Thermionic trap-assisted tunneling model and its application to leakage current in
nitrided oxides and Al Ga N Ga N high electron mobility transistors
D. Mahaveer Sathaiya and Shreepad Karmalkar
Citation: Journal of Applied Physics 99, 093701 (2006); doi: 10.1063/1.2191620
View online: http://dx.doi.org/10.1063/1.2191620
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/99/9?ver=pdfcov
Published by the AIP Publishing
Articles you may be interested in
Analysis of leakage current mechanisms in Schottky contacts to GaN and Al 0.25 Ga 0.75 N Ga N grown by
molecular-beam epitaxy
J. Appl. Phys. 99, 023703 (2006); 10.1063/1.2159547
Enhancement of both direct-current and microwave characteristics of Al Ga N Ga N high-electron-mobility
transistors by furnace annealing
Appl. Phys. Lett. 88, 023502 (2006); 10.1063/1.2162092
120 - nm -T-shaped- Mo Pt Au -gate Al Ga N Ga N high electron mobility transistors
J. Vac. Sci. Technol. B 23, L13 (2005); 10.1116/1.2013315
Effect of thermal annealing on 120 nm -T-shaped- Ti Pt Au -gate Al Ga N Ga N high electron mobility
transistors
J. Vac. Sci. Technol. B 23, 895 (2005); 10.1116/1.1897706
Characteristics of n + –p junction leakage induced by tantalum pentoxide gate insulator and gate reoxidation
Appl. Phys. Lett. 78, 3244 (2001); 10.1063/1.1370983

[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
163.118.172.206 On: Mon, 25 Aug 2014 10:44:33

JOURNAL OF APPLIED PHYSICS 99, 093701 共2006兲

Thermionic trap-assisted tunneling model and its application
to leakage current in nitrided oxides and AlGaN / GaN high
electron mobility transistors
D. Mahaveer Sathaiyaa兲 and Shreepad Karmalkar
Department of Electrical Engineering, Indian Institute of Technology, Madras 600 036, India

共Received 5 January 2006; accepted 8 March 2006; published online 11 May 2006兲
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 共GTTT兲, which considers tunneling through both triangular and trapezoidal barriers
present in metal insulator semiconductor 共MIS兲 structures. The second model is called thermionic
trap-assisted tunneling 共TTT兲, 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. 关DOI: 10.1063/1.2191620兴
I. INTRODUCTION

Trap-assisted tunneling is widely regarded to be the
mechanism of the leakage current through nitrided and tunnel oxides1 and the stress-induced leakage current 共SILC兲.2
Using this mechanism, Suzuki and Schroder3 explained the
enhanced conduction through nitrided oxide at low fields
共⬍4 MV/ cm兲. Later Cheng et al.1 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.4
Houng et al.5 showed that trap-assisted tunneling at low
fields occurs through a trapezoidal barrier 关see Fig. 1共a兲兴 and
proposed a generalized model including both trapezoidal and
triangular barrier tunneling components. In our previous
work,6 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 共HEMTs兲.
In the present article, GTT denotes the existing model of
generalized trap-assisted tunneling through both triangular
and trapezoidal barriers 关see Fig. 1共a兲兴 present in metal insulator semiconductor 共MIS兲 structures. On the other hand, TT
denotes the existing model of trap-assisted tunneling only
through a triangular barrier 关see Fig. 1共b兲兴 seen in modern
Schottky junctions such as gate junction of AlGaN / GaN
HEMTs.6,8
Refer to the GTT and TT models shown in Figs. 1共a兲 and
1共b兲. Here the electron tunneling is assumed to take place
below the metal Fermi level, irrespective of the location of
the trap level 共t兲 with respect to this Fermi level. In Fig. 1
the metal Fermi level is located at the point  = B, where B
denotes the barrier height. Possible electron tunneling above
the Fermi level for t ⬍ B due to thermal activation, shown
a兲
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in Figs. 1共c兲 and 1共d兲, has been neglected in these models. As
we show in this paper, the tunneling current including thermal 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 thermionic trap-assisted tunneling 共GTTT兲 关see Fig. 1共c兲兴 and
thermionic trap-assisted tunneling 共TTT兲 关see Fig. 1共d兲兴.
Here, the word “thermionic” denotes the thermally activated
electrons. First we present the GTTT model and its application to leakage current in MIS structures with nitrided oxide

FIG. 1. Device structure and energy band diagrams of reverse biased MIS
structure and Schottky diode. The existing GTT 共a兲 and TT 共b兲 models and
the proposed GTTT 共c兲 and TTT 共d兲 models are shown. t is the trap ionization energy and B is the barrier height.
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as insulator. Then we present the TTT model and its applications to the gate leakage current in AlGaN / GaN HEMTs.
II. GENERALIZED THERMIONIC TRAP-ASSISTED
TUNNELING „GTTT…

Our GTTT model, shown in Fig. 1共c兲, incorporates the
thermally activated electrons by including the Fermi-Dirac
function ignored in the GTT model of Houng et al.5 Additional differences between the GTT and GTTT models will
be discussed shortly. The equation for our GTTT model is
given by
JGTTT =

qCtNt
E
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where E is the electric field across the insulator, d is the
insulator thickness, Nt is the uniform trap concentration, f FD
is the Fermi-Dirac function given by
f FD =

1
,
1 + exp关q共B − 兲/kT兴

共3兲

P1, P2គtriangle, and P2គtrapezoid are the tunneling probabilities
based on WKB approximations for the two-step process 关see
Fig. 1共c兲兴,
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FIG. 2. Energy band diagram of a reverse biased MIS structure for Ed
⬍ t 共a兲 corresponding to Eq. 共1兲 and for Ed ⬎ t 共b兲 corresponding to
Eq. 共2兲.

In Fig. 3, we show the calculations of the total tunneling
current togther with its triangular and trapezoidal components, for a typical metal-nitrided oxide-semiconductor structure 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 艋 共t / d兲 and through the triangular barrier at
high fields E Ⰷ 共t / d兲. The triangular component is zero for
E ⬍ 共t / d兲, because traps are not present in the triangular
barrier region for this condition, as seen from the energy
band diagram of Fig. 2共a兲. Also, it is seen that the GTTT
current at 400 K is more than that at 300 K due to the increase in thermally activated electron tunneling with temperature.
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 关see Fig. 4共a兲兴. But at high fields,
the difference between GTTT and GTT currents is small 关see
Fig. 4共b兲兴. This is because, as the field increases, the tunneling 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 model5 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 t ⬍ B,

共4兲
4

and Ct is the trap energy dependent rate constant given by
Ct =

冉 冊
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1 = 0.2 V.

共5兲

Apart from the presence of the Fermi-Dirac function, Eqs.
共1兲 and 共2兲 differ from the equation of Houng et al. in the
following respects. The GTT model5 integrates the current
equation with respect to distance 共x兲 and does not explain the
integration limits for triangular and trapezoidal barrier tunnelings. In contrast, our model integrates with respect to the
energy 共兲 关see Eqs. 共1兲 and 共2兲兴 and thus allows easy visualization of the integration limits directly from the energy
band diagram. The limits in Eqs. 共1兲 and 共2兲 can be understood from the band diagrams shown in Figs. 2共a兲 and 2共b兲,
respectively.

FIG. 3. Total tunneling current 共JGTTT兲 togther with its triangular 共Jtriangle兲
and trapezoidal 共Jtrapezoid兲 components over the electric field range of
0 – 5 MV/ cm. Only the total current 共JGTTT兲 is shown for T = 400 K. Here
calculations are based on the parameter values given in the inset. Nt is the
trap concentration, m is the effective mass, and d is the insulator thickness.
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FIG. 4. GTTT current 共solid line兲 at temperature T
= 300 K and GTT current 共dashed line兲 for low electric
field range 共a兲 and high electric field range 共b兲. Parameter values used for GTTT and GTT are given in the
inset in Fig. 3; t = 1.6 V. These values correspond to
nitrided oxide 共see Ref. 5兲. Also shown are the TTT
current 共solid line兲 at T = 300 K and TT current 共dashed
line兲 in 共a兲. Parameter values used for TTT and TT are
given in the inset in 共a兲. These values correspond to
AlGaN / GaN HEMT 共see Ref. 6兲.

the GTT is zero for fields below Emin 共see Appendix兲, because 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 t ⬍ B and t ⬎ B.
In contrast, the equations for these two cases are different in
the GTT model 共see Appendix兲. Hence, the t 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 following relation:9

B = B0 − ␣E1/2 − ␤E2/3 .

共6兲

Here ␣ and ␤ are the image force and quantum barrier lowering parameters, respectively. The calculations are performed numerically. We have split the model parameters into
two categories, primary and secondary. Primary parameters,
B0, t, and Nt, are extracted from the best GTTT model fit
to measured data. Secondary parameters, ␣, ␤, and the effective 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

FIG. 5. GTTT model fit 共solid line兲 to experimental data 共points兲 from Ref.
3 using the parameter values given in the inset. Also shown are the GTT
model results 共dashed line兲 for the same parameter values.

GTT current matches with the GTTT current because tunneling below the metal Fermi level dominates over the thermally activated current. The field beyond which GTT
matches with GTTT increases with decreasing t.
Note that Houng et al.5 have employed parameter values
of t = 2.83 V, B = 2.5 V, and Nt = 8 ⫻ 1014 / cm3 for fitting
the same measured data. These values are different from
those employed by us. We have found that if these parameters 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 Nt
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 measured data. The shape of the GTT current depends mainly on
the relative values of t and B and not on Nt. Finally, the
value of B used by Houng et al.5 is an effective barrier
height, neglecting barrier lowering effects.

III. THERMIONIC TRAP-ASSISTED TUNNELING „TTT…

Our TTT model 关see Fig. 1共d兲兴 incorporates the thermally activated electrons by including the Fermi-Dirac function ignored in the TT model of Cheng et al.1 The mathematical representation of our TTT model is
JTTT =

qCtNt
E
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Here E is the electric field at the Schottky junction and the
other symbols have the same meaning as in the GTTT model
关 Eqs. 共1兲–共5兲兴 except the effective mass in insulator 共mI兲
which is replaced by effective mass in semiconductor 共ms兲.
Inclusion of the Fermi-Dirac function in TTT model makes
analytical integration in Eq. 共7兲 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 AlGaN / GaN HEMTs. This current can be as
much as two orders of magnitude more than that in
AlGaAs/ GaAs HEMTs.7 To reduce this current and thus suppress noise and power consumption, it is important to understand its mechanism. In our recent work,11 we showed that
direct tunneling mechanisms such as thermionic field emission 共TFE兲, FE, or tunneling through a thin surface barrier12
are unlikely causes of this current, because their high sensi-
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FIG. 7. TTT model fit 共solid lines兲 to experimental data 共points兲 using the
parameters given in the Table I, and ms = 0.17m0, ␥1 = 0.4, and ␥T = 2.7
⫻ 10−4 V / K. For device 1, d = 200 Å and S = 1.1⫻ 100 m2 共see Ref. 7兲,
and for device 2, d = 250 Å and S = 1 ⫻ 100 m2 共see Ref. 10兲. For device 2
at 573 K only saturation data are available in Ref. 10.

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 VG = 兩VT兩, 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 sensitivity shown by the measured data. As we show below, our
TTT model can explain this current.
The gate current can be written as
共8兲

IG = SJTTT ,

where S denotes the gate area and JTTT is given in Eq. 共7兲.
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 共see Fig. 6兲. Thus, the electric field in
the small portion of the AlGaN layer through which tunneling occurs is assumed to be constant and equal to the peak
electric field at the gate junction, given by

E=

V P + qNdd2/2
d

for VG 艋 兩VT兩,
共9兲

source. Note that the higher the 兩VT兩, the higher is the value
at which IG saturates.
It is necessary to incorporate image force barrier
lowering13 and band gap reduction with temperature14,15
while calculating IG 关these effects are, however, not to be
included in the V p formula Eq. 共9兲兴. These effects are given
by the following relation:6

B = B0 − ␥I

q
冑E − ␥TT.


共10兲

In this IG calculation, B0, t, Nt, and Nd are the primary
parameters extracted from the best model fit to experimental
data, and V p, ␥I, ␥T,  共AlGaN兲, and effective mass m are the
secondary parameters assumed based on material properties.
The assumed values are ms = 0.17m0,6 共average of 0.1m0 in
metal4 and 0.23m0 in AlGaN兲,16  共AlGaN兲 = 8.9, ␥1 = 0.4
共Ref. 6兲, and ␥T = 2.7⫻ 10−4 V / K.16 V p is calculated using
⌬c = 0.4 V and  fb = 0.2 V 关see Eq. 共9兲兴.
Consider the experimental IG − VG 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. Important features of these data are as follows. Prior to the plasma
treatment, 兩VT兩 = 3.2 V, and the current is high and almost
insensitive to temperature between 100 and 300 K. After
treatment, 兩VT兩 reduces to 2 V; the saturation IG 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 共t兲 extracted
TABLE I. Extracted model parameters.

V P = VG + B − ⌬C −  fb .
V p, B, ⌬C, d, and  fb are shown in Fig. 6. The magnitude
of IG saturates for VG 艌 兩VT兩,8 where VG is the reverse voltage
magnitude and VT is the device threshold voltage. This is
because the vertical electric field picture beneath the gate,
which controls IG, does not change for VG ⬎ 兩VT兩, and the
extra voltage VG − 兩VT兩 drops laterally from gate to drain/

冑

Parameter

Device 1a

Device 1b

Device 2

B0共V兲
t共V兲
Nt共cm−3兲
ND共cm−3兲

1.44
0.85
2 ⫻ 1016
4.8⫻ 1018

1.44
0.78
5 ⫻ 1014
1.9⫻ 1018

1.5
0.79
3 ⫻ 1015
3.1⫻ 1018

a

Before plasma treatment.
After plasma treatment.

b
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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 Nt by a factor of ⬃40 and Nd by a factor of ⬃2.5.
The reduction in Nd is solely responsible for the observed
reduction in 兩VT兩 from 3.2 to 2 V due to plasma treatment.
The reduction in 兩VT兩 and Nt is responsible for the decrease in
IG. The reduction in t from 0.85 to 0.78 V causes the increased temperature dependence of IG. 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 IG rises by an order of magnitude from
300 to 573 K.10 As can be seen, our model successfully predicts this reported IG data also. The parameters used in this
prediction appear in Table I. The extracted B0 of device 2
with d = 250 Å is 0.06 V more than that of device 1 with d
= 200 Å. This is consistent with observations in Ref. 17 that
B0 increases with AlGaN layer thickness 共d兲. Further, B0
and Nd affect both TTT and direct tunneling 共TFE and FE兲
which are present in parallel.6 The values of these parameters
are such that TTT current dominates over the direct tunneling
current 共which cannot fit the shape of the leakage current兲.
It is of interest to compare the present model with our
earlier model6 of the gate leakage current in AlGaN / GaN
HEMTs. In that model,6 two different mechanisms were required 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 共TFE兲. 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.6

J. Appl. Phys. 99, 093701 共2006兲

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 current calculations in this paper. This model has two different
current equations for two different cases. For t ⬍ B, the
mathematical representation of this model is given by
JGTT =

APPENDIX

Here we present the equations for the GTT model proposed in Ref. 5, with a significant modification that the integration 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

冋冕 冉
t+Ed

B

for Emin ⬍ E 艋

JGTT =

qCtNt
E

冋冕 冉
Ed

B

冕 冉
t+Ed

+

Ed

1
1
+
P1 P2គtrapezoid

冊 册
−1

d

B
,
d

共A1兲

1
1
+
P1 P2គtriangle

1
1
+
P1 P2គtrapezoid

冊

−1

d

冊 册
−1

d

for E ⬎

B
.
d
共A2兲

Note that the integration limit starts from B and not from
t, because in this model tunneling above the metal Fermi
level is not considered. Emin is the minimum field, below
which the GTT current is zero due to the absence of traps
below B 关see Fig. 2共a兲兴, and is given by
Emin =

b − t
.
d

共A3兲

For t ⬎ B, the mathematical representation of this model is
JGTT =

qCtNt
E

冋冕 冉
t+Ed

t

for E 艋

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 共GTTT兲
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 current measurements at higher temperature will provide further
evidence of the presence of GTTT current. Another model is
called thermionic trap-assisted tunneling 共TTT兲, which occurs through only triangular barrier. We discussed the application 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.
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Since t ⬎ B, the integration limit starts from t and not
from B. All the symbols in the above equations are same as
in Eqs. 共1兲–共5兲.
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