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This paper presents the effects of conduction band offset and aluminum mole fraction on performance
of GaAs/Al.Gai - zAs resonant tunneling diode using full quantum simulation. The simulation is based on a
self-consistent solution of the Poisson equation and Schrodinger equation with open boundary conditions,
within the non-equilibrium Green function formalism. A resonant tunneling diode structure consists of a
2 nm narrow band gap, a quantum well of GaAs is sandwiched between two thin wide band gap barriers of
AlGaAs with a width of 2 nm. These three layers are sandwiched between two un-doped GaAs spacer lay-
ers with a width of 15 nm that are connected to two large reservoirs of high dopant GaAs contacts
(108 cm -3) with a width of 12 nm. The effects of varying Al mole fraction are investigated in terms of the
conduction band, transmission function and output current. Simulation results illustrate that the device
performance can be improved by proper selection of the mole fraction.
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1. INTRODUCTION

Double barrier quantum well resonant tunneling
diodes (DBQW RTDs) are based on quantum tunneling
mechanisms, with the carrier transport being perpen-
dicular to the DBQW plane. RTDs are excellent candi-
dates for nanoelectronic circuit applications due to
their wide-band width negative differential conduct-
ance (NDC), pronounced nonlinear current-voltage
characteristic, inherent high speed, structural simplici-
ty, relative ease of fabrication, flexible design, and
versatile circuit functionality [1, 2]. Very high-speed
operation arises from the extremely small size of the
RTD structure along the direction of carrier transport
and the tunneling process responsible for carrier flow
[3,4]. RTDs present very attractive characteristics,
such as a high intrinsic cut-off frequency (theoretical
value in the THz range) and current peaks associated
with negative differential resistance (NDR) regions.
These RTD specificities are exploited in digital applica-
tions such as memory applications [5] and analog to
digital converter [6, 7] as well as analog applications
such as frequency divider [8], frequency multiplier [9],
and oscillator [10], leading to simpler circuits reducing
the circuit size with a large gain in power consumption
and high frequency performance.

Small electron effective mass and low band offset in
III-V heterostructures make these materials interesting
candidates for RTD fabrication [11]. Among the III-V
based RTDs, GaAs/AlGaAs systems remain one of the
best options due to the experience gained on the fabrica-
tion of this technology, and the Al mole fraction (x pa-
rameter) in the Al:Gai-xAs structure is important pa-
rameter that varies the band structure. In this work,
the impact of conduction band offset and mole fraction
of Al in GaAs/AlGaAs RTD has been investigated. The
simulations have been done by self-consistently solving
the Poisson equation and the Schrodinger equation with
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open boundary conditions, within the non-equilibrium
Green function (NEGF) formalism.

2. DEVICE STRUCTURE AND SIMULATION
APPROACH

RTD is a two terminal electronic device that con-
sists of a narrow band gap layer (quantum well) sand-
wiched between two thin wide band gap layers (barri-
ers). A schematic layer structure of the RTD employed
in this project is shown in Fig 1. It is noted that un-
doped gallium arsenide (GaAs) is sandwiched between
two thin un-doped aluminum gallium arsenide (Al-
GaAs) layers. Because of the difference of these two
semiconductor material band gaps, a double barrier
quantum well (DBQW) is formed. An un-doped GaAs
quantum well with a width of 2 nm, two un-doped Al-
GaAs barriers with a width of 2 nm, two un-doped
GaAs spacer layers with a width of 15 nm nearby the
barrier and two high dopant GaAs contacts (1018 cm)
with a width of 12 nm that are connect to the two large
reservoirs. To increase the current density through the
device, heavily doped contacts are used which can sup-
ply a large number of electrons. High doping gives rise
to high levels of impurity scattering which can destroy
the wave coherence of electrons in the well that is nec-
essary for resonant transmission. Therefore, low doped
or un-doped spacer layers are used in between the un-
doped barrier/well/barrier region and the doped con-
tacts to prevent diffusion of impurity atoms into the
barriers and well.
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Fig. 1 — Schematic cross-sectional view of RTD
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Since transport happens in one direction, within ef-
fective mass formulism, the device could be represented
by a one-dimensional chain of nodes with spatially
varying effective mass at material interface and period-
ic boundary condition to other two directions (Fig. 1).
In the transport direction (the x-direction), the NEGF
approach, which is equivalent to solving the Schroding-
er equation with open boundary conditions, is used to
describe the ballistic quantum transport. The retarded
Green function for the device in matrix form is comput-
ed as [12-14]:

G(E)=[(E+in)I-H-%,-%,] ", (1)

where 21 and X2 are the self-energies of the emitter and
collector contacts, respectively, which represent the
effects on the finite device Hamiltonian due to the in-
teractions of the channel with the emitter/collector
contacts, 77 is an infinitesimal positive value, E is the
energy, I is the identity matrix, and H is the Hamilto-
nian of the resonant tunneling diode. As can be seen
from Eq. (1), the transport is assumed here to be com-
pletely ballistic. The spectral density functions due to
the contacts can be obtained as:

A =Gr,G" and A,=Gr,G', 2

where T’ = i(Zl —ZIT) and T’y = i(Zz 72;) . The source

related spectral function is filled up according to the
Fermi energy in the source contact, while the drain
related spectral function is filled up according to the
Fermi energy in the drain contact, and diagonal entries
of spectral functions represent local density-of-states at
each node [12]. From equation (1) and (2), we can ob-
tain the 2D electron density matrix. The electron densi-
ty is fed back to the Poisson equation solver for the self-
consistent solution. Once self-consistency is achieved,
the terminal current can be expressed as a function of
the transmission coefficient. The transmission coeffi-
cient from contactl to contact2 is defined in terms of
the Green function as [12]:

T(E)= trace(T,(E)HE)L(E)G (B)). (3

It is straightforward to write the emitter-collector
current as:

I ,= (%)I::dET(E)(FO(E — 1)~ Fy(E - 1)) ,(4)

where q is the electron charge, A is the Plank constant,
Fo is the Fermi-Dirac integral of order 0 [15, 16], s is
the Fermi level of contactl and s is the Fermi level of
contact2.

3. RESULTS AND DISCUSSION

The properties of III-V compound semiconductors
and their heterojunctions have been relentlessly inves-
tigated for several decades due to their wide-ranging
applications in electronic and optoelectronic technolo-
gies. One of the most important electronic properties of
heterojunctions is the band offset, which describes the
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relative alignment of the electronic bands across the
junction interface. An accurate determination of the
band offset is critical for understanding quantum
transport properties of heterojunctons. For many III-V
materials systems, the band offset has been carefully
measured experimentally and theoretically [17-20]. The
energies of the conduction band minima in AlGaAs
relative to the top of the valance band at the I' point (in
electron volts at 300 K), as a function of Al mole frac-
tion, are given by

E; =1.424+1.247x , x <0.45, (5)
E =1.424+1.247x +1.147(x - 0.45)" ,.x > 0.45, (6)
E! =1.708+0.642x, (7

EY =1.900+0.125x +0.143x” . ®)

These equations are plotted in Fig. 2. As the Al
mole fraction in AliGai-xAs is increased from 0 to 1,
the band gap of the resulting alloy increases from that
of GaAs to that of AlAs. For Al mole fraction x < 0.45,
the I'-valley provides the conduction band minimum,
while for x > 0.45 the X-valley is the lowest conduction
band minimum. The L-valley has an energy intermedi-
ate between the I' and X-valley and plays no part in the
discussion. For aluminum mole fraction less than 0.45,
the conduction band discontinuity is:

AE, =0.81x, x <0.45. (©)]

The conduction band offset has been experimentally
obtained by several groups on heterojunctions [21-23].
For aluminum mole fraction greater than 0.45, AlGaAs
has an indirect band gap with the X-valley lowest in
energy. The band gap in this region increases slowly
with increasing mole fraction in comparison to the
rapid increase in the I'-valley energy (Fig. 2). The con-
duction band discontinuity for mole fraction greater
than 0.45 is given by:

AE, =0.395+0.05x —0.143x%,x >0.45.  (10)
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Fig. 2 — Minimum conduction band energy versus Al mole
fraction for I', X and L valleys of GaAs/AlGaAs heterojunction
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Fig. 3 — Conduction band discontinuity for direct (I') and
indirect (X) gaps versus Al mole fraction of RTD

Equations (9) and (10) are plotted in Fig. 3. It is
clear that for x < 0.45, with increasing x, the conduction
band offset is linearly increased and reaches 0.36 eV.
For x > 0.45, with increasing Al mole fraction, the con-
duction band offset is decreased and achieves 0.19 eV.
The maximum conduction band discontinuity is ap-
proximately 0.36 eV and occurs for Al mole fraction of
0.45, corresponding to the transition from direct to
indirect AlGaAs. This is important for optimizing het-
erojunction GaAs devices such as HBJTs, HEMTs and
RTDs. In RTDs, due to a decrease in the conduction
band offset for a mole fraction greater than 0.45, the
properties of RTDs are investigated by consideration of
only Al mole fraction between 0-0.45. The magnitude of
the band offset creating the quantum well should be
large enough to obtain a confined quantum well state.

The conduction band profile under non-equilibrium
conditions is obtained by adding the self-consistent
potential energy to the equilibrium conduction band
profile. Fig. 4 shows the conductions band profile at
0.6 V versus different Al mole fractions obtained from
quantum self-consistent calculation. The Al mole frac-
tion has a value of x=0.1, 0.23, 0.3, 0.4 and 0.45. The
barrier height is an important parameter in RTDs that
has ability to effect change in the peak current density,
transmission coefficient and PVCR (peek to valley cur-
rent ratio). With increasing x, the height of the barrier
(height of AlGaAs) is increased that leads to a deep
potential well. So, for each mole fraction we have dif-
ferent barrier heights and different peak currents and
PVCR. Therefore, the mole fraction in RTDs is the most
parameter that must be considered, and the trade-off
between large peak current density and large PVCR is
achieved by adopting different mole fractions.

Fig. 5 shows the transmission function for RTD at
0.6 V bias. Each peak of the transmission function
corresponds to the resonance energy in the quantum
well. It is shown that for Al mole fraction of 0.1, the
transmission is identical for all energies and there is no
peek also for Al mole fraction less than 0.23. This
means that, due to the low barrier height, all electrons
can pass over the barrier, and RTD appears to be com-
pletely transparent at all energies of the incident elec-
tron. With increasing mole fraction from 0.23 to 0.45,
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Fig. 4 — Conduction band edge for Al mole fraction of less than
0.45
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Fig. 5 — Transmission function for different Al mole fractions
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Fig. 6 — Output current versus input voltage only for Al mole
fraction of 0.1

the barrier height increases and electron tunneling
through the barriers is strongly enhanced, when its
energy equals to one of the energy levels in the quan-
tum well, the maximum transmission probability is
possible. This corresponds to resonant tunneling, and
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the DBQW structure acts as a filter, so that only elec-
trons with energies close to the resonance energies
have a high probability of crossing the two barriers.
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peek current Iv. The valley current arising from the off
resonance is decreased by increasing the mole fraction
that leads to an increase in PVCR. A high peak current
is required for high-speed applications and for many

7:50x10" ' ' ' ' ' ' ' analog applications that is achieved with low mole
fraction (x = 0.23). PVCR is an important figure of mer-
6.00x10” - | i it of RTD for both analog and digital applications that
1 is achieved with high mole fraction (x = 0.45). The high
il barrier height reduces the peak current density but
< 450007 I’ .i K provides high transmission coefficient benefiting large
= P PVCR. In practice, the trade-off between large peak
§ ;o I" j current density and large PVCR is achieved by adopt-

© 3.00x107 A 1y : : ing different Al mole fraction (for example at x = 0.4).
II_'_/ : . Table 1 — I-V characterizations of RTD for different Al mole
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Fig. 7 — Output current versus input voltage for different Al
mole fractions

The output current of RTD for a mole fraction of 0.1
is plotted in Fig. 6. Due to low barrier height the elec-
tron can pass over the barrier, there is no NDR for a
mole fraction less than 0.23. While for a mole fraction
from 0.23 to 0.45, the tunneling current at resonant
energy was observed. It is clear from Fig. 7 and Table 1
that, with increasing Al mole fraction, the peak current
(Ir) decreases, the valley current (Iv) decreases, the
peak-to-valley current ratio (PVCR) increases and the
voltage at the peak current (Vp) increases. In a deeper
quantum well (higher mole fraction), the resonance
energy level will push up, thus the resonant tunneling
will occur at high bias voltage, resulting in a shift of
the peak voltage Vp to the right and a decrease in the
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Bniius 3cyBy 30HU IPOBiIHOCTI HA XapaKTEPUCTHKHA PE3OHAHCHOIO TYHEIbHOIO
nioma GaAs/Al.Gai - <As

M. Charmi

Department of Nano Physics, Malekashtar University of Technology, Shahinshahr, Isfahan, Iran

Y po0oTi mpecTaBIeHO TOCIIPKEHHST BILITUBY 3CYBY 30HHU IIPOBITHOCTI Ta MOJISIPHOI YACTKU aJIIOMIHIIO
HA XapaKTepUCTUKHU PEe30HAHCHOro TyHesbHOro mioma GaAs/Al.Gai-.As 3 BUKOPHCTAHHSM IIOBHOT'O KBAHTO-
BOTO MojesmoBaHHs. MoseroBaHHs 0a3yeThbCsl Ha caMOy3ro/PKeHOMY PO3B's3aHHI piBHsHHS [lyaccona ta pi-
BusaHuA [llpeminrepa 3 BIIKPUTUMYU I'PAaHUYHAMEA YMOBAMHU B PAMKaX hOpMaJsiiaMy HEPIBHOBAYKHOI (PyHKITIT
I'pira. CrpyrTypa pe30HAHCHOTO TYHEJIBHOIO JI0fa CKJIATAETHCS 3 By3bKOI 3a00pOHEHOI 30HU 2 HM, KBAHTO-
Ba sima GaAs 3aTucHyTa Mixk JBOMA TOHKHMHU ITUPOKO30HHUME Oap'epamu 3 AlGaAs mmpwuaomn 2 um. 11 Tpu
IIapU 3aTUCHYTI MIsK JIBOMA HeJIETOBAHUMHU PO3TLIbHUMU Iapavu 3 GaAs mupusoo 15 HM, AKi 3'eqHaHi 3
IBOMAa BeJIMKMMH pe3epByapaMu KoHTAaKTiB GaAs 3 BHCOKHMM BMIiCTOM Jieryioumx momimok (10!8 cm-3) 3a-
srmupinkn 12 am. Jocmimxeno BIuinB 3aMiHHOT MoJIspHOi yacTku Al Ha 30HY TpOBIAHOCTI, (DYHKITIIO IIPOITYyC-
KaHHS Ta BUXIJIHUM CTPyM. Pe3ysibTaTu MOJIeIOBAHHS MOKA3YI0Th, 10 XaPAKTEPUCTUKU IIPUCTPOI0 MOMKYTH
OyTH MOKPATIEH] IIIIIX0M IPABIIEHOTO BUOOPY MOJISIPHOI YACTKH.

Kiouosi ciosa: 3cys 3ouu nposigHocti, HepiBHoBaskua yuruis ['pina, Pesonancuuil TyHebHMI 107,
Moutsipaa uacrra Al, KsanTosuit Tpancmopr.
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