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Abstract

We report the observation of a thermally activated resonant tunnelling feature in the current–
voltage characteristics (I(V)) of triple barrier resonant tunnelling structures (TBRTS) due to the
alignment of the n = 1 conﬁned states of the two quantum wells within the active region. With
great renewed interest in tunnelling structures for high frequency (THz) operation, the
understanding of device transport and charge accumulation as a function of temperature is
critical. With rising sample temperature, the tunnelling current of the observed low voltage
resonant feature increases in magnitude showing a small negative differential resistance region
which is discernible even at 293 K and is unique to multiple barrier devices. This behaviour is
not observed in conventional double barrier resonant tunnelling structures where the
transmission coefﬁcient at the Fermi energy is predominantly controlled by an electric ﬁeld,
whereas in TBRTS it is strongly controlled by the 2D to 2D state alignment.
Keywords: resonant tunnelling, semiconductor heterostructures, triple barriers
(Some ﬁgures may appear in colour only in the online journal)
of creating multiple negative differential resistance (NDR)
regions in the current–voltage I(V) characteristics, where the
peak currents are of similar magnitude. These devices could
therefore be used for triple valued logic and memory applications [6–8]. In the case of more fundamental studies coupled
QW systems have proved to be a very rich area for studying
physical phenomena associated with quantum interference and
coherent electron oscillations [9–11], and it has been proposed
that such quantum oscillations in multi-barrier tunnelling
structures can be utilized in devices which can be operated at
terahertz frequencies [12, 13]. These devices overcome some
of the problems suggested in reports on conventional double
barrier resonant tunnelling devices (DBRTS), where access
resistance was thought to limit the ultimate frequency of
oscillation [14]. Different materials systems have been
explored to minimize this access resistance, but with no reports
of high frequency operation at that time [15].

1. Introduction
Semiconductor multi-barrier tunnelling structures, where the
quantum well (QW) conﬁned states are strongly coupled, have
attracted considerable interest over a number of years for both
fundamental investigations of tunnelling processes and electronic and optoelectronic applications. Pessimism concerning
high frequency operation has proved unfounded with estimates
of THz gain in triple barrier resonant tunnelling structures
(TBRTS) [1] and now a number of reports of measured THz
operation in conventional double barrier structures [2–5].
Interest in TBRTS was originally generated by the possibility
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(vi) 54 Å Al0.33Ga0.67As barrier,
(vii) Undoped GaAs QW of nominal widths 45, 48, 51, 54,
57, 59, 62 Å for the asymmetric QW devices, and 65 Å
for the symmetric QW device,
(viii) 45 Å Al0.33Ga0.67As barrier,
(ix) 200 Å GaAs spacer layer,
(x) n = 5 × 1012 cm−2 Si δ-doped layer,
(xi) 0.4 μm n+ (n = 7 × 1018 cm−3) contact layer.

The basic operational principle of a DBRTS is that the
injection energy of carriers incident on the emitter barrier is
altered by the application of an electric ﬁeld. This is also true
for injection into the states of the QW adjacent to the emitter
in a TBRTS, however the relative alignment of quasi-conﬁned states in the two QWs of the TBRTS has a strong effect
on the transmission through the device.
The ﬁrst report of resonant tunnelling in TBRTS was by
Nakagawa et al [16]. It was demonstrated that the resonant
features in the I(V) characteristics of triple barrier devices may
be stronger than those observed in the more widely studied
(DBRTS) [17, 18] due to an effective suppression of the off
resonant current. It was pointed out in this work that under
certain conditions a TBRTS can be viewed as a conventional
double barrier resonant tunnelling structure (DBRTS) with a
modiﬁed emitter that acts as an energy ﬁlter for injected
electrons. Similar concepts were explored in studies of charge
build up treating the emitter or collector well as a wide barrier
under speciﬁc bias conditions [19]. The QW state alignment
in TBRTS can provide far more variation in transmission
coefﬁcient as a function of applied voltage than in a conventional DBRTS, and also leads to resonance effects in the
I(V) characteristics of both symmetric and asymmetric QW
TBRTS whose magnitude increases with increasing temperature. A resonance similar to this in behaviour was shown
in presented data by Nakagawa et al [20] but not considered
or commented on in the paper text which focused on higher
energy state resonances. Phonon assisted tunnelling in similar
structures has also been reported by Ozaki et al [21]. In these
structures it was demonstrated that electrons tunnelling into
the ﬁrst QW (emitter QW) can be thermally promoted to
excited states (n > 1) within the emitter QW and can then
tunnel to an energetically aligned excited state in the second
QW (collector QW) of the TBRTS.
In this paper we present temperature dependent I(V)
measurements on TBRTS which demonstrate that a large
thermally enhanced resonant tunnelling current can occur
through the alignment of the n = 1 states in the emitter and
collector QWs. We demonstrate that such a resonance is
observable even when this critical alignment occurs well
above that of the Fermi energy in the emitter, thus enabling an
extremely low bias resonance to be achieved for a nominally
symmetric structure.

The layer structure is shown schematically in ﬁgure 1(a).
Device structures were fabricated by conventional photolithography into 50 × 50 μm mesas, (shown in ﬁgure 1(b)).
Top and bottom ohmic contacts were formed by evaporating
AuGe/Ni/Au and alloying by rapid thermal annealing at
395 °C. The devices were mounted in 20-way ceramic
packages and mounted on the cold ﬁnger of a closed cycle
helium pulse tube cryostat. Current–voltage (I(V)) characteristics between ±0.6 V for both forward and reverse going
directions were measured using a four wire technique at
temperatures from 3 K to 293 K at 2 K intervals. Conduction
band potential proﬁles of both symmetric and asymmetric
structures calculated from a self consistent Schrödinger–
Poisson model at zero bias are shown in ﬁgures 1(c) and (e)
respectively, with the calculated electron probability density
for the lowest signiﬁcant conﬁned states showing the alignment of the QW states for the symmetric structure and misalignment of the QW states for the asymmetric structure. The
conduction band potential proﬁles under bias for the symmetric and asymmetric structures are also shown, demonstrating the misalignment of the QW states for the symmetric
structure, (ﬁgure 1(d)), and alignment of the n = 1 QW states
for the asymmetric structure, (ﬁgure 1(f)).

3. Results and discussion
Current–voltage (I(V)) characteristics for the symmetric QW
structure, at very low forward bias, within a temperature range
3–293 K are shown in ﬁgure 2. The feature of interest for this
paper is the peak labelled X, which appears as the sample
temperature is raised. The peak increases in magnitude with
temperature and shows a small NDR region which is discernible even at 293 K. The shift in peak position to higher
voltages with increasing sample temperature is attributed to
an increase in series resistance. If we consider a totally
symmetrical structure at zero bias the electron probability
density of the quasi-conﬁned states is equally distributed
between both QWs and therefore we take the QW states to be
aligned, as shown in ﬁgure 1(c). Electrons incident on the
emitter barrier whose energy is equal to the aligned states of
the two QWs have a high theoretical probability of transmission (T(E)). (The transmission probability is not necessarily equal to unity for a symmetric well TBRTS, but has been
shown to be dependent on the barrier widths in the TBRTS
design [22]). Conventionally, to instigate tunnelling a voltage
is applied to the device. Applying an electric ﬁeld however
destroys the alignment of the QW states in this symmetric
QW structure, localizing each state to a speciﬁc QW

2. Experimental details
The structures studied in this paper were grown by solid
source molecular beam epitaxy on semi-insulating GaAs
substrates. The symmetric barrier TBRTS with either symmetric or asymmetric QW’s comprised of the following layers
(i)
(ii)
(iii)
(iv)
(v)

1 μm n+ (n = 7 × 1018 cm−3) GaAs buffer layer,
100 Å doped (n = 3 × 1017 cm−3) GaAs layer,
100 Å undoped GaAs spacer layer,
45 Å Al0.33Ga0.67As barrier,
Nominally 65 Å undoped GaAs QW,
2
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Figure 1. (a) A cross section schematic of a fabricated TBRTS device showing the layer structure; (b) SEM image of a 50 × 50 μm

mesa fabricated TBRTS device; (c) conduction band potential proﬁle for a symmetric structure at zero bias, where QW (W1) is the same
width as QW (W2). The Fermi energy in the emitter and collector regions at approximately 21 meV above the conduction band edge are
also shown with the calculated electron probability density showing alignment of the n = 1 and n = 2 QW states; (d) the symmetric structure
under bias. The electron probability density shows the n = 1 states are misaligned and localized to a speciﬁc QW (E1(W1) for W1 and E1(W 2)
for W2); (e) an asymmetric structure at zero bias, the calculated electron probability density shows the n = 1 states are misaligned and
localized to a speciﬁc QW (E1(W1) for W1 and E1(W 2) for W2). Only one n = 2 QW state (E 2(W1) ) which is localized to W1 is allowed due to the
decreased width of W2; (f) an asymmetric structure under bias, the electron probability density shows alignment of the n = 1 QW states.

the n = 1 states, which in this case gives approximately
6.6 mV. Due to the very high transparency of symmetrical
devices this causes a signiﬁcant rise in the device current at
extremely low bias. As the bias is increased further the n = 1
states become more localized to the collector and emitter
QWs, with the collector QW (E1(W 2) ) state dropping below that
of the emitter QW state (E1(W1) ), thus the two n = 1 QW states
go out of alignment and the high transmission probability is
lost. We attribute the peak labelled X in ﬁgure 2 to such a
process, where thermal activated electrons tunnel through the
aligned n = 1 states of the QWs. Forcing the QW states out of
alignment results in the NDR region observed in the temperature range 121–293 K.
It is important to stress that this is very different to the
behaviour of conventional DBRTS where the single level
remains transparent to an increasing number of electrons as
the bias is increased and the QW state is moved lower in
energy relative to the electron distribution in the emitter. This
phenomena therefore is purely associated with multiple ( 3)
barrier structures where the application of an electric ﬁeld
alters the transmission properties of the tunnelling region, and
not just the effective incident electron injection energies.
This description of the thermally activated resonant
tunnelling peak assumes that the QW conﬁned states are
aligned at zero bias. In a symmetric QW device alignment
occurs at zero bias, however in an asymmetric structure where
the QWs have different widths this is not the case,

(E1(W1), E1(W 2), E 2 (W1) and E 2 (W 2) ) as shown in ﬁgure 1(d), thus
reducing the overall transmission probability. The structure
only has a high transmission essentially at zero bias and
therefore is extremely hard to exploit electrically since any
applied voltage will invariably alter the symmetry of the
active region. A possible solution to this problem is to use a
three terminal device where the injection energy is controlled
by an emitter base voltage across a DBRTS, while the base
collector voltage across the TBRTS active region is maintained at zero bias [23]. However this would be difﬁcult to
implement since the base region must be of the order of the
ballistic length of the carriers to successfully maintain the
precise injection energy.
If however the sample temperature is raised, a signiﬁcant
number of electrons in the emitter region are thermally promoted to energies equal to the n = 1 subband energy of the
aligned QWs at zero bias. On application of a small forward
bias these electrons can tunnel through the TBRTS, which
will remain highly transparent provided the bias is small
enough to cause negligible perturbation to the symmetry of
the QW regions. A reasonable estimate of this can be made by
calculating the broadening of the state from calculating a
simple transmission coefﬁcient using a transfer matrix
method, as a function of energy. The full-width half maximum of the n = 1 subband peaks were taken as the broadening of the states and a linear voltage drop model was then
applied to calculate the amount of bias required to misalign
3
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reduced by nominally a monolayer for each sample. The low
bias resonant current peak at point (i) is not seen at 3 K for the
more symmetric devices (red dashed line), and only becomes
visible at higher temperatures (increases in magnitude as the
sample temperature is raised), ﬁgure 4(b), or with increased
asymmetry. The NDR region of this peak becomes more
pronounced as the asymmetry of the structure is increased and
results in instabilities in the NDR region. This peak is
attributed to the alignment of the n = 1 conﬁned QW states
(E1(W1) and E1(W 2) ) in each case as previously described. As can
be seen from ﬁgure 4(b) the peak occurs at increasingly
higher values of bias as the width of the second QW is
decreased. This reﬂects the increase in bias required to align
the QW states as the ground state conﬁnement energy in the
collector QW is increased. The peak also becomes discernible
at progressively lower temperatures as the collector well
width is decreased, due to the alignment of the QW states
occurring closer in energy to the Fermi level in the emitter
region, ﬁgure 4(a) (asymmetric structures).
Non-thermally activated current peaks are also seen in
ﬁgures 4(a) and (b), a small peak at (ii) is discernible at low
temperatures which is associated with the alignment of the
collector n = 1 QW state (E1(W 2) ) and the populated 3D states
in the emitter region (E M3D ). This feature is small in magnitude and so is concealed by thermal leakage current at higher
temperatures. Alignment of the emitter n = 1 QW state
(E1(W1) ) with the populated 3D states in the emitter region
(E M3D ) also occurs and is labelled (iii) in ﬁgures 4(a) and (b).
This peak exhibits a region of NDR and instability and
remains on resonance over a larger voltage range than would
necessarily be expected and can be explained by charge
accumulation in the emitter QW [19]. The feature remains
relatively stationary in voltage with increasing asymmetry of
the structure until it begins to merge with features (i) and (ii)
and it is at this point (iv), where the alignment of the n = 1
emitter QW (E1(W1) ), collector QW (E1(W 2) ) and populated 3D
emitter (E M3D ) states occur coincidentally. This can be seen in
the case of the highly asymmetric QW structure at 3 K, where
the resonant peak is still observed. Here the alignment of the
QW energy levels is virtually coincident with the Fermi level
in the emitter and so it is therefore probably misleading to
describe this peak as thermally activated. The proximity of the
Fermi level in the emitter with respect to the aligned states
therefore accounts for the signiﬁcant increase in current
through this device at 3 K. The thermally activated tunnelling
peak can be used as a sensitive characterization tool to
monitor the QW state alignment in such structures, and
therefore device symmetry. The feature labelled (v) is associated with the alignment of the n = 2 QW state in the collector (E 2 W 2 ) with the populated 3D states in the emitter region
(E M3D ). With increasing structure asymmetry the bias required
to produce this alignment increases due to the conﬁnement
energy of the collector QW state increasing. For the two most
asymmetric structures this feature is no longer observed as the
collector QW is too narrow for an n = 2 conﬁned state to exist
within the QW.
Experimentally extracted Arrhenius plots of the magnitude of the thermally activated peak current after background

Figure 2. Low bias, current–voltage (I(V)) characteristics between

3 K (low current) and 293 K (high current) at 10 K intervals, for the
nominally symmetric 65 Å QW GaAs/AlGaAs TBRTS. The I(V)
characteristics are not adjusted to take into account any series
resistance and only shown at 10 K intervals for clarity. A small
amount of current hysterisis can be seen between the forward and
reverse going sweeps (indicated by arrows). A dashed (black) line
guides the eye to the evolution of peak X with temperature.

(ﬁgure 1(e)). Thermally activated resonances are observed in
both bias directions for a perfectly symmetric structure, but if
the collector QW is narrower than the emitter QW the conﬁned states are only aligned by an appropriate forward bias,
(ﬁgure 1(f)). In reverse bias the n = 1 states of the emitter and
collector QWs are never energetically aligned.
Due to the high currents passing through the devices,
pulsed voltage I(V) characteristics were measured for the most
asymmetric structure, ﬁgure 3(a). The pulsed I(V) characteristics show negligible deviation from the continuous voltage
sweep measurements and as such it is assumed there is negligible device self heating. To enable a more quantitative
analysis of this tunnelling feature an exponential ﬁt of the
form y = Ax 2 exp (Bx ) - Ax 2 has been made to the background leakage current and subtracted from the series resistance adjusted data, shown for the nominally symmetric
structure at 3 K in ﬁgure 3(b).
Figure 4 shows forward I(V) characteristics at 3 K
(ﬁgure 4(a)) and 121 K (ﬁgure 4(b)) for a series of increasingly asymmetric devices where the second QW width is
4
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Figure 3. (a) I(V) characteristic for the most asymmetric structure (solid black line), with a pulsed voltage I(V) characteristic overlayed (grey

dotted line). The 1% duty cycle pulses of 0.5 ms width demonstrates no signiﬁcant device heating in the CW (continuous wave) measurement
over the entire voltage range; (b) I(V) characteristics for the nominally symmetric structure between ±0.6 V at 3 K. A series resistance
adjusted I(V) (solid black line), background leakage current adjusted characteristic (red dotted line) and the background exponential ﬁt of the
form y = Ax 2 exp (Bx ) - Ax 2 made to the background leakage current (green dashed line) are shown.

Figure 4. (a) Series resistance corrected current–voltage (I(V)) characteristics for a range of increasingly asymmetric QW TBRTS at 3 K.

The I(V) characteristics for different structures are offset by 50 mA for clarity. The predicted resonance voltages from a simple linear voltage
drop model are indicated by red squares, blue diamonds and green circles for alignment conditions (i), (ii) and (iii) respectively; (b) 121 K
I(V)) characteristics for a range of increasingly asymmetric QW TBRTS. The thermally activated resonance (red dashed line) is clearly
visible in all structures at this temperature.
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Figure 5. (a) Experimentally determined Arrhenius plots of the thermally activated peak current density attributed to the n = 1 QW state

alignment. The nominally symmetric to highly asymmetric triple barrier resonant structures are shown with every fourth data point
plotted between 73 K and 231 K; (b) the experimentally determined (red diamonds), and theoretically calculated (blue circles) activation
energies against the ratio of quantum well (QW) widths (W1:W2). The QW widths are taken from photoluminescence excitation (PLE)
measurements.

leakage and series resistance adjustment for each sample are
plotted in ﬁgure 5(a). The gradient of the resulting straight
lines, which involves a change in current of close to three
decades, is used to extract an activation energy. This activation energy decreases as the second well width is decreased,
due to alignment occurring at an increasingly larger bias, and
at an energy closer to the Fermi level in the emitter region.
Theoretical activation energies were calculated by modelling the number of charge carriers available for tunnelling at
energies equal to those of the aligned n = 1 QW states. The
number of carriers is proportional to the tunnelling current
through the resonantly aligned states and as such activation
energies determined in this way should give good agreement
to experimentally determined values. The modelling for the
devices was done in two parts. Firstly a linear electric ﬁeld
was applied across the undoped spacers and active region of
the structure. This is a good ﬁrst approximation as the applied
voltage is predominantly dropped between the n+ doped
buffer layer and the δ-doped layer at low bias. For each
potential proﬁle Schrödinger’s equation was solved within
only the active region of the device and inﬁnite potential
barriers were assumed outside of this region. The bound state
energy and wave function for each state was found and the
bias increased until alignment of the n = 1 QW states
occurred. Secondly, at the bias required for alignment the
number of charge carriers available for tunnelling at energies
equal to those of the aligned bound states was found by
integrating the product of the 3D density of states and the
Fermi function between the energies of the symmetric and
anti-symmetric n = 1 bound states in the active region. This
calculation was repeated for temperatures between 73 K and
231 K and ﬁtting of the resultant carrier density against T −1
using the full Fermi–Dirac distribution allows for the
extraction of a theoretical activation energy. Figure 5(b)
shows the theoretical activation energies determined in this
way alongside the experimentally determined values. The

theoretical model utilizes experimentally determined well
width data derived from photoluminescence excitation (PLE)
measurements that monitored the intensity of the bulk GaAs
luminescence at zero bias as a function of excitation energy.
For details of these measurements and the well width
extraction see reference [24]. The agreement between the
experimental activation energies and those obtained theoretically is good and experimental observation is supported by
the general trends observed in the theoretically derived data.

4. Conclusion
In conclusion, we have observed a current peak in the I(V)
characteristic of TBRTS with both symmetric and asymmetric
QWs, which increases in magnitude with sample temperature.
The peak is attributed to thermally activated electrons tunnelling through the conﬁned ground states (n = 1) of the two
QWs in the TBRTS which have been energetically aligned by
the application of a forward bias. Activation energies for this
tunnelling process have been experimentally determined and
compared to theoretical prediction. They have been used to
demonstrate QW ground state energy alignment where this
alignment occurs at a greater energy than the Fermi energy in
the emitter. This resonance effect becomes stronger with
increasing temperature, unlike the resonance observed in
conventional DBRTS. This may prove useful for practical
application of negative resistance tunnelling devices at high
temperature.
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