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Ballistic transport in double-barriers resonant tunneling diodes based on GaN is investigated in this
work using the non-equilibrium Green’s functions formalism. The electron density of states, the
electrons concentration, and the current-voltage characteristics are calculated taking into account
the internal electric field induced in the Al,Ga;_,N/GaN heterostructures. The effect of the
geometrical parameters on the evolution of the current resonances characteristics was analyzed
qualitatively by varying GaN quantum well width, thicknesses and height of the Al,Ga;_ N
barriers. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4767382]

. INTRODUCTION

Thanks to their strong negative differential resistance
(NDR), the double-barriers resonant tunneling diodes
(RTDs) have attracted great interest for use as compact and
coherent terahertz (THz) sources operating at room tempera-
ture." Due to their large conduction band offset between
AIN/GaN heterostructure (1.75 eV),2 the RTDs based on
GaN should permit to obtain higher voltage and power oper-
ation in comparison with conventional III-V semiconductors.
However, the Al,Ga; N/GaN heterostructures possess
strong polarization charges at the heterointerfaces that make
difficult to model the vertical electronic transport in RTDs
devices. Until now, only a few theoretical studies have been
performed on Al,Ga; ,N/GaN RTDs.>™

In this work, we have chosen to use the non-equilibrium
Green’s functions (NEGF) approach to provide qualitative
comprehension of the ballistic transport in the IIl-nitride
RTDs. Indeed, the NEGF formalism is a pertinent technique
to describe quantum devices, especially the tunneling cur-
rent. From this approach, a computer code was developed to
calculate electrical properties of Al,Ga;_,N/GaN RTDs. The
NEFG method is also well suited treating semi-infinite con-
tacts attached to an intrinsic device. The open boundary con-
ditions are treated through the self-energies functions X® and
T2 This method is well adapted for our case whereas the
transfer-matrix method is generally not suitable because it
deals with isolated systems.5 However, our interest is often
in open systems with strong coupling to the contacts.

The paper is organized as follows: Section II describes
the simulation model, Sec. ITA deals with self-energy
boundary conditions, Sec. II B summarizes equations to be
used in NEGF formalism, Sec. II C explains the procedure to
calculate the potential profile self-consistently; and Sec. III
describes the simulation results, Sec. IIT A analyses the effect
of GaN quantum well (QW) width, Sec. III B investigates the
effect of Al,Ga;_.N barriers’ thicknesses, and Sec. IIIC
studies the effect of Al,Ga;_,N barriers’ height.
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Il. SIMULATION MODEL

Since electrostatic potential varies only along the growth
direction (1000) (axis z), the RTD is considered as one
dimensional device (translationally invariant in the (x.,y)
plane) consisting of an active area connected to two semi-
infinite contacts. Also, as the RTDs operation involves only
the electrons in a parabolic conduction band, the effective
mass approximation is assumed to be valuable at this scale.
This assumption becomes progressively poorer with the
decrease in structure thickness. However, we note that the
effective mass approximation still is a reasonable approxi-
mation for our structure. Thus, to obtain the electronic wave
functions in the device, the Schrodinger’s equation is solved
in the active area and contacts

—m2d*y
T —E

U =EG) Y,
where, E is the energy, m* is the effective mass, and
U(z) = Ve + Vpiez + Vappi + Uy s the potential profile
that includes Vg the conduction band profile, V., the pie-
zoelectric field, V,pp the applied bias voltage, and Uy

the self-consistent space charge within the Hartree
approximation
Left contact Active area Right contact

-1 01 S
© 0 00 00 00 00 0 000000000000 0o

n-1 n ntl...

By setting 1D spatial grid points with uniform spacing
lattice constant a, the finite difference method is used to
write the Schrodinger equations in the active area and semi-
infinite contacts

© 2012 American Institute of Physics
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A. Self-energy method

Assuming the left and right contacts as perfect absorb-
ers, and the propagation of electronic wave functions in the
metallic contacts as plane waves, the incident waves arise
from the left and right contacts are

Yo =exp* LY, 3)
Ypatt = expE R, 4)

The procedure used by the self-energy method to fold the
influence of the left and right semi-infinite leads into the
active area, consists to substitute the latter boundary condi-
tions (3) and (4) in Egs. (1) and (2), respectively.

Now, the Schrodinger equations in the device can be
solved only at the grid points 1 to n of the active area instead
of the semi-infinite grid points of the left and right contacts

[SREpor4U 0
—t 2t+ U, —t
. —t o —t
—t e —t
—t . —t
H= -t 2t+U; —t
—t S
—t e —t
—t . —t

. —t 2t+ U, —t

i 0 —t SRR L2t + U,
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where, =5 n:iaz and the bullets represent the semi-infinite
left and right contacts. The subscript L and R refer to grid
point i in the left and right contacts. Then, the Hamiltonian
of the RTD device is in an infinite dimensional matrix that
can be expanded as

—t 2t + UR,n+1 —t

(2t + Uy — texp*L*)y, —tf, = By
—t; + R+ Uy, — i = By

(Zt + Un - teXpikRa)l//n - tlpR,nJrl = Elpm

where, Z®" = —t exp™ * and ZRR = —t exp™z?* are called the
self-energies, they represent the influence of the semi-infinite
left and right contacts on the active area, respectively. Here,
the bullets represent the grid points in the active area. These
self-energies are non zero only along the contacts.

Thus, the Hamiltonian of the RTD device becomes a fi-
nite N dimensional matrix that can be written as
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It might appear that the self-energy method used by NEGF
formalism is just another method for handling boundary effects,
as the periodic boundary conditions used by the transfer-matrix
method, where Y o=, and Yr, 1 =1;. However, the full
power of the self-energy method becomes apparent when the
device is under bias, a problem that cannot be handled with peri-
odic boundary conditions.” Indeed, given the nanoscale of the
active area, the imaginary parts I' = i[ZR — 2*] introduced by
the self-energies functions change non-negligibly the available
local density of states in the active area (see Sec. II B, Eq. (5)).
Here, " = XR~! is the advanced self-energies.

B. NEGF equations

Due to its nanoscale size, the active area is assumed to be a
ballistic region connected to two semi-infinite contacts. Thereby,
the inelastic scattering processes inside the device is neglected.
In the NEGF formalism, the retarded Green’s function GR is the
key equation that contains information on the distribution of
available states: GX = Za %,6 where, Iy> and E, refer to
eigenstates and eigenvalues of the Hamiltonian, respectively.

In the NEGF formalism, the spectral function A repre-

sents the available local density of states in the RTD
A =GRTG*, o)

where, G* =GR is the advanced Green’s function. Eq. (5)
should be multiplied by 2 for spin degeneracy. The diagonal
elements of A are the quantity of interest which yields
directly to the local density of states

1
LDOS(r,E) = —A(r,E).
(r,E) = 5-A(r,E)
Thus, the local electron density n(z) in the device is given by
n(r) =1/2n JfL(E)AL(r, E) + fr(E)Agr(r, E)dE,

where f} (E) and fr(E) are the Fermi functions of the left and
right contacts, respectively.

At the ballistic limit, the current can be expressed in terms
of the distribution functions in the contacts and the transmission
function: I=2e/h [ [fL(E) — fr(E)]Tr(I" G*TRG*)dE.

C. Poisson equation

Our self-consistent simulation approach feedbacks the
electron density n(r) into the Poisson equation: d*Uy/
dr’ = q*/e [Np " — n(r)]. The latter is used to compute Uy the
self-consistent space charge within the Hartree approxima-
tion. The process is repeated until the difference between the
old and new potentials becomes less than the desired toler-
ance. For the first iteration, the initial electron density n j,;(r)
is obtained by setting Uy j,;; =0 into the potential profile
Uipic(r) of the Hamiltonian matrix.

lll. SIMULATION RESULTS

In order to study the tunneling current evolution versus
RTD design, thicknesses of the i-GaN spacers were fixed at

J. Appl. Phys. 112, 114305 (2012)

4 mono-layers (MLs) (1nm). The positive voltage corre-
sponds to conditions under which the top electrode is posi-
tively biased and the buffer is negatively biased. The internal
fields produced by spontaneous and piezoelectric polariza-
tions are taken into account in the context of the macroscopic
approach. At the AIN/GaN heterointerface, we have assumed
alternating polarization charge densities of ¢=6.5 x 10"
cm 2, according to Ga face polarity of the structure in the
growth direction.*

A. Effect of GaN quantum well width

In the following, the current-voltage characteristics are
discussed in detail with respect to the GaN QW width. All
combinations between 4 and 8 MLs for the GaN QW thick-
nesses are simulated by fixing the percentage of aluminium
Al,Ga;_,N barriers to x = 1.0 and maintaining the AIN bar-
riers’ thicknesses at 4 MLs. A self-consistent calculation of
the conduction band profile was performed in Figure 1. The
latter simulation has shown that the spontaneous and piezo-
electric polarizations induce a strong asymmetry in the
conduction band profile. Thus, the internal electric fields
associated with these polarizations lead to the formation of a
two dimensional electron gas and depletion region near the
AIN/GaN interfaces, in the side of the cathode and anode,
respectively.

The resulting current-voltage behavior leads to a signifi-
cant current peak in only one direction voltage (Fig. 2). At
positives voltages, the directions of the external and internal
fields are opposite. These result in a large charge accumu-
lated in the quantum well (Fig. 3). At negative voltages, the
directions of the external and internal fields in the QW are
the same. Thus, the value of the charge in the QW is smaller,
and therefore, the current peak intensities are smaller.® The
electron density of states for these AIN/GaN investigated
structures has also been computed (Fig. 4). Thus, we have
attributed the first series of resonant peaks (S;) to the reso-
nant tunnelling through the fundamental quasi-bound states
in the QW and the second series (S,) to the tunnelling
through the excited quasi-bound states near the double-
barriers edges (Fig. 2).

e 4 _— 4

o RS R N : (@)
~ —— Charges distribution g
= I A

x 31 — Conduction Bande | L3 §
+ZO H H i B B g
! b L w
¢ 27 n"GaN 2 o
1l o
< (0]
s 1 1D
__é Anode | | B
3 0 — ] ——0
b GaN AN AIN GaN S
S o eaN

E -1 T - T —1

5 -5 0 5 10

Distance (nm)

FIG. 1. Conduction band profile and charges distribution at 0 V correspond-
ing to the (4/4/4) MLs structure.
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FIG. 2. Current density versus voltage for different thicknesses of GaN well.

B. Effect of Al,Ga;_xN barriers’ thicknesses

To emphasize the importance of triangular barriers band
bending, different Al,Ga;_(N barriers’ thicknesses varying
from 4 to 8 MLs are simulated by maintaining this time the
GaN well thickness at 4 MLs and fixing the percentage of al-
uminium to x = 1.0. The results of our computations show
that by increasing the AIN barriers’ thicknesses, the current

'S O
l\g 6 g
F‘c_:w g
z 4 g
z >
c 2 5
W a
c
s 0 g
3 >
= D
g 2 o
2 i S
o]
§ 10 15 20 25 30 35
(S} Distance (nm)

(a)

w

Charges distribution p=n - N, (x10" cm”®
o N

N

—V=-1,1V

-1 : : ' -1
10 15 20 25 30 35

Distance (nm)

(n®) ayoid pueq uononpuon

(b)

FIG. 3. Charges distribution in the GaN well of the (4/4/4) MLs structure
(@)atV=+I1.1Vand (b) V=—1.1V.
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FIG. 4. Conduction band profile corresponding to the (4/4/4) MLs structure.

valley decreases much faster than the current peak (Fig. 5).
Thereby, the peak-to-valley current ratio increases. Further-
more, the current peaks are less pronounced. Indeed, the
polarization discontinuities between AIN and GaN increase
with the barriers’ thicknesses. The latter involves much
larger depletion region that leads to a reduction in the reso-
nant peak intensities. Moreover, the voltage valley positions
change significantly due to the decrease of the electrons
probability transmission.

C. Effect of Al,Ga;_4xN barriers’ height

At last, the effect of the barriers’ height is studied by
varying the Al composition from x=0.2 to x=1.0. The
GaN well and the AlL,Ga,_,N barriers’ thicknesses were
fixed at 4 MLs. The results of our computations show that by
increasing the Al composition, the peak-to-valley current ra-
tio increases (Fig. 6). It is clear that the conduction band off-
set and the polarization discontinuity between Al,Ga;_,N
and GaN increase with the aluminum composition. The
increase of the conduction band offset discontinuity gives

10*
< 10%t

10°%
;10‘2i
Gz 10‘4E
S 10°}
S 10°f
3107

10'12r 1 1 1 1 1 1 1 1 1

5 4 -3 -2 -1 01 2 3 4 5

Voltage (V)

FIG. 5. Current density versus voltage for different thicknesses of AIN
barriers.
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S10.r —20% 1
=10 ¥ ——40% 1
10 —80% A
510°F ——80%
©10cE —100%

3 -2 A1 0 1 2 3
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FIG. 6. Current density versus voltage for different Al contents of the
Al,Ga;_4N barriers corresponding to the (4/4/4) MLs structure.

rise to higher barriers that lead to a shift of the resonant
peaks toward smaller voltages. Moreover, the increase of the
polarization discontinuity causes a much more important in-
ternal electric field. The latter involves much larger depletion
region that leads to a reduction in the resonant peak
intensities.

J. Appl. Phys. 112, 114305 (2012)

IV. SUMMARY

In summary, we have applied the NEGF formalism to
the Al,Ga,_,N/GaN RTD. We have also shown that the
spontaneous and piezoelectric polarizations induce a strong
asymmetry in the conduction band profile that has significant
effects on the current-voltage characteristics behaviour.
Finally, we have discussed the tunneling resonant current
evolution versus the GaN well width, thicknesses and height
of Al,Ga;_,N barriers.

This work was supported in part by the French Research
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06-3-156347.
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