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Thermionic trap-assisted tunneling model and its application
to leakage current in nitrided oxides and AlGaN/GaN high

electron mobility transistors
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We propose two models of electron tunneling from metal to a semiconductor via traps. In addition
to the electrons below the metal Fermi level, the models also include the thermally activated
electrons above the Fermi level. The first model is called generalized thermionic trap-assisted
tunneling (GTTT), which considers tunneling through both triangular and trapezoidal barriers
present in metal insulator semiconductor (MIS) structures. The second model is called thermionic
trap-assisted tunneling (TTT), which considers tunneling through triangular barriers present in
modern Schottky junctions. The GTTT model is shown to predict the low field leakage currents in
MIS structures with nitrided oxide as insulator, and the TTT model is shown to predict the reverse
gate leakage in AlGaN/GaN high electron mobility transistors. © 2006 American Institute of

Physics. [DOI: 10.1063/1.2191620]

I. INTRODUCTION

Trap-assisted tunneling is widely regarded to be the
mechanism of the leakage current through nitrided and tun-
nel oxides' and the stress-induced leakage current (SILC).2
Using this mechanism, Suzuki and Schroder” explained the
enhanced conduction through nitrided oxide at low fields
(<4 MV/cm). Later Cheng et al." showed that the current
through nitrided oxide increases with nitridation due to an
increase in electron trap concentration. An analytical model
for trap-assisted tunneling through a triangular barrier which
occurs at high field was proposed by Fleisicher and Lai.*
Houng et al.’ showed that trap-assisted tunneling at low
fields occurs through a trapezoidal barrier [see Fig. 1(a)] and
proposed a generalized model including both trapezoidal and
triangular barrier tunneling components. In our previous
work,® we used a trap-assisted tunneling model involving a
band of traps to explain the large reverse leakage7 of the
Schottky-type gate junction of AlGaN/GaN high electron
mobility transistors (HEMTSs).

In the present article, GTT denotes the existing model of
generalized trap-assisted tunneling through both triangular
and trapezoidal barriers [see Fig. 1(a)] present in metal insu-
lator semiconductor (MIS) structures. On the other hand, TT
denotes the existing model of trap-assisted tunneling only
through a triangular barrier [see Fig. 1(b)] seen in modern
Schottky junctions such as gate junction of AlGaN/GaN
HEMTs.*®

Refer to the GTT and TT models shown in Figs. 1(a) and
1(b). Here the electron tunneling is assumed to take place
below the metal Fermi level, irrespective of the location of
the trap level (¢,) with respect to this Fermi level. In Fig. 1
the metal Fermi level is located at the point ¢= ¢z, where ¢p
denotes the barrier height. Possible electron tunneling above
the Fermi level for ¢, < ¢ due to thermal activation, shown
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in Figs. 1(c) and 1(d), has been neglected in these models. As
we show in this paper, the tunneling current including ther-
mal activation is several orders of magnitude higher than that
given by the GTT and TT models, at low electric fields.

In this paper, we propose trap-assisted tunneling models,
which include thermally activated electrons, and discuss
their applications. These models are called generalized ther-
mionic trap-assisted tunneling (GTTT) [see Fig. 1(c)] and
thermionic trap-assisted tunneling (TTT) [see Fig. 1(d)].
Here, the word “thermionic” denotes the thermally activated
electrons. First we present the GTTT model and its applica-
tion to leakage current in MIS structures with nitrided oxide
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FIG. 1. Device structure and energy band diagrams of reverse biased MIS
structure and Schottky diode. The existing GTT (a) and TT (b) models and
the proposed GTTT (c) and TTT (d) models are shown. ¢, is the trap ion-
ization energy and ¢ is the barrier height.
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as insulator. Then we present the TTT model and its appli-
cations to the gate leakage current in AlGaN/GaN HEMTs.

Il. GENERALIZED THERMIONIC TRAP-ASSISTED
TUNNELING (GTTT)

Our GTTT model, shown in Fig. 1(c), incorporates the
thermally activated electrons by including the Fermi-Dirac
function ignored in the GTT model of Houng et al.’ Addi-
tional differences between the GTT and GTTT models will
be discussed shortly. The equation for our GTTT model is
given by

P j"’f””( Lot >_ld¢
GTTT —
E f FDP 1 P 2_trapezoid

1

&
for E< —, 1
or J (1)

Ed 1 1 -1
+——| do
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for E > %, (2)

Jorrr=

qCN;
E

where E is the electric field across the insulator, d is the
insulator thickness, N, is the uniform trap concentration, fgp
is the Fermi-Dirac function given by

1
1+ explg(dy - GUKTT

P, P yriangles @0 P rapesoia are the tunneling probabilities
based on WKB approximations for the two-step process [see
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and C, is the trap energy dependent rate constant” given by
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Apart from the presence of the Fermi-Dirac function, Egs.
(1) and (2) differ from the equation of Houng ef al. in the
following respects. The GTT model’ integrates the current
equation with respect to distance (x) and does not explain the
integration limits for triangular and trapezoidal barrier tun-
nelings. In contrast, our model integrates with respect to the
energy (¢) [see Egs. (1) and (2)] and thus allows easy visu-
alization of the integration limits directly from the energy
band diagram. The limits in Egs. (1) and (2) can be under-
stood from the band diagrams shown in Figs. 2(a) and 2(b),
respectively.
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FIG. 2. Energy band diagram of a reverse biased MIS structure for Ed
< ¢, (a) corresponding to Eq. (1) and for Ed> ¢, (b) corresponding to
Eq. (2).

In Fig. 3, we show the calculations of the total tunneling
current togther with its triangular and trapezoidal compo-
nents, for a typical metal-nitrided oxide-semiconductor struc-
ture over the electric field range of 0—5 MV/cm. It is seen
that the total current flows through the trapezoidal barrier at
low fields E<(¢,/d) and through the triangular barrier at
high fields E> (¢,/d). The triangular component is zero for
E<(¢,/d), because traps are not present in the triangular
barrier region for this condition, as seen from the energy
band diagram of Fig. 2(a). Also, it is seen that the GTTT
current at 400 K is more than that at 300 K due to the in-
crease in thermally activated electron tunneling with tem-
perature.

Calculations of the GTTT and GTT currents through the
above MIS structure are shown in Fig. 4. It is seen that the
GTTT current is several orders of magnitude higher than
GTT current at low fields [see Fig. 4(a)]. But at high fields,
the difference between GTTT and GTT currents is small [see
Fig. 4(b)]. This is because, as the field increases, the tunnel-
ing barrier for electrons at the Fermi level becomes thinner.
Consequently, electron tunneling at the Fermi level starts
dominating the thermally activated electron tunneling. This
is also the reason why the difference between the 300 and
400 K GTTT currents at high fields in Fig. 3 is small. It is
mentioned here that we calculated the GTT current using a
modified version of the GTT model® of Houng et al. given in
detail in Appendix. This version developed by us is clear
about the integration limits associated with the triangular and
trapezoidal components. It also shows that, when ¢, << g,
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FIG. 3. Total tunneling current (Jgrrr) togther with its triangular (Jyiange)
and trapezoidal (Jyupesia) components over the electric field range of
0-5 MV/cm. Only the total current (Jgrrr) is shown for T=400 K. Here
calculations are based on the parameter values given in the inset. N, is the
trap concentration, m is the effective mass, and d is the insulator thickness.
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FIG. 4. GTTT current (solid line) at temperature 7'
=300 K and GTT current (dashed line) for low electric
field range (a) and high electric field range (b). Param-
eter values used for GTTT and GTT are given in the
inset in Fig. 3; ¢,=1.6 V. These values correspond to
nitrided oxide (see Ref. 5). Also shown are the TTT
current (solid line) at 7=300 K and TT current (dashed
line) in (a). Parameter values used for TTT and TT are
given in the inset in (a). These values correspond to
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the GTT is zero for fields below E,;, (see Appendix), be-
cause the GTT model does not consider tunneling above
metal Fermi level. Note that such an issue does not arise in
the GTTT model. In the GTTT model given above, a single
set of equations covers both the cases ¢, < ¢y and ¢,> ¢p.
In contrast, the equations for these two cases are different in
the GTT model (see Appendix). Hence, the ¢, extraction
from the experimental data using the GTTT model will be
easier than using the GTT model.

Next we compare our model with the measured current
through nitrided oxide in the low field range of 1-4 MV/cm
reported in Ref. 3. In model calculations, we incorporate the
image force and quantum barrier lowering, given by the fol-
lowing relation:”

bp= gy — aE'? - ,BEZ/S- (6)

Here « and S are the image force and quantum barrier low-
ering parameters, respectively. The calculations are per-
formed numerically. We have split the model parameters into
two categories, primary and secondary. Primary parameters,
bpo, P, and N,, are extracted from the best GTTT model fit
to measured data. Secondary parameters, «, 3, and the effec-
tive mass m, are assumed based on material properties. All
the parameter values are given in Fig. 5. The GTTT model
fits into the experimental data. The GTT current calculated
using the same parameter values and equations in Appendix
is also shown. This current does not match the experimental
data below 1.75 MV/cm and is lower by more than two
orders of magnitude. For fields higher than 1.75 MV/cm, the
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FIG. 5. GTTT model fit (solid line) to experimental data (points) from Ref.
3 using the parameter values given in the inset. Also shown are the GTT
model results (dashed line) for the same parameter values.
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5.0 AlGaN/GaN HEMT (see Ref. 6).

GTT current matches with the GTTT current because tunnel-
ing below the metal Fermi level dominates over the ther-
mally activated current. The field beyond which GTT
matches with GTTT increases with decreasing ¢;.

Note that Houng et al.’ have employed parameter values
of $,=2.83V, ¢3=2.5V, and N,=8 X 10'*/cm? for fitting
the same measured data. These values are different from
those employed by us. We have found that if these param-
eters are used in the GTT equations given by us in Appendix,
the GTT current is ten orders of magnitude lower than the
measured data. Efforts to raise this current by increasing N,
by ten orders of magnitude result in a curve which passes
through only one of the measured points, because the shape
of the model curve differs significantly from that of the mea-
sured data. The shape of the GTT current depends mainly on
the relative values of ¢, and ¢z and not on N,. Finally, the
value of ¢z used by Houng et al’ is an effective barrier
height, neglecting barrier lowering effects.

lll. THERMIONIC TRAP-ASSISTED TUNNELING (TTT)

Our TTT model [see Fig. 1(d)] incorporates the ther-
mally activated electrons by including the Fermi-Dirac func-
tion ignored in the TT model of Cheng et al." The math-
ematical representation of our TTT model is

qule¢B+¢F< 1 1
4y —_
E Jy4 SeoP1 P2 giangle

Here E is the electric field at the Schottky junction and the
other symbols have the same meaning as in the GTTT model
[ Egs. (1)-(5)] except the effective mass in insulator (m;)
which is replaced by effective mass in semiconductor (m,).
Inclusion of the Fermi-Dirac function in TTT model makes
analytical integration in Eq. (7) difficult. So, in this paper,
TTT model results are obtained numerically.

To show the applicability of the TTT model, we consider
the large reverse leakage7’10 observed in the Schottky-type
gate junction of AIGaN/GaN HEMTs. This current can be as
much as two orders of magnitude more than that in
AlGaAs/GaAs HEMTs.” To reduce this current and thus sup-
press noise and power consumption, it is important to under-
stand its mechanism. In our recent WOI‘k,” we showed that
direct tunneling mechanisms such as thermionic field emis-
sion (TFE), FE, or tunneling through a thin surface barrier'
are unlikely causes of this current, because their high sensi-

Jrrr=

-1
) de. (7)
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FIG. 6. Space charge, electric field, and conduction band diagram along a
horizontal line passing through the center of gate length in AlGaN/GaN
HEMT structure. The device is biased at V;=|V;|, which is the threshold
voltage. The triangular approximation for a fraction of the parabolic barrier
through which the electron tunneling occurs is also shown.

tivity to electric field is in disagreement with the low sensi-
tivity shown by the measured data. As we show below, our
TTT model can explain this current.

The gate current can be written as

I6=SJrrT> (8)

where S denotes the gate area and Jrpr is given in Eq. (7).
The assumption of a triangular approximation for the gate
potential barrier is justified, since the percentage change in
the electric field over the barrier thickness through which
tunneling occurs is small due to the polarization sheet charge
at the heterojunction (see Fig. 6). Thus, the electric field in
the small portion of the AlIGaN layer through which tunnel-
ing occurs is assumed to be constant and equal to the peak
electric field at the gate junction, given by

Vp+gN,d*2
po P taNadice

for Vo< |V.
y o=V

s

)
Vp=Vs+ dg—Adc— dpp.

V,, ¢, Adpe, d, and ¢y, are shown in Fig. 6. The magnitude
of I; saturates for V=V ¥ where Vg is the reverse voltage
magnitude and Vi is the device threshold voltage. This is
because the vertical electric field picture beneath the gate,
which controls I, does not change for V;>|V,|, and the
extra voltage V;—|V;| drops laterally from gate to drain/

J. Appl. Phys. 99, 093701 (2006)
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FIG. 7. TTT model fit (solid lines) to experimental data (points) using the
parameters given in the Table I, and m=0.17m,, y,=0.4, and y;=2.7
X 10 V/K. For device 1, d=200 A and S=1.1X100 um? (see Ref. 7),
and for device 2, d=250 A and S=1X 100 um? (see Ref. 10). For device 2
at 573 K only saturation data are available in Ref. 10.

source. Note that the higher the |V;], the higher is the value
at which /; saturates.

It is necessary to incorporate image force barrier
lowering13 and band gap reduction with temperaturel“‘15
while calculating I [these effects are, however, not to be
included in the V,, formula Eq. (9)]. These effects are given
by the following relation:

q J/_
bp=dgo— v \/_\"E—‘}’TT (10)
mEe

In this I; calculation, ¢gy, ¢, N,, and N, are the primary
parameters extracted from the best model fit to experimental
data, and V,,, ;, vr, &€ (AlGaN), and effective mass m are the
secondary parameters assumed based on material properties.
The assumed values are mS:O.l7mO,6 (average of 0.1my in
metal* and 0.23m, in AlGaN),'® & (AlGaN)=8.9, y,=0.4
(Ref. 6), and v;=2.7x107* V/K.1® V), is calculated using
A¢.=0.4V and ¢4,=02 V [see Eq. (9)].

Consider the experimental I;—V; data of device 1
shown in Fig. 7. These data correspond to a HEMT before
and after plasma treatment and is taken from Ref. 7. Impor-
tant features of these data are as follows. Prior to the plasma
treatment, |V7|=3.2 V, and the current is high and almost
insensitive to temperature between 100 and 300 K. After
treatment, | V| reduces to 2 V; the saturation /; is suppressed
but becomes sensitive to temperature, increasing by a factor
of ~30 from 100 to 300 K. We could fit our model into
these data as shown in Fig. 7. The parameters extracted from
this fit are given in Table I. The trap location (¢,) extracted

TABLE 1. Extracted model parameters.

Parameter Device 1° Device 1° Device 2
bpo(V) 1.44 1.44 1.5
¢,(V) 0.85 0.78 0.79
N,(cm™) 2X10'° 510" 3x 10
Np(em™) 4.8x10" 1.9x10'® 3.1x10'®

“Before plasma treatment.
PAfter plasma treatment.
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from the data prior to the plasma treatment is 0.85 V below
the conduction band edge. Plasma treatment moves the trap
location up to 0.78 V below the conduction band edge and
suppresses N, by a factor of ~40 and N, by a factor of ~2.5.
The reduction in N, is solely responsible for the observed
reduction in |V,| from 3.2 to 2 V due to plasma treatment.
The reduction in |V;| and N, is responsible for the decrease in
I;. The reduction in ¢, from 0.85 to 0.78 V causes the in-
creased temperature dependence of /;. Thus we conclude
that the gate current at 100 and 300 K is dominated by TTT,
independent of the processes such as plasma treatment used
in device fabrication. To illustrate the importance of TTT at
higher temperatures, we consider device 2 in Fig. 7, whose
measured [I; rises by an order of magnitude from
300 to 573 K.'” As can be seen, our model successfully pre-
dicts this reported I; data also. The parameters used in this
prediction appear in Table 1. The extracted ¢p, of device 2
with d=250 A is 0.06 V more than that of device 1 with d
=200 A. This is consistent with observations in Ref. 17 that
g increases with AlGaN layer thickness (d). Further, ¢g
and N, affect both TTT and direct tunneling (TFE and FE)
which are present in parallel.6 The values of these parameters
are such that TTT current dominates over the direct tunneling
current (which cannot fit the shape of the leakage current).

It is of interest to compare the present model with our
earlier model® of the gate leakage current in AlGaN/GaN
HEMTs. In that model,6 two different mechanisms were re-
quired to explain the data of Fig. 7; while the current at 100
and 300 K was explained using trap-assisted tunneling
through a band of traps, the current at 573 K was explained
using direct tunneling (TFE). However, in the present paper,
a single mechanism, namely, TTT, is used to explain the
current behavior over the entire temperature range. Also, this
mechanism based on a single trap level is much simpler than
the trap-assisted tunneling based on a trap band.’

IV. CONCLUSION

We proposed two trap-assisted tunneling models, which
take into account the extra electron tunneling above the
metal Fermi level due to thermal activation. One model is
called generalized thermionic trap-assisted tunneling (GTTT)
which includes flow through both triangular and trapezoidal
barriers. We showed how this model predicts the leakage
current through MIS structures at low fields. Low field cur-
rent measurements at higher temperature will provide further
evidence of the presence of GTTT current. Another model is
called thermionic trap-assisted tunneling (TTT), which oc-
curs through only triangular barrier. We discussed the appli-
cation of this model to the reverse gate leakage in
AlGaN/GaN HEMTs. The proposed models are useful to
predict the leakage currents in modern electronic devices.

APPENDIX

Here we present the equations for the GTT model pro-
posed in Ref. 5, with a significant modification that the inte-
gration of the current equation is carried out with respect to
energy ¢ rather than the distance x. This modification clearly
reveals the integration limits associated with triangular and

J. Appl. Phys. 99, 093701 (2006)

trapezoidal components. It also brings out a minimum field
condition on the GTT current, which is not discussed in Ref.
5. We have used this modified GTT model for the GTT cur-
rent calculations in this paper. This model has two different
current equations for two different cases. For ¢,<<¢p, the
mathematical representation of this model is given by

gCN,| [?*E1 (1 1 -1
Jorr= E P_ + P— d¢
bp 1 2_trapezoid
for E,, <E< %, (A1)
CN,| (%[ 1 1\
JGTT:[IP; t“ (P_+P ) @
bp 1 2_triangle

¢+Ed 1 1 -1
+f <—+—> | forE> 28
Ed P 1 P 2_trapezoid d

(A2)

Note that the integration limit starts from ¢y and not from

¢,, because in this model tunneling above the metal Fermi

level is not considered. E;, is the minimum field, below

which the GTT current is zero due to the absence of traps

below ¢y [see Fig. 2(a)], and is given by
d’h - ¢t

Enin= .

P, (A3)

For ¢,> ¢p, the mathematical representation of this model is

o 9CN, fq"*Ed( L, 1 )-1d¢
GIT= I
E b, P 1 P 2_trapezoid
for E < ﬂ, (A4)
d
gCN,| ([ 1 1\
Jorr="_" f —+— | d¢
E b, P 1 p 2_triangle

(ﬁt+Ed 1 1 -1 ¢t
+ —+———| d¢| forE>-.
Ed P 1 P 2_trapezoid d

(A5)

Since ¢,> ¢p, the integration limit starts from ¢, and not
from ¢p. All the symbols in the above equations are same as
in Egs. (1)=(5).
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