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The temperature dependence of the electrical characteristics of non-alloyed Ti/p-GaN Schottky diodes was
examined using current-voltage-temperature, turn-on voltage-temperature, and series resistance-temperature
measurements. The thermal coefficient (Kj) and characteristic temperature (7p) at 7 > 293 K were determined
to be —4.1 mV/K and 65.06 K, respectively. The effective Schottky barrier height (SBH) was also determined
to be 2.1 (+0.03) eV, which was in good agreement with the theoretical value. The possible carrier transport
mechanisms at the interface are described in terms of the thermally decreased energy-band gap of p-GaN
layers, thermally increased deep-level acceptor and increased further-activated-shallow-level acceptor. These
were confirmed by the thermally increased ideality factor and high tunnelling parameter.
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1. INTRODUCTION

GaN-based semiconductors have attracted considerable
attention for applications to light-emitting diodes (LEDs),
ultraviolet Schottky barrier photodetectors, solar-blind Schottky
photodiodes, metal-semiconductor field effect transistors
and high electron mobility transistors on account of their
superior material properties, such as wide band-gap, high
breakdown field and high electron saturated velocity.!'” The
formation of high-quality Schottky contacts is of technological
importance for improving these devices. On the other hand,
Mg-doped GaN layers grown on a sapphire substrate contain
a high density of deep-level defects, originating from the low
activation efficiency of Mg-H complexes.® In particular, a
high defect density deteriorates the current-voltage (/-V)
characteristics of p-GaN Schottky diodes (p-SDs) because
the main current flow is affected considerably by these
leakage components at the interface between the metals and
p-GaN.”" Until now, a variety of metallization schemes to
realize high-quality p-SDs have been reported.!""® Neverthe-
less, few studies have examined high-quality p-SDs showing
normal /-V characteristics. Recently, Jang ef al ' investigated
high output power GaN-based LEDs with electrically-reverse
connected p-SDs, and reported that the p-SD integrated
LEDs are quite effective in reducing the forward leakage
current if the p-SD has a normal /-V relationship. In their
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study, Cr/Al metallization schemes were assessed to form a
p-SD, and Schottky behaviour were observed when the
samples were annealed at 500°C for 30 sec in a flowing
nitrogen ambience. In that case, however, the as-deposited
contact showed leaky ohmic behaviour, suggesting that the
formation of non-alloyed Schottky contacts on p-GaN is
quite difficult due to the existence of a high density of deep-
level defects in p-GaN.!*'*2%*7

One of the SD technologies is how to interpret the
Schottky barrier characteristics at the interface between the
metal thin film and semiconductor. For Schottky contacts on
p-GaN, the Schottky barrier characteristics were assumed to
be governed by thermionic emission (TE) theory based on
the /- data.”'*'"*'" In particular, the reported SBHs for Ni-
based p-Schottky contacts showed a large discrepancy
between the experimental and theoretical values ranging
from 0.49 to 2.9 eV, Yu et al **' suggested that the TE
model is unsuitable for analyzing the barrier height because
of the temperature independence of the tunnelling components
of the I-V characteristics in metal/n-GaN Schottky contacts.
In addition, Lin et al"" examined the application of a
thermionic field emission (TFE) model to assess the SBH at
the interface between Ni and p-GaN, and proposed that the
TFE is valid for obtaining the SBH due to the large ideality
factor (n > 1) originating from the high defect density in p-
GaN [B11L1920271 Byrthermore, for Schottky contacts on n-
InGaN layers with a higher defect density,””'! the SBHs
obtained from the TFE calculation were in good agreement
with the theoretical values. Because the p-GaN layers contain
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relatively large amounts of deep-level acceptors, the use of
the TFE model including a tunnelling parameter (Ey) is
reasonable for obtaining the SBHs from the p-Schottky
contacts. Although the TFE model based on the /- charac-
teristics is suitable for determining the SBH for Schottky
contacts on p-GaN, further studies on the temperature
dependence of the leakage current, series resistance, ideality
factor and energy-band gap will be needed to improve the
understanding of the current flow mechanism at the interface
between the Schottky metal and p-GaN. This study examined
the temperature dependence of the electrical properties of Ti/
p-GaN SD using the turn-on voltage-temperature (Vy-T),
series resistance-temperature (R,-7) and leakage current-
temperature (/-T) characteristics. The feasible carrier transport
mechanisms are also discussed.

2. EXPERIMENTAL PROCEDURE

A metalorganic chemical vapour deposition system was
used to grow a 2-um-thick unintentionally-doped GaN layer
on a 40-nm-thick GaN nucleation layer/(0001) sapphire
substrate. This was followed by the growth of a 100 nm-
thick Mg-doped GaN layer with a Mg concentration of
3x10" ecm™. The effective hole density of p-GaN was
determined to be 3.4 x 10"” cm™ using Hall measurements.
Prior to the fabrication of the Schottky patterns, the surface
of the GaN was degreased ultrasonically using acetone,
methanol and ethanol for 5 min per step, and then rinsed
with deionised water. Figure 1 shows a schematic cross-
sectional diagram of the Schottky diode including Schottky
and Ohmic patterns. The circular inner pattern means Schottky
contact, and the outer pattern indicates ohmic contact. This
was followed by a buffered oxide etching (BOE) surface
treatment to remove the native oxide, which is quite harmful
to high-performance GaN-based devices. Schottky contacts
were fabricated on the surface-treated GaN using a photo-
lithographic technique. For ohmic contact, Ni/Au (50/100 nm)
layers were deposited by electron-beam evaporation and
annealed at 500°C for 1 min in a flowing N, ambience. To
form Schottky contacts, a Ti (50 nm) layer was deposited by
e-beam evaporation under an ultrahigh vacuum of 2 x 107
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p-GaN
/
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Fig. 1. Cross-sectional and top-view schematic diagrams of a Ti/p-
GaN Schottky diode.

Torr. The current-voltage (/-V) and current-voltage-temperature
(I-V-T) data were obtained using a semiconductor analyzer
(HP 4155A) and a probe station with a hot chuck system.

3. RESULTS AND DISCUSSION

Figure 2(a) shows the temperature dependence of the
current-voltage (I-V) characteristics of Ti/p-GaN Schottky
diode (SD). The rectifying /-V curve at room temperature
was obtained, indicating the formation of non-alloyed Schottky
contacts on p-GaN. Figure 2(a) also presents a possible
equivalent circuit. The formation of non-alloyed SD could
be due to the combined effects of the effective removal of
native oxide and the deposition conditions. In preliminary
work, the deposition rate and basal working pressure
dependence of the device quality of Schottky diodes (data
not shown) showed that electrical properties of p-Ti SD (on
surface-treated GaN) are critically affected at a deposition
rate <0.3 A/sec and a basal working pressure <3 x 10~ Torr,
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Fig. 2. (a) Temperature-dependent /-V characteristics of a Ti/p-GaN
Schottky diode. The inset is the electrically equivalent circuit of the
Schottky diode. (b) Plots of the temperature-dependence characteris-
tics between the turn-on voltages and temperature. The close circles
denote the experimental data. The dash lines indicate the theoretical
data using equation (1). The thermal decay coefficient (K;) was deter-
mined to be —4.1 mV/K.
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even though both conditions are somewhat changeable for
different metals, such as Cr and Ni. In addition, the effective
removal of the native oxide on the p-GaN surface is also
very important for obtaining high-performance SDs because
the native oxide layer is a dominating factor that can give
rise to an unwanted interface leakage current at the metal-
semiconductor interface. Previous x-ray photoelectron
spectroscopy (XPS) analysis (data not shown) showed that
the BOE surface-treatment is quite effective in removing the
native oxide of p-GaN, which is consistent with another
report.m]

Figure 2(b) shows the temperature dependence of the turn-
on voltages (Vumon), Which were obtained at a current of
—10 pA. The Vipnon Was reduced considerably from —2.08 V
(at 293 K) to —1.53 V (at 443 K).

Thermal decay coefficient (K)) for p-Schottky diode was

obtained from a numerical fit using both the Viyno,— T data
[as shown in Fig. 2(b)] and the following equation:**
A Vturn—on
/ AT
g7 qdT ¢

where k is the Boltzmann constant, V;is the turn-on voltage
and E, is the energy band-gap. This equation provides the
basic temperature dependence of the V... The first, second
and third parts on the right-hand side of the equation are due
to the temperature dependence of the carrier concentration,
energy band-gap and effective density of states (DOS),
respectively. Considering that the effective DOS has a rela-
tively small temperature-dependence, Eq. (1) means that the
thermally reduced Vim0 is subject to a reduced energy band-
gap and an increased carrier concentration of the semicon-
ductor. From the numerical fitting result shown in Fig. 2(b),
K; was determined to be —4.1 mV/K, which is relatively con-
sistent with —2.3 mV/K for GaN-based LEDs.””

In Fig. 2(a), the [-V slopes, meaning the device series
resistance (R;), became stiffer with increasing 7'up to 443 K,
indicating a decrease in the series resistance. The R, and
ideality factor (n) can be calculated using the following
equation:""”!

4)-
where ¢ is the charge and £ is the Boltzmann constant. Figure
3 shows the calculation results. The R, decreased exponen-
tially and the corresponding » increased considerably with
increasing 7. Based on the exponential decay relationship
between R, and 7, the relationship, [Rs « exp (—1/T)], was
assumed, and the characteristic temperature (7,) was found to

be 65.06 K. The inverse proportion behaviour between R, and
n (as a function of 7) reflects the increased carrier concentra-
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Fig. 3. Plots of the temperature-dependent R; and #» for a Ti/p-GaN
Schottky diode. With increasing 7, an inverse relationship between
them was found. The dash lines mean the theoretical values obtained
from the numerical fitting using the equation, [R, o exp (=7/Ty)].

tion in p-GaN directly.

Leakage current-temperature (/,-7) measurements were
carried out to examine the current flow mechanism at the
interface between Ti and p-GaN. The absolute leakage
currents (/y) were obtained under a bias of —0.05 V. In this
study, the value of 4~ was calculated theoretically to be
103.8ar Acm k> where the empirical factor () was obtained
to be 0.12.*! The SBHs (q®;) were not sensitively
dependent on A"~ I'"""®#? The thermionic field emission
(TFE) model was used to obtain the SBH and analyze the
current transport at the interface using the /,-7 data. The TFE

equations can be expressed as follows:'"'#22
For TFE conduction mode,
|4
I1=A4J q—J 3
0exP [Eoocoth(EOO/kT) ®)
S AT 7Ewa(b V=8
0 kcosh(E/kT)
95 9
eXp[ KT Encoth(EgkD) 2~ 5)} @)
-4 )

AP gm

where 4 is the effective area of the Schottky diode (3.1 x 107
cm?), Ey is the tunnelling parameter, 4" is the Richardson
constant (4~ =120 - &+ (m'/m.)), e is the empirical factor, 4
is the Planck constant, m" is the effective mass of a semicon-
ductor (0.8m.),*""*! &, is the dielectric constant of a semicon-
ductor (9.55)*"*! and & is the energy difference, Er —Ex:

Figure 4 shows plots of the experimental and theoretical
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Fig. 4. Experimental and theoretical values of the leakage current (/o)
as a function of temperature based on the TFE equations. The lines
denote the theoretical values.

values of [ as a function of 7. The experimental results are in
good agreement with the TFE fitting result, indicating that
TFE conduction at >293 K is dominant for carrier flow at the
interface. This result is consistent with those reported by Lin
et al"" Numerical fitting revealed an effective SBH and Ej
of 2.1 (£0.03) eV and 70 (£0.4) meV, respectively. The effec-
tive SBH (obtained from Fig. 4) was similar to the absolute
value of ¢Vumon (—2.08) eV measured at 293 K. In general,
the SBH at the interface between a metal and p-semiconduc-
tor is determined using the energy difference of [E, — q¢(D,, —
)] where q®,, is the metal work function and gy is the elec-
tron affinity. When the parameters, such as E, v = 3.4 eV,"
q®r=4.3eV*'and gy = 3.3 eV™ at room temperature, were
considered, g®z was determined to be 2.4 eV. As the com-
bined factors of the Schottky barrier lowering effect of
0.1 ~0.2 eV and the additional SBH reduction (by the effec-
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tive removal of the native oxide™™) were taken into account,
the SBH (2.1 eV) obtained through the TFE fitting was con-
sistent with that from the Schottky contact model. In addition,
based on the £y, the effective carrier concentration (N, .5) of
p-GaN was calculated to be 7.4 x 10" cm™, which is much
larger than the Mg doping concentration (Nyg) of 3 x 10"
cm™. The discrepancy between N, .7 and Ny can be attrib-
uted to the existence of high accumulated deep-level defects
near the p-GaN surface.'*""!

Based on the results from Figs. 2-4, the thermally reduced
turn-on voltage and series resistance can be explained as
follows. First, the energy band-gap is reduced thermally and
the shallow-level acceptors near the p-GaN surface are also
activated further, as illustrated from Eq. (1) and Fig. 5.
Second, a range of deep-level defects (near the p-GaN
surface) induced by non-activated Mg-H complexes,® Ga
vacancies and various point-defect complexes with a broad
yellow energy band”**” and surface states®***”! can occupy
energy positions ranging from 0.2 eV to even 1.0 eV above
the valence band of p-GaN. This means that the deep-level
defects can act as a deep-level carrier. With increasing 7,
deep-level carriers go toward the Ti layer by carrier hopping,
as illustrated in Fig. 5. The overall increased shallow- and
deep-level carriers (confirmed by the thermally increased
ideality factor and high tunnelling parameter) can cause a
decrease in energy band-bending. Eventually, the combined
effects of the thermal shrinkage of the energy band-gap and
the increased shallow- and deep-level carriers can give rise
to a decrease in the turn-on voltage and series resistance with
increasing 7. Accordingly, for p-SD at >293 K, some carriers
experience tunnelling through the Schottky barrier and some
carriers also flow across the barrier (Fig. 5).

4. CONCLUSIONS

In conclusion, this study examined the carrier flow mech-
anism of Ti/p-GaN (N, ~ 3.4 x 10" em™) Schottky diodes

Surface-treated p-GaN Vv

Tunnei]'irrlg-

4Py
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Fig. 5. Possible energy band diagram of the Ti/p-GaN interface; (a) 293 K and (b) 443 K. The comparisons indicate that the deep-level-assisted
tunnelling (through hopping conduction) is enhanced and the thermally activated shallow carriers (or acceptors) are increased with increasing 7
In addition, the energy difference in (£r— Ey) is also reduced. Therefore, the tunnelling and thermionic emission are dominant for the carrier flow

at the interface.
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by examining the relationships between the thermal decay
coefficient, series resistance-temperature and leakage current-
temperature. The thermal coefficient (K;) and characteristic
temperature (7;) were determined to be —4.1 mV/K and
65.06 K at T > 293 K, respectively. The effective Schottky
barrier height (g®z) was also determined to be 2.1 (+0.03)
eV, which is in good agreement with the theoretical value.
For the Ti/p-GaN SD at T > 293 K, the carrier transport was
governed by TFE conduction because of the combined
effects of thermal shrinkage of the p-GaN band-gap and the
increase in the shallow- and deep-level carriers, which were
confirmed by the thermally increased ideality factor and
high tunnelling parameter. These findings are expected to be
useful for developing high-performance p-Schottky diodes
and related optoelectronic devices.
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