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Mg-doped InyGa; _«N (x=0.025, 0.05, 0.075, and 0.1) films have been deposited on Si (1 00) substrates by
RF reactive sputtering. Mg-InyGa; _«N films remained p-type conduction at x < 0.075. This is the first try to
have p-InGaN by sputtering. The film transformed into n-type conduction at x=0.1. The highest mobility
was found to be 62cm?V-1s-1 in the Mg-Ing25Gagg7sN film, meanwhile the highest conductivity was
found tobe 9.1 Scm~! in the Mg-Ing 975Gag.g2sN film due to the high hole concentration of 7.4 x 108 cm—3.
In addition, we also made p-n (p-Mg-Ing 05 Gag9sN/n-GaN) junction diode all by using RF reactive sput-
tering. The p-n junction diode has leakage current of 2.7 x 106 A, the turn-on voltage of ~1.8 V, and the
breakdown voltage >—6.8 V. The p—n diode also has stable performance at elevated temperature.

© 2014 Published by Elsevier B.V.

1. Introduction

The creation of p-type GaN and InGaN materials has brought
promising future for the application of optoelectronic and elec-
tronic devices. The success of Mg doping in forming p-type GaN
and InGaN films is one of the important technology for developing
LEDs or power effect devices [1-5]. In general, high hole concen-
tration of p-layer has important role to improve electronic devices
in reducing the leakage currents, threshold voltages, and increas-
ing the breakdown voltages [6-8]. Lee et al. [2] found that high
hole concentration of 1.6 x 10'8 cm~3 was achieved for p-doped
GaN:Mg layers grown at 1040 °C by MOCVD for green LEDs. In the
case of p-Ing g4GagggN:Mg grown at 840 °C, the hole concentration
had a significant improvement due to the reduced ionization acti-
vation energy of Mg acceptors in InGaN. Chang et al. 3] successfully
fabricated nitride-based LEDs with Mg-doped Ing,3Gag 77N cap-
ping layer. There was a decrease in the operation voltage from 3.78
to 3.37V due to the introduction of a 5-nm-thick p-Ing,3Gag77N
layer on top of p-GaN layer. Ager et al. [4] reported that the high
hole concentration of Mg-doped InyGa;_xN (with x=0.19) were
6 x 10'9 cm~3 by using capacitor-voltage (C-V) experiments. Chi
et al. [5] considered that the Mg-diffused GaN films made by
MOCVD had become p-type conductivity with hole concentration
of ~1017 cm~3 and mobility of 10 cm2 V-1 s~1, K. Kumakura et al. [6]
reported the electrical properties of Mg-InyGa;_xN (x<0.2) grown
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by metal-organic vapor phase epitaxy. The hole concentrations
of Mg-doped Ingg4GagosN and Ing 14GaggsN were 1.2 x 1018 cm—3
and 6.7 x 10!8 cm~3, respectively, while it was 3.0 x 1018 cm~3 for
Mg-GaN. At these days, p-type Mg-InGaN films are all made by
MOCVD at >800 °C. Low temperature process below 500 °C has not
been reported for p-type Mg-InGaN.

For investigation in the electric devices, Dupuis et al. [9]
reported the electrical properties of Ingi19GaggiN/GaN and
Ing25Gag75N/GaN multiple quantum well (MQW) with different
p-layers. The optical and structural properties of the MQW in LEDs
were improved by reducing the growth temperature of the p-type
layers. Cao et al. [10] reported the fabrication of n*-p junction by
implantation of 29Si*. The breakdown voltage, turn-on voltage, and
ideality factor were —13V, 5V, and 2, respectively. Lee et al. [11]
studied the effect of p-GaN layers on the turn-on voltage of LEDs.
The turn-on voltages at the forward bias were found in range of
5.5-6.5V. Liu et al. [12] investigated the InGaN-based LEDs with a
p-n GaN homojunction. The ideality factor was estimated to be 2.11
at voltage regime of 2V and barrier height was determined to be
0.77 eV at the room temperature. Mohd Yusoff et al. [ 13] described
the growth and characterization of p-n junction diodes based on
GaN grown on Si(11 1) substrate. The extracted ideality factors had
the range of 15.14-19.68, decreasing with an increase in testing
temperature (30-104°C). The above-mentioned IlI-nitrides mainly
used for LEDs have been fabricated by MOCVD above 800 °C, while
the low temperature process at and below 400°C has rarely been
reported.

In our previous work, Mg doped p-GaN film (Mg ~10.2%) have
been successful deposited on Si (100) substrates by RF reactive
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sputtering technique [14]. We also fabricated a totally sputtering-
made p-n GaN junction diode. In this study, we attempted to
deposit p-type InyGa;_xN (x=0.025, 0.05, 0.075, and 0.1) films by
RF reactive sputtering with single Mg-containing cermet targets.
Furthermore, to prove the success in making p-type InGaN films,
we also made a p—n junction diode with the selections of GaN for
the n-layer and Mg-doped InyGa;_xN for the p-layer. The electrical
I-V characteristics of device were determined by thermionic emis-
sion (TE) mode at the wide testing temperature. The incentive of
this work is originated from curiosity on how far this technology
used for electronic devices instead of LEDs can achieve.

2. Experimental

Mg-doped InyGa;_4xN films were deposited on Si (100) and
transparent glass substrates by RF reactive sputtering for the
purpose of different characterizations. The sputtering cermet
targets were prepared by hot pressing the mixture of metal-
lic In, Ga, and Mg powders and ceramic GaN powder. The
[Mg]/([In] +[Ga] +[Mg]) molar ratio in each cermet target was kept
at 15%. The [In]/([In] +[Ga]+[Mg]) molar ratios were 0.025, 0.05,
0.075, and 0.1. The chamber pressure was vented to 1 x 10~ Torr
by diffusion pump to avoid the oxygen and impurities before
sputtering. The working distance between samples and targets in
chamber was kept at 5 cm. The deposition temperature and work-
ing pressure were kept at400°Cand 9 x 10~3 Torr, respectively. The
Mg-InyGa;_xN targets were sputtered under 150 W for 1 h while the
flow rate of Ar and N, was kept at 5 sccm for each.

In addition, the p-n junction diode was made by RF reactive
sputtering by selecting GaN for the n-layer and Mg-Ing g5GaggsN
for the p-layer. The p-InggsGaggsN film was also deposited on
Pt/TiO,/Si substrate. After depositing p-Ingo5GaggsN film, the n-
GaN film was grown at 200 °C under RF power of 120 W for 40 min.
The Al layer on the top was sputtered at 200°C for 30 min with a
pure Al target. Only Ar gas was used at the flow rate of 5 sccm mean-
while the RF power was kept at 80 W. Pt and Al were the electrodes
of p—n junction diode.

Crystalline phase and growth orientation of Mg-InyGa{_,N films
were analyzed by X-ray diffraction (XRD, D8 Discover, Bruker).
Scanning electron microscopy (SEM, JSM-6500F, JEOL) and atomic
force microscopy (AFM, Dimension Icon, Bruker) were used to
observe the surface morphology of Mg-InyGa; _N films. Energy dis-
persive spectrometer (EDS, JSM-6500F, JEOL) equipped on SEM was
used for composition analysis. The dual beam focused ion beam
microscope (Quanta 3D FEG, FEI) with the ion beam source was
used to prepare the cross-sectional TEM samples. The carrier con-
centration, electrical conductivity, and mobility were measured by
Hall measurement (HMS-2000, Ecopia) at room temperature with
the maximum magnetic field of 0.51 T. Ultraviolet-Visible (UV-vis)
Spectrometer (V-670, Jasco) was used to measure the absorption
spectra for Mg-InyGa; _xN films which were deposited on glass sub-
strates. The electrical characteristics (I-V) of sputtering-made p-n
junction diode were determined by Semiconductor Device Ana-
lyzer (Agilent, B1500A) in the temperature range of 25-150°C.

3. Results and discussion
3.1. Structural and surface morphological characteristics

Table 1 shows the EDS results of Mg-InyGa;_xN films at x=0.025,
0.05, 0.075, and 0.1. The [N]/([In] + [Ga] + [Mg]) ratios were smaller
than 1, which means that the deposited Mg-InyGa;_xN films by
RF reactive sputtering are in a nitrogen-deficient state. As the
Mg content in each Mg-InyGa;_xN target was kept at 15%, the
[Mg]/([In] +[Ga] +[Mg]) ratios in films were 11.9, 12.7, 14.6, and
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Fig.1. XRD patterns of Mg-InyGa;_xN films (x=0.025, 0.05,0.075, and 0.1) deposited
at 400°C on Si substrates in Ar/N, atmosphere with different indium contents in
cermet targets.

13.0at.% at x=0.025, 0.05, 0.075 and 0.1, respectively. All the Mg
contents in Mg-InyGa;_xN films decreased slightly compared with
those in Mg-InyGa;_4N targets. The In element is expected to help
the Mg atoms dissolute into the GaN lattice and form solid solution.
However, the In content in Mg-Ing ; GaggN film increased to 16.2%,
but its Mg content did not increase but slightly decreased to 13.0%,
as compared to 14.6% for Mg-InyGa_xN at x=0.075. In this work,
the In effect is not a strong factor for Mg solubility in InGaN.

Fig. 1 shows XRD patterns of the Mg-InyGa;_xN films. The
XRD results indicated that all Mg-InyGa;_4N films deposited on Si
(100) substrates had wurtzite structure and exhibited polycrys-
talline. With the SEM image shown later, the films under XRD
tests had a thickness of 1.1 wm. For the Mg-Ing g25Gagg75N and
Mg-Ing g5GaggsN films, they showed the preferentially (101 0)-
oriented diffraction planes located at 26=31.9°. As the In content
increased to 13.8 and 16.2% for Mg-Ingg75GaggysN and Mg-
Ing1GaggN films, respectively, their preferential growth planes
changed to the (1011) plane accompanied by a second diffrac-
tion peak from the (1120) plane due to the lattice distortion.
Besides, our sputtered Mg-InyGa;_xN films do not show any phase
separation or secondary phases. This means that the Mg dopant
completely dissolves into InyGa;_yN by RF reactive sputtering,
which forms solid solution or the Mg cation replaces the lattice site
of the Ga cation. The p-Mg-InyGa; _xN films deposited on Pt/TiO,/Si
substrate also were analyzed by XRD. Basically, the peak intensity
and position were all similar for those on Si substrates. The differ-
ent substrates will have different nucleation and growth behaviors
for the film growth and their morphology, composition, electrical
property etc. all can have differences. Our sputtered IlI-nitride films
had a fast growth rate of 27.5 nm/s and were polycrystalline, which
minimized their differences in nucleation and growth behaviors.

The structure property of the Mg-IngpsGaggsN film was
performed by using high-resolution TEM (HR-TEM). The p-Mg-
Ingo5GaggosN film was deposited by RF reactive sputtering on
Pt/TiO,/Si substrate at 400°C under 150 W for 40 min. Fig. 2
shows the TEM image of Mg-IngosGaggsN film and the inset
image shows the selected area electron diffraction (SAED) pat-
tern of Mg-Ing g5GaggsN film. The Mg-Ing g5GaggsN film exhibited
polycrystalline and the d-space value from the lattice fringe
was calculated to be 2.81A, which corresponded to the (101 0)
crystalline plane. The SAED pattern also demonstrated the poly-
crystalline nature of Mg-InGaN. The (1010),(1011),and (1120)
crystal planes were shown in the pattern, which were consistent
with the XRD results. There are no precipitates observed by the HR-
TEM in Fig. 2. The segregation of In and Mg can be excluded. The
formation of solid solution is supported by this observation.
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Table 1
Compositional analyses of Mg-InyGa; _xN films at x=0.025, 0.05, 0.075, and 0.1.

Mg-In,Ga; N films In (at.%) Ga (at.%) Mg (at.%) N (at.%) [Mg]/([In] +[Ga] +[Mg]) [In]/([In] +[Ga]+[Mg]) [N]/([In] +[Ga] +[Mg])
x=0.025 273 4243 6.12 48.72 0.119 0.053 0.950
x=0.05 3.79 4433 7.01 44.86 0.127 0.069 0.814
x=0.075 8.09 42.00 8.59 4133 0.146 0.138 0.704
x=0.1 9.30 40.64 7.43 4263 0.130 0.162 0.743

_ (1010)
(10T1) ¥
Y

Fig. 2. HRTEM image of Mg-Ing 05 GaposN film deposited at 400 °C on a Si substrate
in Ar/N, atmosphere. The inset shows the SEAD pattern of Mg-Ing s GaposN film.

Surface morphologies of Mg-InyGa;_,N films were analyzed by
AFM, as shown in Fig. 3. The root-mean-square (rms) roughness val-
ues were found to be 3.83,3.67,3.36, and 3.10 nm for Mg-In,Ga;_xN
films at x=0.025 (Fig. 3(a)), 0.05 (Fig. 3(b)), 0.075 (Fig. 3(c)),and 0.1,
(Fig. 3(d)), respectively. The surface roughness could be improved
by increasing the In content. In this work, the roughness is not
a strong function of the Mg content, as its content is not largely
changed. Our rms values were larger than the films grown by
MOCVD with roughness of 0.6-1.1nm [3,9]. Our Mg-InyGa;_xN
films were rougher due to the lower deposition temperature of
400 °C. Low substrate temperature cannot provide sufficient kinetic
energy for the adatoms to grow into epitaxial layer instead forming
the polycrystalline films.

The carrier concentration, mobility, and electrical conduc-
tivity of Mg-InyGa;_4N films are shown in Fig. 4. As the In
content increased to 5.3% for Mg-Ingg5Gagg7sN film, the as-
deposited film exhibited the p-type conduction without the need
of thermal annealing. The hole concentration and mobility of
Mg-Ing gp5Gag.g7sN film were found to be 1.1 x 107 cm~3 and
62cm?V-1s-1, respectively. Furthermore, with increasing the
In content to 6.9% of Mg-InggsGaggsN film and 13.8% of Mg-
Ing g75GaggzsN film, the hole concentration increased to 1.3 x 1017

Fig. 3. AFM surface images of Mg-In,Ga; N films at x=(a) 0.025, (b) 0.05, (c) 0.075, and (d) 0.1.
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Fig. 4. Electrical properties of carrier concentration, mobility, and electrical con-
ductivity for Mg-InyGa; _«N films at x=0.025, 0.05, 0.075, and 0.1.

and 7.4 x 1018 cm~3, respectively. The mobility of Mg-Ing g5Gag.gsN
and Mg-Ing g75Gag g5 N films decreased to 4.1 and 3.7cm2V-1s-1
due to the high hole concentration to increase the carrier
scatting.

From the EDS results, the Mg-InyGa;_xN films were at the nitro-
gen deficiency state, which can generate the nitrogen vacancies
(Vn) as the donor defect to enhance the electron concentration,
but these films still has the p-type conduction. The strong p-type
behavior indicates the Mg doping is successful with Mg incor-
porating into the Ga lattice to act as an acceptor, even though
the deposition temperature was only 400°C. We also found that
Mg-Ing g4Gag.gsN film made by MOVPE showed high holes concen-
tration of 1.2 x 1018 cm=3 [6], this value was close to our result.
By our sputtering method, we could obtain the similar electronic
quality of the films grown by MOCVD. However, as the In content
increased to 16.2% for Mg-Ing 1GaggN film, the film transformed
into the n-type conduction due to the dominance of nitrogen
vacancy donor over Mgc, acceptor. The electron concentration of
Mg-Ing 1GaggN film decreased slightly to 5.0 x 108 cm~3 and the
mobility increased slightly to 6.3 cm2V-1s-1,

Electrical conductivity of Mg-InyGa;_N films depends on car-
rier concentration and mobility. The Mg-Ing g75GaggzsN film had a
highest conductivity of 9.1 Scm~! due to the high hole concentra-
tion of 7.4 x 1018 cm—3. As the In content increased to 16.2%, the
electrical conductivity dropped to 4.6 Scm~! due to the lower elec-
tron concentration of 5.0 x 10'® cm~3. In addition, for Mg-InGaN
films deposited by MOCVD, thermal annealing process is needed to
break the Mg—H bonding and activate the Mg dopant for improved
electrical conductivity [8]. In this work, we did not use the metal
organic species and hydrogen atmosphere for depositing the Mg-
InyGa;_xN films, therefore the formation of the Mg—H bonding was
avoided.

The UV-vis measurements of Mg-InyGa;_xN films deposited on
the transparent glass substrates were conducted at room temper-
ature (RT). From the UV-vis measurements, the band gap (Eg) of
Mg-InxGaq_xN films could be calculated by using the Tauc equation.
It is expressed as [15]

(ahv)? = A(hv — Eg) (1)

where « is the optical absorption coefficient, A is a constant,
hv is the incident photon energy, and Eg is the energy band gap
of the Mg-InyGa;_xN films. The band gap can be obtained by plot-
ting the («hv)2-hv curves and followed by extrapolating the linear
part of the absorption edge to find the intercept with the energy
axis, as shown in Fig. 5. The band gap values were found to be 2.91,
2.88, 2.85, and 2.81eV for Mg-InyGa;_4N films at x=0.025, 0.05,
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Fig. 5. The («hv)? versus photon energy (hv) plot for the optical bandgap determi-
nation of the Mg-InyGa; _«N films at x=0.025, 0.05, 0.075, and 0.1.

0.075, and 0.1, respectively. The slightly red shift (AEg=0.11eV)
in the band gap cannot be simply explained by the In content
increasing from 5.3 to 16.2% (AEg=0.26¢€V in theoretical calcu-
lation). The possible explanation can be related to the nitrogen
content, which decreases with the increase in the indium content.
The more nitrogen vacancies, the more donor levels and the more
lattice distortion occur, which can lead to the extended donor levels
and make the AEg value unexpectedly lower. Kumakura et al. [6]
observed the band gap of Mg-doped InggsGagg4N film deposited
by MOVPE to be 2.45 eV. The Mg doping in our InyGa;_xN did not
have an obvious change in Eg because the acceptor level is only
0.1-0.17 eV above the valence band maximum [6].

3.2. p-njunction diode

p-Mg-Ing g5 Gag g5N/n-GaN p-n junction diode was made by RF
reactive sputtering on Pt/TiO,/Si substrate. This device is designed
to confirm the p-type formation for Mg dopant in InyGa;_xN (with
x=0.025, 0.05, and 0.075). The modeling and the cross-sectional
profile of p-n junction diode are shown in Figs. 6 and 7, respec-
tively. By SEM analysis in Fig. 7(a), the thicknesses of Pt and Al
layers were found to be ~250 nm. The thicknesses of n-GaN and
p-Ing 95GaggsN films were measured to be 0.6 and 1.1 um, respec-
tively. The microstructure of the n-GaN layer had a clear texture
structure. On the other hand, the p-Mg-Ing g5 Gag 95N layer showed
arather random structure. It is expected that the dissolution of Mg
and In into the GaN lattice can lead to the lattice distortion and
cause the difficulty in the preferential growth. Fig. 7(b) shows the
cross-sectional TEM image of the p-Mg-Ingg5GaggsN/n-GaN p-n

electrode

Al (250 nm)

n—GaN (0.6 um) electrode

p-IngosGagosN:Mg (1 pm)

Pt (250 nm)

TiO, (10 nm)

Si substrate

Fig. 6. The structural modeling of a p—n junction diode.
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Fig.7. The cross-sectional (a) SEM and (b) HRTEM images of the Mg-Ing o5 Gag.os N/n-
GaN diode.

junction diode. The cross-sectional image in a low magnification
gave the image of each layer. Due to the depth difference, the GaN
film had showed a clear texture structure.

Fig. 8 shows the current-voltage (I-V) characteristics of diode
tested at the room temperature (RT). The leakage current of p-n
junction diode was found to be 2.7 x 10~6 A under the reverse bias
of —1V.From the datain Fig. 8, the turn-on voltage of ~1.8 V and the
breakdown voltage >—6.8 V were obtained. In addition, the forward
and reverse [-V characteristics of diode were determined at the
different temperatures. The semilogarithmic I-V characteristics of
the devices in the temperature range of 25-150°C are shown in
Fig. 9. It is observed that the leakage current at —1V increases with
an increase in temperature from 2.7 x 1075 t0 6.0 x 105 A.
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Fig. 8. The [-V measurement of the p-n junction diode junction diode measured at
the room temperature (RT).
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Fig.9. The semilogarithmic current-voltage (I-V) characteristics of the p-n junction
diode tested at the temperature range of 25-150 °C under the forward and reverse
bias.

The electrical characteristics of diodes can be evaluated by using
an equation based on the standard thermionic-emission (TE) mode.
It can be expressed as below (for qV>3kT) [13,14,16,17]

I=1Ip |exp %(V—IRS) )

where Vis applied voltage, R; is the series resistance, nis the ideality
factor, and Iy is the saturation current, q is the electronic charge,
T is the experiment temperature in Kelvin, and k is the Boltzmann
constant. The plot of InI versus V, based upon Eq. (2), can be used to
derive the saturation current, which can be obtained by intersecting
the interpolated straight lines from the linear region of the semilog
plot to zero applied voltage [14,16-18]. Hence, the barrier height
of the diode was calculated using the equation [14,19]

% 2
da= "1 1n (SA,OT) 3)

where A" is the effective Richardson constant and S is the diode
area, and ¢p the barrier height. In this calculation, the theoretical
value of A" was found to be 26.4 Acm~2 K2, based on the effective
electron mass (m" =0.22 me) for n-GaN [14,16,20]. In this study, the
area of diode was measured to be 1 mm?. In addition, the ideality
factor n can be obtained from the slope of the linear region of the
forward I-V characteristics which is determined by the following
equation [17-20]

"=%(ad1z1) )

Based upon Egs. (2)-(4), the barrier height value was found to
increase from 0.53 eV at 25°Cto 0.66 eV at 150 °C, whereas the ide-
ality factor n was found to decrease from ~6.1 at 25°C to 3.0 at
150°C.

The effect of series resistance on the electrical properties has
been studied using the Cheung’s method. The values of series resis-
tance Ry and ideality factor n can be calculated by the following
equation [16,19-21]

av__ nkr
din )~ g

Fig. 10 shows the plot of dV/d(InI) versus I (based on Eq. (5)).
The linear region is fitted with the linear curve (y=A+Bx) and the
series resistance Rs and the ideality factor n can be calculated from

+IRs (5)
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Table 2

The parameters calculated from electrical characteristics of a p—n junction diode as a function of testing temperature.

Temp (°C) Leakage current (A) at -1V Barrier height ¢ (eV) From I-V Cheung’s function dV/dIn(I) versus|
-V Norde n Rs (2) n
25 2.7x10°6 0.53 0.57 6.1 110 6.3
50 63x10°6 0.55 0.60 5.7 60 5.9
75 1.4x 1076 0.59 0.63 49 46 5.2
100 2.1x10°° 0.62 0.67 4.4 37 4.7
125 2.7%x10°5 0.64 0.71 3.8 34 41
150 6.0x 1075 0.66 0.73 3.0 30 3.2
24 The effective barrier height ¢ is followed by
20 B = F(Viin) + 222 - 22 )
= where y is the integer (dimensionless) greater than n, the F(V ) is
> L. . .
= 1.6 the minimum value of F(V), and V,y;, is the corresponding voltage.
= Fig. 1 shows the plot of F(V,I) versus V as a function of temperature.
5 From the Norde plot, based upon Egs. (6) and (7), the barrier height
E 1.2 4 value was found to be 0.57 eV at the room temperature and reached
© S 0.73eV at 150°C.
0.8 - —8—25 OC Table 2 lists all the derived parameters from the I-V measure-
’ —-50°C ments of p-n junction diode. Under the reverse bias, the lowest
75°C leakage current was found at the testing temperature of 25°C.
0.4 —w—100°C For the forward bias, the barrier height increased from 0.53 (I-V)
125°C and 0.57 eV (Norde) at 25°C to 0.66 (I-V) and 0.73 eV (Norde) at
—<4—150°C 150°C, respectively. These values of barrier height obtained from
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Fig. 10. The dV/dIn(I) versus I plot for the p—n junction diode tested at the temper-
ature range of 25-150°C.

the intercept and the slope of the straight line [17-21]. The detailed
results of the series resistances Rs and ideality factor n by the Che-
ung’s method were shown in Table 2.

Norde method was also used to calculate the barrier height of
diodes. This method involves a function, F(V,I), plotted versus V. The
modified Norde function is defined as [17,19,22] (Fig. 11)

V kT I
F(V,[)= ~ - In 6
V=2 -4 ( AA*TZ) (6)
11
1.0
0.9
S
('8
0.8-
—m— 25°C
0.7 e 50°C
75°C
—w— 100 °C
0.6 125°C]
<4 150°C
T T T T T T T T
0.0 0.5 1.0 1.5 2.0

Voltage (V)

Fig. 11. The F(V) versus V plot for the p-n junction diode tested at the temperature
range of 25-150°C.

range of 6.3 (25°C)-3.0 (150°C). It is observed that there is a small
difference between the values of ideality factor n obtained from
the InI-V and dV/d(InI) —I plot in the forward bias. This difference
could be the presence of series resistance, interface states, and the
voltage drop across the interfacial layer. There is also a clear trend
of decreasing the series resistances Rs; with a rise in the testing tem-
perature. The Rs values were observed to drop from 110 2 at 25°C
to 302 at 150°C. These achieved parameters for our diode with
all layers made by sputtering are consistent with the reported val-
ues in some previous papers for p—n junction diodes made by other
methods [11,13,17,23]. The fall in Rs for films tested a higher tem-
perature indicates that the diode had smaller ideality factor n, more
free electrons leading to the high current and smaller series resis-
tance in the forward bias. The ideality factor n decreased whereas
the barrier increased with the increase in the testing temperature.
This can be explained that at the room temperature, the flow of
the electron transport across the metal-semiconductor interface of
devices is able to overcome the lower barriers. Therefore, the cur-
rent transport will be determined by electrons flowing through the
path of lower barrier height and a larger ideality factor. When the
testing temperature increases, more and more electrons will have
sufficient energy to transcend the higher barrier. As a result, the
dominant barrier height will increase with increasing the testing
temperature [24,25].

Similar results were also determined by Chen et al. [26]. They
studied the current rectification in a single GaN nanowire with a
well-defined p-n junction. Their ideality factor n was calculated in
the range of 5.5-6.5. The higher ideality factor was also obtained
after testing at lower temperature. Gupta et al. [17] investigated
the p—n junction based on ZnO and copper phthalocyanine made
by pulsed laser deposition and thermal evaporator techniques,
respectively. After [-V measurement at the room temperature,
they reported that the barrier height and ideality factor were
0.63 £0.02 eV and 4.0+ 0.3, respectively. They also used Cheung’s
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and Norde methods to calculate and compare for the parame-
ters. Hsueh et al. [27] investigated the temperature dependence
of the I-V characteristics of n-MgyZn;_xO/p-GaN hetero junction
diodes. They concluded that there was the lowest leakage cur-
rent at substrate temperature of 25 °C. Furthermore, the extracted
ideality factor n was in the range of 3.86-7.00, decreasing with
an increase in the testing temperature (25-125°C). The obtained
electrical parameters from our diode made all by sputtering are
matched to the previous data for Ill-nitride devices made by
MOCVD.

4. Conclusions

Mg-doped InyGa;_xN (Mg-InxGa;_4N) films have been success-
ful deposited on Si (100), Pt/TiO,/Si, and glass substrates by RF
reactive sputtering at 400°C with single cermet targets. With
x=0.025, 0.05, and 0.075, the Mg-InyGa;_xN films had the wurtzite
structure, good electrical properties, and the p-type conduction
without thermal annealing process. The Mg-Ing25Gagg75N film
had the highest mobility of 62cm2V-1s-1 meanwhile the Mg-
Ing g75Gag.gxsN film had a highest conductivity of 9.1 Scm~! due
to the high hole concentration of 7.4 x 10'8 cm3. However, for
Mg-Ing1GaggN film (with x=0.1), the In content increased to
16.2% even though the In content in the target only 10%. Hence,
the excess In caused the film transformed into n-type conduc-
tion. Especially, p-Ingg5GaggsN/n-GaN junction diode was made
successfully by RF reactive sputtering. At room temperature, the
leakage current of diode was found to be 2.7 x 10-6 A under the
reverse bias of —1V. The turn-on and breakdown voltages were
also determined to be 1.8V and >-6.8V, respectively. In addition,
I-V characteristics of p—n junction diode were tested in the dif-
ferent temperatures. By using equations based on the standard
thermionic-emission (TE) mode, Cheung’s, and Norde methods, the
barrier height increased from 0.53 (I-V) and 0.57 eV (Norde) at
25°C to 0.66 (I-V) and 0.73 eV (Norde) at 150°C. The series resis-
tance Ry and ideality factor n decreased from 1102 to 302 and
6.3 to 3.0, respectively, as the testing temperature changed from
25°Cto 125°C.
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