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Abstract. The paper presents a new way how to calculate
the currents in a Schottky barrier. The novel phenomenol-
ogical model extends the Shockley-Read-Hall recombina-
tion-generation theory of trap-assisted tunneling. The pro-
posed approach explains the occurrence of large leakage
currents in Schottky structures on wide band semi-con-
ductors with a high Schottky barrier (above 1 eV) and with
a high density of traps. Under certain conditions, trap-
assisted tunneling (TAT) plays a more important role than
direct tunneling.
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1. Introduction

The main problem hindering extensive exploitation of
AlGaN/GaN high electron mobility transistors (HEMTs)
are the unacceptably large gate leakage currents [1], [2].
The mechanism of leakage currents still has not been fully
understood and elucidated. One of the possible reasons
might be trap-assisted tunneling [3].

Trap-assisted tunneling results in a reduction of the
Shockley-Read-Hall (SRH) recombination lifetimes in the
regions of strong electric fields. /- characteristics of the
Schottky junction are extremely sensitive to defect-assisted
tunneling. The classical SRH model assumes that interme-
diate trap centers with concentration N, lie on a discrete
energy level E. In our model we propose that — due to
electron-phonon interactions — the discrete energy level E;
broadens hereby giving rise to a band of multi-phonon
excitation traps.

2. Theory

The physical model of trap-assisted tunneling is based
on solving the Poisson and continuity equations. In the
sequel, for the sake of simplicity we will consider
a Schottky barrier created on an n-type semiconductor.
This allows to neglect hole tunneling. We will also assume

that deep trapping centers are of donor type (a trap unoc-
cupied by an electron has a positive charge).

Under these assumptions the well known Poisson
equation can be written as

—ﬂxm%j = [P~ + NP* (04 N () (1)

where « is the semiconductor permittivity, i is the electric
potential, » and p are concentrations of free charge carriers,
NP* is the concentration of shallow ionized donors and
N, is the concentration of deep ionized donors expressed
as
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Here, f; is the occupation probability of trapping centers
lying at deep energy level & Definition of the distribution
functions of traps in the forbidden band, based on the
theory of multiphonon assisted tunneling, is given as [4-6]
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where S is the Huang-Rhys factor representing the strength
of electron-phonon coupling, ¢, =Shw is the lattice

relaxation energy, 7Zwm, is the effective phonon energy,
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tion function, and z =28y fz(1+ f3) - The sign inside the

bracket in the nominator is negative for &> Ec(x)—E; and
positive for € < Ec(x) — E.

The continuity equations for electrons and holes can be
written as
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are the electron and hole drift-diffusion current densities.

On the right hand side of (4) there are two dominant
terms USUH and UM
rates of trap-assisted tunneling, and Upr® is the rate of

direct tunneling. The right hand side of (5) contains the
Shockley-Read-Hall recombination rate Usgy.

the electron recombination
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Fig. 1. Eight exchange processes involved in the new model

of trap-assisted band-to-band tunneling.

The model of TAT introduces the concepts of thermal
and tunneling escape times, see Fig. 1. The formulae for
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and those for the tunneling escape times
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where o; is the effective trap cross-section, mg° is the
effective mass for calculating the Richardson constant in
the semiconductor, m1° is the effective tunneling mass of

Vfl’lh :1/3kT / mZ)h are thermal velocities of

charge carriers, and w is the width of the space charge
region. In terms of these escape times we derive the
probability of occupation of the trap by electrons valid for

electrons,
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Here, x,_g (. is the position of the intersection of energy

level e with E¢(x), fg (X,-g.(v)) and fy are the Fermi-

Dirac distribution functions for electrons in the
semiconductor and metal, respectively. By means of f; one
can express the two components of the electron

recombination rates U%E;HER) and USTN Jand Ug,y, as
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If we did not consider tunneling, it would mean that
the tunneling escape times would be infinitely large and

1/t¢gt =1/1347 =0. Then the electron recombination

rate USUIN =0, and USH™® reduces to Usgy. It should

be also noted that if &< Ey(x,), then in (14) to (17) the
Fermi-Dirac distribution functions for electrons in the
metal should be replaced by Fermi-Dirac distribution func-
tions for holes in the semiconductor and the electron tun-

neling escape time Tyt should be replaced by the hole
tunneling escape time ’C}\I/BT. This case is similar to a pn

junction and the reader is referred to [7].

The electron recombination rate of direct tunneling is
expressed as

€
U (x) = DT (18)
gdx
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is the current of direct tunneling [8].

To solve the continuity equation it is required to de-
fine the boundary conditions. The Schottky boundary con-
dition is associated with thermionic emission-diffusion
transport theory (TED). The electron density at the maxi-
mum of the Schottky barrier at place x,, when the current is
flowing, is

n(xy) =

vV,
oot v e 22| v b5z 05
and ny = N exp(- oo /AT) @1)

is the electron density at the maximum of the Schottky
barrier in quasi-equilibrium, vrg° is the thermionic emis-
sion velocity given by v =(m{k>T2)/(2n’hNe), vpl is
the effective diffusion velocity associated with the trans-
port of electrons from the edge of the depletion layer at w

to the potential energy maximum given by
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is the effective recombination electron density associated
with the generation-recombination process in the depletion
layer. The hole density at the maximum of the Schottky
barrier is

p(xg) = po = Ny expl-(Eg —0po )/ AT).  (24)

3. Simulation Results

The new TAT model was employed to simulate
a Schottky diode prepared on a silicon doped GaN sub-
strate with donor concentration Np=2x10"cm” and
Schottky barrier height ¢wo=1.2 eV. In GaN, the Huang-
Rhys factor is S=6.5 and the effective phonon energy
hwo=0.066 eV. The concentration of traps was assumed to
be N,=2x10"7c¢m>. The distribution function D, forms
aband of traps at energy level E,=0.7 eV from the con-
duction band edge (see Fig. 2).
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Fig. 2. The energy distribution function D, of the traps in
GaN. Huang-Rhys factor $=6.5, effective phonon
energy hwmy=0.066¢V, total trap concentration
N,=2x10"7 cm™, trap energy level E,=0.7 eV from the
conduction band edge.

Effective masses mz°=0.2 m, were used to evaluate
the tunneling escape times tcpr® and Tyr . The tunneling
probability was calculated using the WKB approximation
and the effective masses were also set as m1°=0.2 m,. The
ohmic contact at the back size of the structure was loaded
by serial resistance Rp,= 5% 10°Qm=2

The I-V curves of such a Schottky structure were
simulated at room temperature, 7=300 K. The curves
obtained for forward and reverse biased Schottky diodes
are shown in Figs. 3 and 4, respectively. In the simulations
we considered three various models of charge transport
through the Schottky barrier:

a) thermionic emission-diffusion model (TED),

b) TED model along with direct tunneling (DT) between
the metal and the conduction band of the semicon-
ductor,

¢) TED model along with trap-assisted tunneling (TAT).
In addition, in all simulations we considered also

Schottky barrier lowering caused by the image force. To
demonstrate the influence of TAT upon the charge trans-
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port we considered three different effective trap cross-sec-
tions, 5,= 102, 10" and 10 "® m%

The simulated /-V curves prove that the TAT mecha-
nism of charge transport dominates in a reverse biased
Schottky structure, whereas in a forward biased structure
the dominant mechanism of charge transport is direct tun-
neling, DT. Naturally, an increased effective trap cross-
section o, and density of traps N, lead to a higher contri-
bution of trap-assisted tunneling, while direct tunneling
remains intact. Simulations of /-V curves of real Schottky
diodes require simultaneous consideration of the three
mechanisms of charge transport, thus TED + DT + TAT.
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Fig. 3. Forward I-V curves of Schottky diodes on GaN with
different models of charge transport through the

Schottky barrier.
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Fig. 4. Reverse I-V curves of Schottky diodes on GaN with
different models of charge transport through the
Schottky barrier.

4. Conclusions

The presented TAT model of charge transport aims at
explaining the origin of large leakage currents in reverse
biased Schottky diodes shutting the 2D channel in high
electron mobility transistors (HEMTs). It is obvious that
multiphonon broadening of the band of traps together with
trap-assisted tunneling markedly affect the I-V curves of

the diodes. The new TAT model has the ability to describe
the generation and recombination as well as the tunneling
processes in Schottky junctions.

List of Symbols

D, distribution of traps

Ecy bottom of the conduction band or top of the
valence band

Er Fermi level in the metal

Egy energy bandgap

E, energy level of the trap

/s Bose distribution function

Jfrn Fermi-Dirac distribution function for electrons
in the semiconductor

M Fermi-Dirac distribution function for electrons
in the metal

fe occupation probability of trapping centers at
energy ¢

Jp’ electron drift-diffusion current density

JDh hole drift-diffusion current density

k Boltzmann constant

me,h* effective masses of electrons and holes

mg° electron mass for calculating the Richardson
constant

mr° effective tunneling mass of electrons

my electron mass

n concentration of free electrons

ng electron density at the maximum of the Schottky
barrier

NGR effective recombination electron density

Ncy effective density of states in the conduction or

valence band

Nap donor and acceptor dopant density

Np' concentration of shallow ionized donors

N, density of traps

NS concentration of deep ionized traps

p concentration of free holes

Po concentration of holes at the maximum of the

Schottky barrier
q elementary charge
S Huang-Rhys factor
T absolute temperature
Us overall generation-recombination rate

Upr® rate of direct tunneling

Usry Shockley-Read-Hall  generation-recombination
rate

USTHER) TN two  components of  trap-assisted
generation-recombination rates

Va applied voltage

w width of the space charge region

X coordinate perpendicular to the interface

X position of intersection of energy level ¢ with
Ec(x)

X0 position of the metal-insulator interface

h reduced Planck constant, 4/27
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e electron energy
’ electron energy in the direction of tunneling
& lattice relaxation energy
K semiconductor permittivity
Dro Schottky barrier height
peh electron or hole mobility
vt thermal velocity of electrons or holes
Vg thermionic emission velocity
Vb effective diffusion velocity of electrons
(o effective trap cross-section
Ty escape time characterizing the recombination of

free electrons, thus capturing of electrons by the
trapping center

R time of recombination of holes

TG time of generation of free electrons, thus
emission of electrons from the trapping center to
the conduction band

6" time of generation of holes

Ters Tres’ time  of tunneling of electrons from the
conduction band to the trap and vice versa

vt Tt time of tunneling of electrons from the metal
to the trap and vice versa

‘L'VBTh time of tunneling of holes from the valence band
to the trap

v electrostatic potential

IoN effective phonon energy
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