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Abstract— In this work, we calculate for the first time the
electronic structure, current-density-voltage characteristic and
transmission spectrum of novel Ga:03/(AlGa):03 double-barrier
resonant tunnelling diodes (RTDs). The performance of RTDs
were optimised in terms of barrier thickness and doping level for
maximum peak-to-valley ratio and a maximal value of 3.87 was
predicted. The simulations also show that the optimal barrier
thickness of the analysed Ga203/(Al12Gass)203 double-barrier RTD
is 1.6 nm and the optimal doping level is around 8 - 1017 cm~3.
RTDs are considered due to their importance for design of wide-
bandgap oxide semiconductor structures with an optimized
resonant electron transport mechanism which is of particular
interest in designing novel wide-gap oxide-based quantum cascade
lasers.

Keywords— Wide-bandgap oxide semiconductors; resonant
tunnelling, negative differential resistance

1. INTRODUCTION

Double barrier resonant-tunneling diodes (RTDs) are multi-
layer semiconductor structures consisting of a single quantum
well surrounded by thin barrier layers. They make use of
quantum mechanical resonant tunneling of electrons through the
barrier layers into the quasi-bound states of the quantum well,
resulting in the presence of one or more negative differential
resistance (NDR) regions in the current—voltage characteristic
which enables many unique applications. Due to the very fast
electron tunneling through the thin barrier layers, these diodes
are capable of ultra-high-speed operation having applications in
oscillator construction and switching devices operating at
terahertz frequencies [1].

RTDs can be fabricated from many different material
systems, such as [1I-V, IV and I[I-VI type semiconductors. Due
to their large conduction-band energy discontinuity
Ga03/(AlGa),03 [2] and ZnO/ZnMgO [3, 4] are promising
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candidates for high operating temperature and power output
terahertz (THz) frequency oscillators. In recent years a
significant amount of research has been devoted to investigation
of Ga;03/(AlGa);O; material parameters, processing, and
doping [5-8]. Furthermore, RTD design and construction is an
important step for the design and construction of THz quantum
cascade lasers - unipolar semiconductor lasers with tuneable
emission wavelengths that can be engineered by variation of
semiconductor layer thicknesses [9,10]. Moreover, terahertz
radiation has attracted much attention due to the increasing
number of possible applications in medical diagnostics,
chemical sensing, and imaging [11-18].

In this work, we numerically investigate the
Gax03/(Ali2Gasgs)203 double-barrier RTD and optimise the
design in terms of barrier thickness and doping density for
maximum peak-to-valley ratio (PVR).

II. THEORETICAL MODEL

For calculating the electronic structure of a RTD, just as for
any semiconductor quantum well system we start from the one-
dimensional effective-mass envelope function Schrddinger
equation:

PL_L B e - A

2 dzm*(z) dz err DY) = EY(z) - (1)
where m”* is the effective mass of the electron along the growth
direction, which varies with position due to the changes in
material composition. £ is the electron energy, Y (z) is the
envelope wave function, and Us(z) is the total effective

potential energy given as:
Uesr(2) = Uc(2) — e(2) — eFez (2)

where U.(z) is the conduction band offset of the
heterostructure, @(z) is electrostatic potential, and F, is the
externally applied electric field.
The electrostatic potential is calculated from the Poisson
equation:
d2@(2) e

= ap @ (@) ®)
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where @(z) is the electrostatic potential, n(z) the electron
density, Np(z) the doping concentration, and &£(z) the
dielectric constant.

In the case of potential barrier-based structures, such as
RTDs, all of the electron energy states belong to a continuum
spectrum, whereas the resonant electron states can be described
by the transmission (tunnelling) coefficient T(E).

We can approximately express the electron density n(z) in
the resonant tunnelling structure as [19,20]:

kgT 0 3 1 (EF—E)
n(z) = — (f [¥(z, E)|? (m")2E Zln[l +e ksT ]+
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where the reference level E, is the conduction band minima, and
m* is the effective mass in well material. The potential drop
along the structure Vy is calculated using the length of the
resonant structure [ as Vi = F, - l. The Fermi energy in the
highly doped emitter/collector of RTD Ep is calculated using
Fermi-Dirac statistics under the assumption that all of the
donors are ionized, resulting in n(z) =N, in the
emitter/collector [21].

The total effective potential energy is a function of the
electrostatic potential (2), which depends on the electron density
(3) calculated as in equation (4) from the envelope functions
found from the Schrddinger equation (1). For this reason this
system of Schrodinger-Poisson equations needs to be solved
self-consistently.

The resonant-tunneling current density for an applied

terminal voltage can be calculated using the Esaki-Tsu formula
[22].

0 EFp—-E
ekgT § 1+ e ksT
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This is a simplified approach that assumes a coherent picture
of electron tunnelling in which electron transport is not affected
by any scattering effects that break phase coherence [19]. This
carrier transport model is often used for characterization of
resonant tunnelling structures made of different materials [19,
20, 23]. The current density obtained from (5) does not take into
account the scattering current and the thermionic current and as
a result, should be used for approximate calculations of electron
transport and identifying and predicting negative differential
resistivity behavior..

III. RESULTS AND DISCUSSION

In this section, we present the results of our numerical
simulations. In order to show the sensitivity of the RTD
performance on the thickness of the barrier layers and doping
density we start our analysis with a double-barrier resonant
tunnelling structure with two (Al12Gags)>03 barrier layers being
1.5 nm thick surrounding the 4 nm thick Ga,Os well layer. The
parameters of the barrier layers (thickness and Al composition)
were chosen to resemble the resonant tunnelling part of a
prospective QCL structure. The double barrier structure is
located between the Ga,Os emitter and collector region whose
Sn doping was set to Np = 1-10%® cm™3. The voltage V,
across the structure was varied between 0 and 0.25V. The values
of the electron effective mass, dielectric constant of both Ga;Os
and (Al;2Gasg)>0s3 as well as the conduction band offset between

these two materials used in the simulations were the same as in
[5]

The band structure and electron concentration was solved
self-consistently at 7=300K, and the results for three different
applied voltages are shown in Fig. 1.

It can be seen how the conduction-band edge bends due to the
applied voltage. With the increase of the applied voltage, the
conduction-band edge bends more and the -electron
concentration in the emitter region is increased, which results in
a stronger self-consistent field resulting in larger band bending
in the emitter region (Vz = 0.2 V).
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Fig. 1. Self-consistent potential energy and corresponding electron
concentration in an examplar Ga,0s/(AlGa),0; RTD for three different applied
voltages.

To analyse the effect of layer thickness fluctuation in a
Ga,03/(Al12Gasgg),03 double-barrier RTD we calculate the
current-density — voltage characteristic while varying the
thickness of both barrier layers from 0.5 nm to 2.5 nm.
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Fig. 2. Current-density - voltage characteristics of Ga,0O3/(Al;,Gags),03
double-barrier RTD for three different barrier layer thickness values. The inset
shows the current-density peak-to-valley (PVR) ratio at NDR as a function of
the barrier thickness. The doping density value in the emitter/collector was 1 -
108 cm™3.

0.25

For each RTD in this simulation set, we calculate the PVR
of the current density at NDR in order to find the optimal barrier
thickness. The peak-to-valley ratio is the ratio between the
maximum and minimum value of the current density around the
NDR points in the current-density — voltage characteristic.
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Depending on the design of the electron bound states in the
quantum well RTDs can have multiple NDR regions, but the
first NDR region is the most important for practical
applications.

The variation in the barrier thickness results in a significant
change in the tunneling current. While the current density
increases with the decrease of the barrier thickness the inset in
Fig. 2. shows that the optimal barrier thickness, in terms of the
PVR, is equal to 1.6 nm. For this reason, in Fig. 2. we show the
current-density — voltage characteristics for both barrier layers
equal to 1.6 nm, as well as reasonable barrier thickness values
of 1.1 nm and 2.1 nm. The doping density value in the
emitter/collector was 108 cm™3 . For this optimal barrier
thickness of 1.6 nm, the PVR is ~ 3.85. In all following
simulations we use this optimal barrier thickness value.

In order to analyse the effect of doping density variation in
a Gay03/(Al12Gasgs)203 double-barrier RTD we calculate the
current-density — voltage characteristic while varying the
doping level in the emitter and collector region from 1 -
107 cm™3 to 5+ 10'® cm™3. For each RTD in this simulation
set, we calculate the PVR of the current density at NDR in order
to find the optimal doping level.

Fig. 3. shows the current-density — voltage characteristics
for the doping level in the emitter and collector region equal to
3-107 cm™3,8- 10" cm™3 and 3 - 108 cm~3. The variation
in the doping level results in a significant change in the
tunneling current due to a larger number of carriers. While the
current density increases with the increase of the doping level
the inset shows that the optimal doping level, in terms of the
PVR, is equal to 8 - 1017 cm™3. For this doping level the PVR
is ~ 3.87. In all following simulations, we use this optimal
doping level value as well as the optimal barrier thickness as
these parameters result in an optimal RTD with the largest PVR.
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Fig. 3. Current-density - voltage characteristics of Ga,Os/(Al;,Gags),053
double-barrier RTD for three different doping level values. The inset shows the
current-density peak-to-valley (PVR) ratio at NDR as a function of the doping
level. The thickness of both barrier layers was 1.6 nm.

To better understand the nature of the NDR region in an
RTD in Fig. 4 we show the bottom of the conduction band of
the optimal RTD for the applied voltage at NDR (VNDR =
0.1288 V). This is shown as the blue line, whilst the band
diagram for no applied voltage is shown by the red line. The
yellow and orange lines denote the wave functions squared for
the first and second bound state of the quantum well respectively
at the NDR voltage. The green line represents the Fermi energy
of the emitter region.

For no applied voltage the Fermi energy is below the first
bound state, and as the voltage increases the first bound state of
the quantum well lowers and is closer to the Fermi level, so the
current it carries increases which corresponds to the region to
the left of the NDR region in Fig. 3 (red line). The current
reaches a local maximum for the beginning of the NDR region
VNDR = 0.1288 V (which can be seen in Fig. 3. as the local
maxima of the red line).

For this applied voltage the energy of the first bound state is
equal to the Fermi energy of the emitter region which can be
seen in Fig. 4. The transmission coefficient of the quantum well
has a peak value for this energy, which can be seen in the
transmission spectrum in Fig. 5., and the current reaches a
maximal value.
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Fig. 4. Bottom of the conduction band of the optimal RTD for the applied
voltage VNDR = 0.1288 V (blue line) and no applied voltage (red line). The
wave functions squared for the first (yellow line) and second (range line) bound
state of the quantum well and the Fermi energy of the emitter region (green line)
for the applied voltage VNDR are shown.

Increasing the applied voltage lowers the first bound state
which gradually enters the energy bandgap range, and as a
result, no longer carries any current. For these voltages, the
second bound state is high above the Fermi energy and does not
conduct significant current and this corresponds to the NDR
region. Further increase of the applied voltage lowers the second
bound state of the quantum well making it closer to the Fermi
energy of the emitter region so the current it carries increases,
which corresponds to the region to the right of the NDR region
in Fig. 3 (red line).
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Fig. 5. Transmission coefficient as a function of electron energy for an NDR
voltage of 0.1288 V applied on a Ga,0s/(Al;,Gags)>05 double-barrier RTD with
the optimal barrier thickness of 1.6 nm and the optimal doping level of 8 -
107 cm™3.
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We have designed an optimised GaxOs/(Ali2Gasgs)>03
double-barrier RTD with a maximal PVR ratio of 3.87. Previous
results have reported a PVR of 2 for a RTD grown from
Ga03/(Al15Gasgs)20;3 [2], the PVR of 2.9 for a Si/SiGe RTDs
[24], while the maximum PVR for GaAs/AlAs [25] and
InGaAs/AlAs [26] RTDs were 3.9 and 14 respectively. All of
these values are given for operation at room temperature.

IV. CONCLUSION

In this work we have analysed Ga>O3/(Ali2Gasgs)>O3 double-
barrier resonant tunneling diodes, structures which have not
been numerically simulated in detail in the literature. We have
calculated their electronic structure, current-density-voltage
characteristic and transmission spectrum.

Our results show that the current density PVR is sensitive to
both barrier thickness variation and changes of doping level of
the emitter and collector region. We have designed an optimised
RTD with a maximal PVR of ~ 3.87 for a barrier thickness of
1.6 nm and doping level of 8 - 1017 cm™3. This is an important
step as it shows the possibility of efficient tunneling transport
through thin (Al;2Gasg),Os layers. The presented work, together
with prospective calculation of optical absorption in multi-
quantum well structures, is the building block for the design and
prospective demonstration of GayOs3/(Ali2Gasg),O3 THz
quantum cascade lasers.
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