somewhat larger linewidths than for the
WW transitions.

In the same figure we also depict the asymmetric line
shape occurring in reverse bias in a limited range around
—0.45 V, much earlier than the 1 resonance. This is
very similar to the lineshape at V = +0.28 V and invites
the same interpretation as given above. It is not so clear
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why in this region the population of X excitons would
go through a maximum. Indeed, higher electron densities
in the well are expected in the NW when one gets closer
to the resonance, and at first sight this would be more
favorable for X formation.

It is worth pointing out that previous experimental ob-
servations were also made on relatively wide wells: Two
of the reports about the X doublet spectra in GaAs
pertain to a well width of 9 nm, comparable to that
of the WW in our sample, and nearly the same bind-
ing energies were measured [AE = 2 meV (Ref. 17) and
1.9 meV (Ref. 19)]. In the third case, for a modulation-
doped GaAs/Al Gaq As system, ~ sa splitting of only
LE = 1.2 meV is measured, which could be a result of
the very diferent type of confinement potential. Tak-
ing into account the smaller efFective size of excitons in
CdTe, the 10-nm well of Ref. 16 is equivalent to a well
even wider than a 9-nm GaAs well.

IV. CONCLUSIONS

In an n-type A1As/GaAs asymmetric triple-barrier
RTS, the density of electrons in the quantum wells can
be adjusted by the external bias that controls the elec-
tron tunneling processes. In the presence of excess elec-
trons in the 8-nm-wide QW, the n = 1 free heavy-hole
exciton has a higher probability to couple to an electron
through electron-electron exchange and correlation inter-
actions, forming an electron-dressed. exciton X . The
low-energy component of the doublet structure, which
we have observed in the low-temperature PL spectra of
the WW, is ascribed to the recombination luminescence
of this electron-dressed exciton. The binding energy of
the X exciton is found to be LE = 2.1 meV for an 8-
nm-wide GaAs quantum well. The electron-dressed ex-
citon thermally dissociates to a free exciton and an in-
dependent electron, with LE the activation energy. It is
clearly demonstrated that the excess electron density in
the quantum well is a decisive factor for the formation of
the X emission line.

In the narrower (6 nm) QW the X peak is not re-
solved. At the 1+ resonance and in reverse bias well
below the resonance, a feature is observed at the low-

energy side of the PL peak that possibly originates &om
the X exciton in this well.
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