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Cross-barrier recombination in a GaAs/AlGaAs double-barrier resonant
tunneling structure

J. W. Cockburn,a) P. D. Buckle,b) M. S. Skolnick, M. J. Birkett, and R. Teissierc)
Department of Physics, University of Sheffield, Sheffield S3 7RH, United Kingdom

G. W. Smith
Defence Research Agency, St. Andrew’s Road, Malvern WR14 3PS, United Kingdom

~Received 28 December 1995; accepted for publication 16 February 1996!

We report the observation by photoluminescence~PL! spectroscopy of cross-barrier recombination
between spatially separated two-dimensional electron and hole gases confined respectively in the
quantum well~QW! and collector accumulation layer of a GaAs/AlGaAs double-barrier resonant
tunneling structure. At the onset of then53(E3) resonance in the current–voltage characteristic,
the energy of the cross-barrier transitionEcr is found to coincide with that of the PL peak arising
from recombination of electrons from theE3 confined level in the QW withn51 confined hole
states~E3lh recombination!. Similarly, at the onset of theE4 resonance,Ecr'E4lh. We show that this
behavior arises as a consequence of the symmetrical potential distribution within the structure at the
onsets of the resonances. ©1996 American Institute of Physics.@S0021-8979~96!07110-3#
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Optical spectroscopy is well established as a powe
probe of vertical transport in semiconductor heterostructu
In particular, photoluminescence~PL! and electrolumines-
cence~EL! spectroscopies have been successfully used
study tunneling1–4 and ballistic transport5,6 in single- and
double-barrier tunneling structures. In double-barrier re
nant tunneling structures~DBRTS!, optical spectroscopy is
usually employed to investigate recombination between c
riers in the quasiconfined electron and hole states of
quantum well~QW! of the device. Such experiments yiel
direct information on the absolute2 and relative3,4 popula-
tions of the QW levels, and on the nature of the tunnel
process.2,3 In this communication we report the investigatio
by PL spectroscopy of spatially indirect recombination
confined QW electrons with holes in the collector accumu
tion layer of a conventional, symmetric DBRTS. Simila
cross-barrier recombination has been previously reporte
single-6 and triple-7 barrier structures, and also in a high
asymmetric DBRTS, specifically designed for enhanc
overlap of the spatially separated wave functions.8 The study
of such transitions provides a means to obtain detailed in
mation on the potential profile within the structure, and a
to investigate coupling between confined, spatially separa
electron and hole gases.

The DBRTS was grown by molecular-beam epitaxy
an n1 GaAs substrate, and comprised the following laye
0.5mm n51.531018 cm23 GaAs; 0.5mm n5231017 cm23

GaAs emitter; 100 Å undoped GaAs spacer; 85 Å undop
Al0.33Ga0.67As barrier; 200 Å undoped GaAs QW; 85 Å un
doped Al0.33Ga0.67As barrier; 100 Å undoped GaAs space
0.75 mm n5231017 cm23 GaAs collector; 0.25mm
n5131018 cm23 GaAs top contact. The structure was pr
cessed into circular mesas with annular contacts to al

a!Electronic mail: j.cockburn@sheffield.ac.uk
b!Present address: Department of Electrical Engineering and Electro
UMIST, Manchester M60 1Q8, United Kingdom.

c!Present address: Laboratoire de Microstructure et Microelectroniq
CNRS, 196 av. Henri Ravera, 92225 Bagneux Cedex, France.
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optical access. All measurements were taken with
samples immersed in liquid helium at 2 K. Analysis an
detection of the very weak excited state and cross-bar
luminescence signals were facilitated by means of a h
stray light rejection triple-grating spectrometer fitted with
liquid-nitrogen-cooled charge-coupled-device~CCD! detec-
tor array. PL was excited by a HeNe laser using a pow
density of about 1 W cm22, which produced negligible per-
turbation of theI –V characteristics. The structure display
resonances inI –V at forward biases~top contact positive
relative to substrate! of 0.05, 0.18, 0.40, and 0.68 V, due t
electrons tunneling from the emitter into theE1, E2, E3,
andE4 confined QW levels respectively. The 2 KI –V char-
acteristic in the bias range of theE2–E4 resonances is
shown in Fig. 1~a!.

Under forward bias, photocreated holes from the t
contact of the structure tunnel into then51 ~HH1! level of
the QW where they recombine with electrons in the grou
and excited QW confined states to generate PL. Analysis
the intensities of the PL arising from the various QW tran
tions allows the relative populations of the confined electr
levels to be determined, as discussed in detail in Refs. 3
4. Due to the predominantly sequential nature of the tunn
ing process2–5 the most intense PL arises fromE1–HH1
~Elh! recombination, even when the structure is biased
tunneling into excited electron states of the QW.

Figure 2 shows a series of PL spectra in the 1.58–1
eV region, obtained at biases in the range of theE3 andE4
resonances. The strongest features in this region arise f
E3-HH1 ~E3lh! and E4-HH1 ~E4lh! recombination. These
peaks are approximately 104 times less intense than theE1lh

PL. For all biases beyond the onset of theE4 resonance, the
intensity I 4 of theE4lh line is similar to that of theE3lh line
I 3 , with I 3,I 4 at around 0.5 V. This observation, whic
occurs despite the fact that theE3lh transition has the greate
oscillator strength throughout the bias range of the exp
ment, is a consequence of a population inversion which
curs betweenE4 andE3 when the structure is biased fo
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 [This 
tunneling intoE4. This is discussed fully in Ref. 4. Th
signal to noise ratio of the spectra in Fig. 2 is considera
greater than for those presented in Ref. 4, due to the
stray light rejection and sensitivity of the spectromet
detector system used in the present work. This enables
line shapes of the excited state peaks to be observed in m
greater detail. For instance, near the peaks of theE3 andE4
resonances inI –V, the E3lh and E4lh lines develop pro-
nounced exponential high-energy tails~as seen in Fig. 2!
indicative of recombination between thermalized car
populations having effective temperatures greater than
of the lattice.9

This increased sensitivity also permits the observatio
the weak features labeledE4lh

* andEcr in Fig. 2.E4lh* emerges
at the onset of theE4 resonance inI –V, and is approxi-
mately 36 meV lower in energy thanE4lh, irrespective of
bias. This peak is identified as a LO phonon satellite ofE4lh

FIG. 1. ~a! 2 K current–voltage (I –V) characteristic of the structure, show
ing E2, E3, andE4 electron tunneling resonances.~b! Measured~symbols!
and calculated~solid lines! energies of theE3lh, E4lh, andEcr transitions vs
bias.

FIG. 2. PL spectra obtained in the 1.58–1.70 eV energy range for b
between the onset of theE3 resonance and the peak of theE4 resonance.
J. Appl. Phys., Vol. 79, No. 11, 1 June 1996
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~\vLO'36 meV in GaAs!. The primary feature of interest in
the present work, however, is the feature labeledEcr in Fig.
2. In contrast to theE3lh, E4lh, andE4lh* peaks, which de-
crease in energy due to the quantum confined Stark effec
bias is increased,Ecr moves to progressively higher energ
with increasing bias. This indicates thatEcr arises from re-
combination between spatially separated electron and h
distributions, the transition energy increasing as the poten
difference between the electron and hole states is raised
the DBRTS studied, such a transition could occur betwe
either

~a! electrons from the emitter region and holes from th
confined HH1 level in the QW~Eacc-HH1 recombina-
tion! or

~b! electrons from theE1 QW level and holes from the
collector accumulation layer~E1-HHacc recombination,
see Fig. 3!.

The attribution toEacc-HH1 recombination can, how-
ever, be excluded from consideration of the physics of t
resonant tunneling process. For example, as the bias is
creased from the onset to the peak of theE3 resonance,Ecr
peak moves by approximately 40 meV to higher energy@Fig.
1~b!#. If the Eacc-HH1 attribution were correct this implies a
movement of the QW levels relative to the emitter by 4
meV also. The precise nature of the emitter states fro
which tunneling occurs@three dimensional~3D! or two di-
mensional~2D!# is not known. However, if the emitter state
are predominantly 3D, then for 3D~emitter! –2D ~well! tun-
neling, theE3 level cannot move relative to the emitter b
more than the emitter Fermi energyEF over the bias range of
the resonance.10EF is only equal to;18 meV, as determined
by the emitter doping level of 231017 cm23, and thus the
Eacc-HH1 attribution can be excluded. For the 2D~emitter!

-

ases

FIG. 3. Schematic band diagram of the structure biased at the onset of
E3 resonance, showingE3lh andE1-HHacccross-barrier recombination. The
E2 level has been omitted for clarity.
8845Cockburn et al.
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 [This 
–2D ~QW! case, true resonant tunneling with conservation o
energy and lateral momentum only occurs when theE3 level
is aligned with the confined 2D level in the emitter accumu
lation layer.11 The structure remains on resonance over
finite range of bias due to space charge buildup in the QW o
the DBRTS;E3 remains pinned in energy relative to the
accumulation layer, together with the rest of the QW level
over the bias range of the resonance, thus precluding t
Eacc-HH1 attribution for the 2D–2D case also.12

TheE1-HHaccattribution forEcr is by contrast fully con-
sistent with the expected variation of the potential distribu
tion within the device at both the third and fourth resonance
The observed energies for theE3lh, E4lh, andEcr peaks are
plotted versus bias in Fig. 1~b!. The peak positions show
excellent agreement with the results of Poisson–Schro¨dinger
equation simulations of the transition, indicated by the soli
lines in Fig. 1~b!. In the calculations, the electron densityns
in the QW was taken to be 131011 cm22 and 1.531011

cm22, respectively, at the peaks of theE3 and E4 reso-
nances, and to vary linearly with bias from the onsets to th
peaks of the resonances.2,10 The QWE3 andE4 levels are
found to move relative to the emitter by less than 20 meV
within the bias range of the respective resonances, consist
with the device remaining on resonance, as required. Th
space-charge buildup in the QW increases the potential dr
over the collector barrier relative to that across the emitte
barrier and leads to the stronger variation ofE1-HHacc with
bias relative toEacc-HH1, which in turn is consistent with the
device remaining on resonance. It is notable in both the e
periment and simulations thatEcr decreases slightly in en-
ergy when the device goes off resonance at 0.4 V. The phys
cal reason for this is that when the device goes off resonanc
the charge buildup in the QW goes to zero, and the emitt
charge increases to maintain self-consistency. For a giv
applied bias this leads to a small decrease in the potent
drop across the collector barrier, and hence to a small d
crease in theE1-HHacc ~Ecr! energy, as observed.

At the onset biases of the third and fourth resonance
the position of theEcr peak coincides within 10 meV with
that ofE3lh andE4lh, respectively. This can be understood by
reference to the schematic band diagram shown in Fig. 3. A
the onset of the third resonance, theE3 energye3, relative to
position ~a! in Fig. 3, may be written ase35e(Vacc1Ve),
whereVacc is the potential drop across the emitter accumu
lation layer andVe is the potential drop across the emitter
barrier. Thus, neglecting the small~;6 meV! exciton bind-
ing energy,E3lh5Eg1e(Vacc1 Ve)1HH1, whereEg is the
band gap of GaAs. The energy of theEcr transition is given
byEcr5Eg1e11eVc1HHacc, whereVc is the potential drop
across the collector barrier. The difference between theE3lh
andEcr transition energies is then given by
8846 J. Appl. Phys., Vol. 79, No. 11, 1 June 1996
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E3lh2Ecr5~eVacc2e1!1~HH12HHacc!1e~Ve2Vc!. ~1!

The calculations giveeVacc540 meV ande1537 meV at
the onset of theE3 resonance, and thuseVacc'e1. Further-
more, at the onset of the resonance, withns50, the electric
field in the structure is constant and we expectVe5Vc , and
also HH1'HHacc ~529 meV in the calculations!. Thus, we
expectE3lh2Ecr'0 at the onset of theE3 resonance, as
observed. Similar reasoning explains the coincidence ofEcr
andE4lh at the onset of theE4 resonance further substanti
ating our assignment ofEcr .

In summary, we have used PL spectroscopy to inves
gate cross-barrier recombination between electrons from
E1 quantum-well level of a DBRTS and holes from the co
lector accumulation layer. When the structure is biased at
onsets of theE3 andE4 resonances, the energy of the cros
barrier luminescence coincides with the peak positions of t
E3lh andE4lh transitions, respectively. We have shown tha
this arises as a consequence of the constant electric fi
within the structure at the onsets of the resonances. The m
contribution to the variations of theEcr peak position with
bias arises from the change in the potential drop across
collector barrier. Analysis of the bias dependence of theEcr
peak position thus provides a sensitive method to probe
potential distribution within a double-barrier structure.
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