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Abstract

We investigated the electrical properties of Au/AlGaN/GaN Schottky junctions as a function of temperature by analyz-
ing the current—voltage (I-V) measurements. The barrier height increased with increasing temperature, but the ideality
factor decreased. Increases in temperature are associated with barrier inhomogeneity. The modified Richardson plots for
Al ,5Ga ;5N yielded a higher Richardson constant, 77.3 A cm™K ™2, than theoretically predicted (30.0 A cm™ K~2). This
indicates that the thermionic emission (TE) model with barrier inhomogeneity is not suitable for explaining the transport
characteristics of the junction. We fitted the experimental /-V data to predictions based on various transport mechanisms,
such as TE, generation-recombination, and tunneling currents. The dominant transport mechanism at all temperatures was
found to be caused by the tunneling current. The dislocation model of the tunneling current yielded a dislocation density of

2.96 x 10° cm™2.
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1 Introduction

Among III-V-compound-based devices, much attention has
been devoted to the study of AIGaN/GaN heterostructure
field-effect transistors (HEMTs) because of their applica-
tions in high-frequency, high-temperature, and high-voltage
electronic devices [1, 2]. We can improve the performance
and reliability of these devices by using AlGaN with a large
Schottky barrier height (SBH), as this decreases the leakage
current and increases the breakdown voltage [3]. The exces-
sive reverse leakage current is a critical challenge limiting
the applicability of AIGaN/GaN HEMTSs. This increases
the low frequency noise, causes current collapse, and low-
ers the breakdown voltage [4]. Several investigations have
been conducted to explain the current transport mechanisms
for reverse leakage current [5, 6]. For example, Yan et al.
[5] showed that the reverse gate leakage in A1GaN/GaN
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can be analyzed in terms of a Poole—Frenkel (PF) emis-
sion mechanism with a trap-assisted process. Liu et al. [6]
investigated the transport mechanism of the forward gate
current in Al,05/AlGaN/GaN metal-oxide—semiconductor
HEMTs (MOS-HEMTs), and found the dominant transport
mechanisms at low and high temperatures to be Fowler—Nor-
dheim (F-N) tunneling and trap-assisted tunneling (TAT),
respectively. These studies focused on low-Al-composition
AlGaN. Zhu et al. [7] investigated the transport mechanisms
governing gate leakage currents in Al,05/Alj 5sGa  ,sN/GaN
structures.

The results of investigations into the SBHs of Au, Ni and
Re on AlGaN, based on current—voltage (I-V) and capaci-
tance—voltage (C-V) measurements, suggest that the rela-
tionship between the barrier height and the Al mole fraction
is linear [8—10]. By assuming that the electron affinity on x
for Al,Ga,_,N (xg.n = 4.2 €V and y,y = 2.05 eV) varies
linearly with the work function of Ni (5.15 eV), Qiao et al.
[8] found the barrier height of a sample with x = 0.23 to
be lower than expected. This may have been caused by the
high density of interface states. Such problems are inevitable
because the lattice mismatch and the difference between the
thermal expansion coefficients of the (In, Al)GaN film and
sapphire substrate are both significant.
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The current-transport mechanisms in metal-semiconduc-
tor (MS) and metal-insulator semiconductor (MIS) diodes
depend on a variety of parameters, such as the surface prepa-
ration process, formation of insulating layers between the
metal and semiconductor, barrier height inhomogeneity,
concentration of impurities in the semiconductor, density
of interface states or defects, and series resistance of the
device [11]. We cannot obtain detailed information about
the electron conduction process at the metal/semiconductor
interface if we only measure the /-V characteristics of MS,
MIS, and solar cells at room temperature. In this study, we
investigated the temperature-dependent electrical properties
of a Au/Al,,5Ga, ,5/GaN Schottky diode with respect to a
range of possible transport mechanisms.

2 Experiments

The AlGaN/GaN thin films used in this study were grown on
a c-plane (0001) sapphire substrate by metal-organic chemi-
cal vapor deposition (MOCVD). The layer structure con-
sisted of a conventional low-temperature GaN buffer layer,
followed by a 3-pm-thick unintentionally doped (undoped)
GaN and a 200-nm-thick Al ,5Gay 75N film. Trimethylgal-
lium (TMGa) and ammonia (NH;) were used as group III
and group V precursors, respectively. According to Hall-
effect measurements at room temperature, the sheet carrier
concentration was 2.3 X 103 cm™. We used electron beam
evaporation to prepare the Schottky contacts by depositing
50-nm-thick Au films through a shadow mask with exposed
diameters of 300, 500, and 700 pm. A 150-nm-thick layer
of Al metal was deposited to serve as the ohmic contact.
We took /-V measurements at various temperatures using a
Keithley 238 current source in conjunction with a hot chuck
connected to a temperature controller.

3 Results and Discussion

Figure 1a shows the linear -V curves measured at room
temperature, which exhibit the rectifying characteristics.
The semilogarithmic /-V curves shown on the inset indi-
cate that the reverse leakage current increases rapidly. This
might be due to the interface states. We used the thermionic
emission (TE) model to determine the SBH (¢g) and ideal-
ity factor (n) from the linear regions of the In(/)-V curves
under forward bias for values of V greater than 3k7/q. We
followed the method suggested by Qiao et al. [8] to cal-
culate the theoretical effective Richardson constant A*,
where A* = 2zgm*k* /I3, h is Plank’s constant, and m* is
the effective mass of electrons in AlGaN. The Richardson
constant of Alj,5Ga, ;5N was calculated to be approxi-
mately 30.0 A cm~2K~2 and the effective barrier height and
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Fig.1 The linear current—voltage (/-V) characteristics, extracted ide-
ality factor, and effective barrier height for different contact areas.
The inset in a presents the semilogarithmic /-V characteristics
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Fig.2 a Linear and b semilogarithmic /-V curves measured at vari-
ous temperatures

ideality factor were determined to be 0.86 (+ 0.08) and 2.54
(£ 0.91), respectively. We then analyzed these values in
terms of the contact area, as shown in Fig. 1b. The barrier
height increased with the contact area, but the ideality factor
decreased. In Au/n-Ge contacts, it has been shown that the
contribution of the tunneling current toward the total cur-
rent increases as the contact area decreases [12]. Larger tun-
neling currents can increase the ideality factor and decrease
the barrier height [13]. Hence, the passivation layer around
the periphery of the contact can improve device reliability.

We investigated the current transport in more detail by
taking temperature-dependent /-V measurements. Figure 2a
shows the linear /-V curves measured at various tempera-
tures. The diode exhibited rectifying characteristics at all
temperatures. Figure 2b shows that the reverse leakage cur-
rent started to increase rapidly when the voltage increased
beyond — 4 V. We were able to infer the temperature depend-
ence of the ideality factor and the barrier height from the
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Fig.3 Ideality factor and barrier height as a function of temperature
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Fig.4 Modified Richardson plot of In(Iy/T*)—g’c3/2k*T? versus 1/kT

I-V measurements, as shown in Fig. 3. The barrier height
increased as the temperature increased, but the ideality fac-
tor decreased. The barrier height and ideality factor have
often been observed to vary in this manner as the tempera-
ture of real Schottky diodes increases. This is thought to
be due to lateral variations in the barrier height [13]. We
obtained a higher value for the ideality factor at 308 K than
previously reported [14, 15]. It is possible that the ideality
factor increased as a result of high series resistance.

The temperature dependent barrier height can be
expressed as ¢y = Py — qoy, /2kT, where ¢y is the zero-bias
mean barrier height and o, is the standard deviation. If we
take the lateral barrier inhomogeneity into account, we can
calculate the modified Richardson plot as follows:

In(ly/T?) - ¢*0; /2K T* = In(AA*) — b /KT, 1)
where I, is the reverse bias saturation current and A is the

contact area. Figure 4 shows plots of In(l,/T?) — ¢*6; /2k*T?
versus 1/kT.

The intercepts at the ordinate produced a modified Rich-
ardson constant of 77.3 A cm™>K 2. This value is higher than
the theoretical value of 30.0 A cm™K ™2 for Al ,sGa, ;sN.
Moreover, the zero-bias mean barrier height was found to
be approximately 2.34 eV, which is too large. Therefore,
the current transport properties of the Au/AlGaN Schottky
contacts cannot be explained in terms of the TE model with
barrier inhomogeneity.

We conducted a detailed analysis of the current transport
mechanisms for the forward bias /-V characteristics in terms
of various components of the electron transport: TE current
(I1g), generation-recombination current (/g ), tunneling cur-
rent (/1) and leakage current (/; ) [11, 16]. We assumed
that the total current Itgr (Irpr = I + Iog + Iy + I1p)
could be calculated by calculating the sum of all of these
component currents. The TE current is

Irg = Irgolexp{g(V — IRg) /kT} — 1], )
where I1g is the saturation current of the TE component and
Ry is the series resistance. Here, Iy is given by

Irgy = AA*T? exp(— @y /kT), 3
where @y is the barrier height. The GR current is
Ior = Igrolexp{q(V — IRg)/2kT} — 1], 4)

where IR, is the saturation current of the GR component.
The tunneling current is

Iy = Iryolexp{q(V — IRg)/E,} — 1], )
where /1y is the saturation current of the tunneling compo-
nent and E, is the tunneling energy. The leakage current is

I =V —-1IRy) /R, 6)
where Ry, is the shunt resistance, which can be approxi-
mated from the reverse I-V characteristics of the diodes. As
we found the contribution of the LE current to be negligi-
ble at all temperatures, we omitted it from the subsequent
analysis. We fitted the experimental forward bias /-V data
to theoretical I-V curves for all temperatures measured by
taking Itgg. Ityo, and Ej as fitting parameters. For example,
Fig. 5 shows a comparison between the experimental and
fitted curves at 393 K. We also fitted the combinations of
the TE, GR, and tunneling currents to the experimental I-V
data at all temperatures. The contribution from the TE cur-
rent became more important as the bias voltage increased.
However, the transport was dominated by the contribution
from the tunneling current over the entire bias region. The
fitting results were similar at the other temperatures.

We used Eq. (2) to calculate the barrier heights from the
I1go values of the TE component at each temperature, as
shown in Fig. 6a. The barrier heights exhibited a very weak
temperature dependence (average value of 1.79 eV). The
temperature coefficient of the linear model of the data was
slightly negative, which is consistent with the theoretical
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Fig.5 Fitting results of the forward /-V characteristics of Au/AlGaN/
GaN Schottky junctions

20— ; . . . T
2 |@
=
D 18 _o e °
g Qo o
1Y
2
t 1 6 -
5"
1 " 1 " 1 " 1 n 1 n 1
300 320 340 360 380 400
Temperature (K)

— F T T T T T T
< [ Jo.10
T L @ ° ]
o 10°¢ 4&—0———@ ]
5 1 S
o 1 2
c i -
S 10" 005 w
® ;
Z | i
s ., %”;—_I//
10"k ! 1 ! ) 0.00

" 1 " 1 1 " " 1 n
300 320 340 360 380 400
Temperature (K)

Fig.6 a Barrier height and b tunneling saturation current and tun-
neling energy as a function of temperature

prediction. As @, = E, /3, the barrier heights are roughly
related to the band gap energy [16]. Hence, according to the
E, versus x dependence, we expected the barrier height to
be 1.31 eV when the Al mole fraction is x = 0.25 [8]. This
value is lower than the barrier heights presented in Fig. 6a.
However, Monroy et al. [17] investigated Au/AlGaN photo-
diodes and found the barrier height to be about 1.75 eV for
an Al mole fraction of x = 0.25. Similarly, a barrier height of
1.72 eV was reported in the case of Ni/Au Schottky diodes

@ Springer

on Al ,,Ga, ;sN/GaN [18]. This implies that our analysis,
which incorporates various transport mechanisms, explains
the forward I-V characteristics of the Au/AlGaN/GaN
Schottky diode well.

According to the dislocation model of the tunneling
current, the tunneling saturation current /1, at 0 K can be
expressed as [16]

Iryg = ANy exp(— Pp/E)), (7)
where v, (~ 1.5 x 103 571 [19]) is the Debye frequency
and Ny is the dislocation density. Figure 6b shows the tun-
neling saturation current, Iy, and the barrier energy, E,, as
functions of temperature. The tunneling saturation current
increased (although not significantly) as the temperature
increased, whereas the variations in the tunneling energy
were very small. We extrapolated the linear fitting to the data
presented in Fig. 6b to 0 K to obtain Iy, and E,, which were
4.6 x 107" A and 0.082 eV, respectively. Finally, we used
Eq. (7) to calculate the dislocation density. Our value, 2.96 X
10° cm™2, was very similar to the values reported by Arslan
etal. [11] (2.4 x 10° cm™2) and Ren et al. [18] (8.8 x 10°
cm™?). These results indicate that the dislocation-related tun-
neling current is the dominant current transport mechanism
in Au/AlGaN/GaN Schottky diodes. It has been reported
that abnormally high leakage currents in n-type GaN can be
explained by a thin surface barrier (TSB) model. According
to this model, the presence of unintentional surface donors
reduces the width of the Schottky barrier so that carriers
can tunnel the potential barrier easily [20]. Hence, both the
dislocation and surface defects may contribute to tunneling
in AlGaN-based devices.

4 Conclusions

The temperature-dependent electrical properties of Au/
AlGaN/GaN Schottky diodes were investigated using I-V
measurements. Taking into account barrier inhomogeneity,
modified Richardson plots yielded a Richardson constant
of 77.3 A cm™%K~2, which is higher than the theoretical
value of 30.0 A cm™2K~? for Al,,sGa,;sN. We then fitted
the experimental /-V data to the results predicted by vari-
ous transport mechanisms to obtain a detailed understand-
ing of the transport mechanisms. According to our analysis,
the tunneling current dominates the transport at all of the
measured temperatures. We used a theoretical model of the
dislocation-related tunneling current to obtain a value for the
dislocation density, which was 2.96 X 10° cm™2.
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