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The electrical characteristics and reverse leakage mechanisms of tetramethylammonium hydroxide (TMAH)
surface-treated Ni/Au/Al,Os/GaN metal-insulator-semiconductor (MIS) diodes were investigated by using the
current-voltage (I-V) and capacitance-voltage (C-V) characteristics. The MIS diode was formed on n-GaN after
etching the AlGaN in the AlGaN/GaN heterostructures. The TMAH-treated MIS diode showed better Schottky
characteristics with a lower ideality factor, higher barrier height and lower reverse leakage current compared to
the TMAH-free MIS diode. In addition, the TMAH-free MIS diodes exhibited a transition from Poole-Frenkel
emission at low voltages to Schottky emission at high voltages, whereas the TMAH-treated MIS diodes showed
Schottky emission over the entire voltage range. Reasonable mechanisms for the improved device-performance
characteristics in the TMAH-treated MIS diode are discussed in terms of the decreased interface state density or
traps associated with an oxide material and the reduced tunneling probability.
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1. INTRODUCTION

The wide-band gap semiconductor, gallium nitride (GaN),
has attracted considerable attention because of its potential
applications in high-power, high-frequency, and optoelectronic
devices."”! In particular, AIGaN/GaN heterostructures are
capable of handling current densities than other /II-V
heterostructures because of the higher two-dimensional
electron gas (2DEG) density accumulated at the hetero-
junction." In different device structures, GaN metal-insulator-
semiconductor (MIS) structures are promising because of
the large gate forward voltage swing, small gate leakage
current, and surface passivation effect suppressing the drain
current collapse.” Recently, using atomic layer deposition
(ALD), ALO; was explored and developed as a gate
insulator for GaN MOSFETs and MOS-HEMTs, due mainly
to its ability to form normally-off high voltage power
switching devices.”® In MIS structures, acquiring a high-
quality insulator, such as Al,O; on a GaN surface, after
etching the AlGaN layer in the Schottky region is very
critical due to the roughened surface morphology and physical
damage caused by plasma etching. This surface morphology
and damage can result in the accumulation of crystal defects
at the insulator-semiconductor interface, which gives rise to
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poor Schottky characteristics of the MIS structures. Therefore,
it is important to eliminate the unfavorable effects related to
Schottky recess etching.

Tetramethylammonium hydroxide (TMAH), as an alkaline
solution, can cause hydrolytic scission and anisotropic
etching features compare to other anisotropic solutions, such
as KOH, NaOH, CsOH, and NH,OH."* Although TMAH
has a lower etch rate, it exhibits outstanding characteristics,
such as high selectivity between silicon and their oxide
materials without an absence of harmful ions. In particular,
TMAH is believed to be a good solution for obtaining a
better anisotropic etchant for GaN-based materials.*” The
TMAH treatment is useful for improving the surface roughness,
reducing undercutting at convex corners, and removing
surface damage caused by plasma etching.

Many researchers have explored a range of metal-insulator-
semiconductor schemes for the fabrication of GaN-based
MIS devices with different surface treatments.""*"*! Hashizume
et al."" examined the defect-related surface states of plasma-
exposed n-GaN surface by H, and N, plasma. They reported
an anomalous flat portion in the MIS C-V characteristics
for the sample exposed to H, plasma. They suggested that a
nitrogen-vacancy-related state near the conduction-band
edge was introduced to the Hp-plasma-treated GaN surface.
No such effects were observed on N,-plasma-treated GaN
surfaces. Qian et al.!"'"! investigated the enhancement of the
performance of ALO;/AlGaN/GaN metal-insulator-semicon-
ductor high electron mobility transistors (MISHEMTs) by a
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N, plasma treatment. They showed that the gate leakage was
decreased by two orders of magnitude after pretreating the
AlLOy/AlGaN interface with N, plasma. Lin ef a/.""? examined
the praseodymium-oxide (Pr,O;) passivated AlGaN/GaN
MIS-HEMTs with a high dielectric constant, in which the
AlGaN Schottky layers were treated with P,Ss/(NH4),S, +
ultraviolet (UV) illumination. They showed that these surface-
treated devices are suitable to low-noise applications. Tsuji
et al"*" used (NH,),S, and SiH, as wet-chemical and plasma
treatments on a GaN surface. They reported that the ultra-
clean interface of passivation layer and the GaN surface.
Previous studies''*"”! reported that the first is the improvement
in the normally-off Al,O;/GaN MOSFETs by applying a
simple TMAH treatment as a post gate recess etching
process, and the second is the influence of a TMAH treatment
on the electrical characteristics of Ni/Auw/GaN Schottky
barrier diodes. The TMAH treatment was found to be quite
effective in improving the device-performance characteristics
of both devices. However, few studies have examined
anisotropic etchant to metal-insulator-GaN contacts. To the
best of the authors’ knowledge, the TMAH etchant has not
been explored as a surface treatment on MIS diodes.

With this aim in mind, in this present work, Ni/Auw/AL,Os/
GaN MIS Schottky structures were fabricated with TMAH
treatment and their electrical properties were fabricated
using current-voltage (/-V) and capacitance-voltage (C-V)
techniques. The first aim of this study was to compare the
Schottky barrier height (@), ideality factor (n), series
resistance (Rs), built-in potential (¥;), and donor concentration
(Np) of TMAH-free and TMAH-treated Ni/Au/Al,Os/GaN
MIS diodes. The second was to estimate the interface state
density (Nss) of the TMAH-free and TMAH-treated Ni/Aw/
ALOs;/GaN MIS diodes. The third was to investigate the
carrier transport mechanisms using the reverse /-J charac-
teristics of both MIS diodes.

2. EXPERIMENTAL TECHNIQUE AND ELEC-
TRICAL CHARACTERISTICS

The AlGaN/GaN heterostructure was grown on a sapphire
substrate by metal-organic chemical vapor deposition. The
structure consisted of a low-temperature (LT) GaN nucleation
layer, a 2 um-thick undoped GaN layer, and a 25 nm-thick
AlGaN barrier layer. To fabricate the MIS diode, the active
region of the device was isolated by a transformer-coupled-
plasma reactive ion etching using a BCly/Cl, gas mixture.
The AlGaN layer in the Schottky region was fully recessed
using the same gas mixture. The exposed GaN surface was
treated with a TMAH solution at 85°C for 10 min to smooth
the surface and remove plasma damage. A 3 nm-thin AL,Os
insulator layer was then deposited by ALD on the GaN
surfaces after the TMAH treatment. Ohmic contacts were
formed by annealing a Ti/Al/Ni/Au (12/200/40/100 nm)

scheme by rapid thermal annealing in a N, environment for
30 sec at 850°C. Finally, Schottky contacts were formed by
evaporating a Ni/Au (100/120 nm) layer. A TMAH-free Ni/
AW/ALO5/GaN MIS diode was also fabricated for comparison.
A precision semiconductor parameter analyzer (Agilent-
4155 C) and a precision LCR meter (Agilent-4248 A) were
used to carry out the electrical measurements.

The diode parameters can be extracted from the thermionic

emission (TE) mechanism using the following equation:!'*!”
_ q( V—]Rs)) (q( V—IRs))
I—Ioexp( = [l—exp = } (1)

where /, is the saturation current density derived from the
straight line of In(/) at V=0, which is expressed as /,=
AA" T'exp[—q D:,/kT], where g is the electron charge, k is the
Boltzmann constant, 4 is the contact area, A" is the Richard-
son constant (26.4 Acm °K?), T is the temperature, and @,
is the Schottky barrier height. @, can be evaluated using the
following equation:

v kT (AA*TZ)’

D, = ?ln T (2a)
and the ideality factor can be given by
_ _q_T(ﬂ)
" kT\dinl (20)

The capacitance per unit area, C, of a Schottky diode under

a reverse bias V is given by the depletion capacitance!'®!
+V,.

L2V 5

¢ qeNpA
where V is the reverse bias voltage, V3, is the built-in
potential, and Np is the doping concentration. The diffusion
potential or built-in potential is normally measured by
extrapolating the 1/C* vs. Vz plot to the x-axis. The zero-bias
barrier height from the C-V measurement is defined as
& =V, +kT/g+ ®,, where @, = (kT/g)ln(No/Np) is the
density of states in the conduction band edge is given by
Ne=2Qmm kT/W*)"?, where m" = 0.22my, and its value was
2.6 x 10" cm™ for GaN at room temperature.!"”!

3. RESULTS AND DISCUSSION

3.1 Current-voltage (I-V) characteristics

Figure 1 shows the /-V characteristics of TMAH-free and
TMAH-treated Ni/Aw/ALL,Os/GaN MIS diodes measured at
room temperature. The inset in Fig. 1(a) presents a schematic
cross-sectional diagram of the investigated Ni/Auw/ALOs/
GaN MIS diode. The red arrow lines shown in the inset is a
model of the MIS diodes with/without a TMAH treatment.
Using equations (2a) and (2b), the calculated barrier height
and ideality factor were 0.74 eV and 1.39 for the TMAH-
free, and 0.84 eV and 1.12 for the TMAH-treated MIS
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Fig. 1. IV characteristics plot of the TMAH-free and TMAH-treated
Ni/Au/AlLOs/GaN MIS diodes at room temperature. The inset shows
(a) schematic cross section of the Ni/Au/Al,Os/GaN MIS diodes, (b)
TMAH-free, and (c) TMAH-treated interface.

diodes, respectively. This suggests that the TMAH treatment
affects the increase in barrier height and decrease in the
ideality factor. In addition, the TMAH-treated MIS diode has
a much lower reverse leakage current than the TMAH-free
MIS diode. The increase in barrier height of the MIS diode
after the TMAH treatment has two possible explanations.
The first explanation was attributed to a decrease in the
electron tunneling effect between the TMAH-treated GaN
and ALOs;. After gate recess etching, sharp protrusions
formed on the GaN surface, and the leakage currents at
much lower bias voltages were increased by the increased
trap-assisted and/or direct tunneling probability of electrons.""
Previous investigations'"” reported that the TMAH treatment
after recess etching is quite effective in improving the
surface smoothness. Therefore, a smooth surface (after the
treatment) causes a decrease in the tunneling effect, and an
increase in the overall barrier height.”” The second
explanation is that the increased barrier height after the
TMAH treatment may be associated with increased surface
energy band-bending (SEBB) by the effective removal of a
plasma-induced surface oxide (Ga,O,) on the GaN. Oxide
removal means the structural recovery of the etched GaN
surface, and the SEBB can be adjusted by normal carriers
near the GaN surface instead of oxygen-related defects with
an inhomogeneous oxygen composition and occupying
deep-level energy states. Eventually, the SEBB is strongly
affected by the normal carrier interaction and increases.
Therefore, the increased barrier height can be related to the
increased SEBB.

From the standpoint of the reduced tunneling probability
of electrons, the decrease in the ideality factor for the
TMAH-treated MIS diode toward the ideal value of unity
can be described well. Basically, the ideality factor for ideal
diodes should be unity. On the other hand, low Schottky

barrier height patches caused by a laterally inhomogeneous
barrier can exist due to the particular distribution of interface
states, the image force effect, recombination-generation, and
tunneling”'** in single crystalline semiconductors having
some imperfections, and they could be responsible for the
higher ideality factor. As an another description, an improve-
ment of the ideality factor for the TMAH-treated MIS diode
can be achieved in the reduction of fabrication-induced
defects at the interface'! and the applying-bias dependence
on the barrier height at the real MIS interfaces.*"

The ideality factor calculated from the slope of the linear
portion of the /-V characteristics includes the effects of the
interfacial parameters rather than that of the series resistance.
To determine the diode parameters, such an n, @, and Rs,

the functions of Cheung method can be obtained as follows:*!

a%/] — IRs+ n(%T) @)
. nkT I
H(I) = V—Tln(AA* sz (5a)
and
H(I) = n®,, + IR (5b)

where @, is obtained from data of the downward curvature
region in the forward bias /-V plots. Figure 2 show plots of
av/dinl vs. I and H(I) vs. I for the TMAH-free MIS diode
and TMAH-treated MIS diode, respectively. In the plot of
dv/dinl vs. I, Rs is the slope and nkT/q is the y-axis intercept
using Eq. (4). From Egs. (5a) and (5b), linear curve fitting of
the curve yielded Rs from the slope and @, from the ordi-
nate using the value of the ideality factor obtained from Eq.
(2b). From Fig. 2, the values of Rs and n were determined to
be 631.86 Q and 1.41 from the dV/dinl vs. I plot (solid
square) for the TMAH-free MIS diode. Rs and @&, were also
calculated to be 621.73 Q and 0.72 eV from the H(J) vs. [
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Fig. 2. dV/dIn I versus I and H(I) versus [ plots of TMAH free and
TMAH-treated Ni/Auw/AL,O5/GaN MIS diodes.
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plot (open square) of the TMAH-free MIS diode, respec-
tively. The Ry and » of the TMAH-treated MIS diode were
693.04 Q and 1.14 using dV/dInl vs. I plot (solid circle), and
688.57 Q and 0.82 eV using the H([) vs. I plot (open circle),
respectively. The parameters obtained from the Cheung
method are similar to those from the TE method. The
TMAH treatment results in a considerable reduction of the
Rs.

3.2 Capacitance-voltage (C-V)) characteristics

In the C-V measurements, the interface states are unable to
respond to the ac signal at a very high frequency (1 MHz). In
Fig. 3, to estimate the built-in potential (V}), the doping
concentration (Np), and barrier height ( @), plots of 1/C*
vs. Vr were carried out at 1 MHz for the TMAH-free and
TMAH-treated MIS diodes. The calculated values of V;, Np
and @} for the TMAH-free MIS diode were determined to
be 0.93 V,4.31 x 10'°cm™ and 1.03 eV, respectively. For the
TMAH-treated MIS diode, V;;, Np, and @,,COV were found to
be 1.05 V, 4.03 x 10" cm™ and 1.16 eV, respectively. The
comparisons for both MIS diodes showed that the barrier
heights from the C-V method were larger than those from the
I-V and Cheung methods. These differences may be associated
with a number of factors including the traps in the depletion
layer, effective contact area variation, interfacial layer, and
charge in surface states.”*” In addition, the apparent
decrease in the doping concentration for the TMAH-treated
MIS diode might account for invoking interface states in
equilibrium with the semiconductor and/or traps associated
with the oxide. Table 1 lists the significant parameters of the
TMAH-free and TMAH-treated MIS diodes.

3.3 Effect of interface state density (/Vss)
Using the C-V and /-V measured data, the interface state
density (Nss) with respect to the bandgap (Ec-Ess) was
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Fig. 3. C versus V plots of TMAH free and TMAH-treated Ni/Au/
ALO5/GaN MIS diodes.

Table 1. Various parameters determined from the /- and C-V charac-
teristics of TMAH-free and TMAH-treated Ni/Au/Al,Os/GaN MIS

diodes.
Sample TMAH-fee TMAH-treated
IV, @, (eV) 0.74 0.84
Ideality factor ( n) 1.39 1.12
av/dini, (n) 1.41 1.14
H(D), @, (eV) 0.72 0.82
dv/dinl, Rs (Q) 631.86 693.04
H(]), Rs (Q) 621.73 688.57
C-V, @, (eV) 1.03 1.16
Nssx 107 (eV'em™) 9.21-0.74 1.09-0.13
evaluated for the MIS diode using Eq. (6)**
1 5i( Es }
N == =l (n(N-1)—— 6
R (CURIS ©

where ¢is the thickness of the insulator layer (Al,Os) and W)y
is the depletion layer width that can be obtained from the
1/C*~V measurements at sufficiently high frequency (f >
1 MHz). The depletion layer thickness was calculated using
Wp=2&V,/qNp . The values of & and & for ALO; layer
and GaN were 9.8¢, and 9.5¢,, respectively. The voltage
dependent ideality factor n(}) can be expressed as n(V)=
qV/kTIn(l/1,)]. The voltage dependence of the effective bar-
rier height @, is contained in the ideality factor (n) through
the following equations:

do, 1

dV_'B_l_n(V) @
and

D, = D, +pV (®)

where [ is the voltage coefficient of @&,. Moreover, to con-
sider a MIS diode containing the interface states in equilib-
rium, the ideality factor becomes greater than unity, as
proposed by Card and Rhoderick,” and is given by
n(V)y=1+d¢gle/Wp+Ng]. The energy of the interface
states Ess with respect to the bottom of the conduction band
edge can be expressed as’™*">")

Ec—Eg=q(D,-V). )

Figure 4 shows the N distribution of the TMAH-free and
TMAH-treated MIS diodes below the conduction band (Ec—
Ess). Ngs showed an exponential increase with bias from
some above the mid gap towards the top of the conduction
band. The magnitude of the Nss, as determined by Terman’s
method”” was 9.21 x 10”eV 'em ™ (E-— 0.24 eV) to 7.38 x
10" eV 'em™ (Ec—0.66 eV) and 1.09 x 10 eV 'em ™ (Ec—
0.27 eV)to 1.25 x 10" eV'em™ (Ec— 0.79 eV) for TMAH-
free and TMAH-treated MIS diodes, respectively. The
TMAH-free MIS diode was approximately one order
magnitude higher than the TMAH-treated MIS diode.

Electron. Mater. Lett. Vol. 10, No. 2 (2014)
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Fig. 4. Density of profiles (Nss) as a function of Ec— Ess TMAH free
and TMAH-treated Ni/Au/AL,O;/GaN MIS diodes.
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Generally, at any specific energy, the Nss of TMAH-free
MIS diode was lower than that of the TMAH-treated MIS
diode. These behaviors are due mainly to the decrease in
deep electronic states existing at the GaN surfaces,'*'! the
removal of the recess-induced protrusions on the GaN
surface'' and the unfavorable Ga,0,.!""" Consequently, the
Nss of the TMAH-treated MIS diode is reduced significantly.

The reverse bias /-V characteristics of the MIS diodes vary
slowly with the applied voltages. The dependency of the
reverse current density (Jz) of TMAH-free and TMAH-
treated MIS diodes on the reverse bias (}'z) was investigated
using Poole-Frenkel and Schottky emission conduction
models from the plots of Log (Jg) vs. V&, as shown in Fig. 5.
The reverse current when dominated by Poole-Frenkel
emission is given by

Spp P /2
v

and the lowering of the Schottky barrier is'

(10a)

[33]

i —0, N\ [SseV”?
Jr=4 Tzexp( T )exp[ e (10b)
where Spr and Ssc are the Poole-Frenkel and Schottky field
lowering coefficients, respectively. The theoretical value of
the Spr (= 1) was twice as high as Ssc (6=2) and can be

defined as

1 3 (12
SPF:SSC:/—H(;%O;;) . (11)

From Equation (11), the calculated theoretical field
lowering coefficients, Spr and Ssc, for the TMAH-free and
TMAH-treated MIS diodes were 2.42 x 10~ eVm"*V~"* and
1.21 x 107 eVm"*V "2, respectively. The comparisons in
Fig. 5 show that the conduction of TMAH-free MIS diode is
affected by Poole-Frenkel emission at lower voltages (region
I) and Schottky emission at higher voltages (region II),
whereas the TMAH-treated MIS diode is subject to Schottky
emission over the entire voltage region. In particular,
considering that Poole-Frenkel emission is closely related to
the tunneling of carriers, the better forward and reverse
Schottky characteristics for the TMAH-treated MIS diode
are directly responsible for the decrease in the interface state
density and the reduction in tunneling probability during
device operation.

4. CONCLUSIONS

This study examined the electrical characteristics and
reverse leakage mechanisms of TMAH-treated Ni/Aw/
Al,O5/GaN MIS diodes by the /- and C-V characteristics at
room temperature. The comparisons showed that the
TMAH-treated MIS diode has better Schottky characteristics
and a lower reverse leakage current than the MIS diode
without the TMAH treatment. The interface state density
obtained from the calculations based on the /-V and C-V data
is quite sensitive to the surface treatment after a recess
etching process. In addition, the TMAH-free MIS diodes
exhibit a transition from Poole-Frenkel emission at low
voltages to Schottky emission at high voltages, whereas the
TMAH-treated MIS diodes show Schottky emission over
the entire voltage range. These distinct characteristics could
be due to the combined effects of the effective removal of
plasma-damage-induced defects during the recess process,
the smoothening of the GaN surface, the removal of Ga,O,
layer, and the decrease in tunneling effects of electrons
between AlL,O; and surface-treated GaN. These results are
expected to be very useful for fabricating high-performance
GaN-based electronic devices.
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