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Abstract Al incorporation into the InGaN films has been
successfully attained from the cermet targets under the
working temperature of 200 °C and output power of 120 W
by the RF sputtering technique. We used energy dispersive
spectroscopy to analyze the compositions of the AlIn,
Ga;_4_yN, and X-ray diffractometry and atomic force
microscopy had been taken to obtain the crystal structure
and growth characteristics of the AllnGaN films. Compo-
sition-affected electrical properties of the films had been
discussed by the Hall measurement, which also identified
the incorporation of Al into the InGaN film in this work. A
simple n-AllnGaN/p-Si diode is designed to illustrate the
potential application of the sputtered AllnGaN in an elec-
trical device.

1 Introduction

As the III-N ternary alloys own impressive performance,
they have been applied in many optical and electronic
devices [1—4], and their physical and device knowledge has
been well studied [5, 6]. However, regarding as one of the
most promising candidates to replace the AlGaN or InGaN
ternary alloys, the AllnGaN quaternary system has attrac-
ted researcher’s attention due to its adjustable lattice
parameter and wide optical bandgap range, which could be
dependently determined by the composition of aluminum,
gallium, or indium in the alloy. After the polycrystalline
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AllnGaN alloy was firstly deposited by metal-organic
chemical vapor deposition (MOCVD) technique [7], the
high-quality quaternary alloy with band edge emission was
attained in 1996 [8]. MOCVD has guided the III-N
research directions since two decades ago. By grown on
GalN/sapphire substrate with MOCVD technique, the
optical property of the quaternary alloy behaved the best
when the Al/In ratio is about 4.8, as the lattice constants of
the alloy match that of GaN buffer [9-11]. There were
many works on searching for a suitable process condition
to gain alloys with higher crystallinity by adjusting the
precursor inflow rate to realize the excellent solid solution
[12-14]. However, the growth of AllnGaN alloy with a full
range of the Al/In ratio by MOCVD had run into a dilemma
due to the difficulty in having a higher Al content at higher
growth temperature without the indium loss. Hence,
plasma-excited molecular beam epitaxy as another possible
process technique was attempted to deposit AllnGaN
quaternary layers, though the results showed the limited
enhancement of In content in the alloy [15, 16]. As the
growth of AlInGaN is being developing, its application for
optoelectric devices is also ongoing [4].

In recent years, the quaternary AllnGaN alloy has been
studied in the light emission diode (LED) area and proved
to be beneficial for the performance of the device. Thin
AlInGaN film was inserted into GaN barriers in the form of
GaN/InAlGaN/GaN as a multi-layer barrier of InGaN/
GaN-based LED to investigate the reduction of electron
overflow and improvement in crystal quality of MQMs in
the LED [17]. Meanwhile, many researchers devoted to the
performance of the multiple quantum wells with AllnGaN
barriers to illustrate how the compositional fluctuation of
the AlInGaN layers affected on the optical characteristics
of the device [17-19]. Nevertheless, no matter the
MOCVD- or MBE-deposited AlInGaN films, the
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quaternary film has to be grown on the expensive sapphire
substrate. Even more, as the mainstream procedure for the
AllnGaN growth, the MOCVD process utilizes the toxic
metal-organic precursors for the formation of a high-
quality film. Regardless of the attendant by-products from
the MOCVD process, the unreactive precursors could be an
extreme challenge for the environment-friendly industry.
Furthermore, the high deposition temperature is required
for AllnGaN grown with the MOCVD procedure, which
may limit the further enhancement of the indium content in
the AllnGaN film. Hence, the attempts for an accessible
process to gain the low deposition temperature and com-
mon substrate for AllnGaN film richer in the In content
have been imperatively undertaken.

With the realization of full-color InGaN LEDs fabri-
cated on an amorphous substrate by pulsed sputtering
deposition [20], the sputtering technique is inspired to be
an available resolution for large-area and low-cost LEDs.
For further avoiding the restriction from these small
diameters and expensive wafer, numerous studies have
endeavored to deposit the Ill-nitrides on affordable sub-
strates instead of high-cost sapphire or SiC wafer [21, 22].
In our group, the works on the development of GaN thin
film sputtered on Si substrate have been achieved [23], and
the sputtered In,Ga, 4N films obtained from single cermet
targets showed wurtzite structure with good crystallinity
[24]. For the further application, we developed all-sput-
tered GaN [25] and InGaN-based p—n junction [26, 27] to
investigate the performance of the III-Nitrides for elec-
tronic devices. In this study, for the formation of the qua-
ternary AllnGaN film, aluminum is attempted to
incorporate into the InGaN thin film by radio frequency
(RF) magnetron sputtering technology. After hot pressing a
powder mixture of metallic Al, In, Ga, and ceramic GaN
powders, the target for sputtering the AllnGaN film on the
Si substrate is prepared. As the difficulty in having Al and
In simultaneously incorporated into MOCVD-GaN, the
study on sputtered AllnGaN films are filled with chal-
lenges. The microstructure, crystal structure, composition,
and optical and electrical properties of sputtered AllnGaN
films in this work are fully characterized and a simple p—n
junction device formed by AllnGaN and p-type Si layers is
designed to illustrate the rectifying I-V current.

2 Experimental detail

Three targets composed different metal and ceramic com-
positions were prepared to investigate the characterization
of the sputtered AllnGaN films in this study. The three
targets containing various aluminum compositions with the
formula as Al,Ing,5Gay 75N at x = 0.05, 0.075 and 0.15
were regarded as target A, B, and C, respectively. The Si
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(100) substrates were sliced into 1 x 1 cm square and
washed in the acetone, alcohol, and deionized water under
ultrasonic vibration scrubber 10 min for each. Three cer-
met targets containing aluminum, indium, gallium, and
GaN powder, as shown in Table 1, were prepared by
vacuum hot pressing at 375 °C for 30 min in the argon
atmosphere. The sputter chamber was pumped firstly under
the pressure of 1 x 107" torr. After the target is getting a
discharge, it was filled with the inflow gasses of N, and
argon at a flow rate of 5 sccm for each. All the specimens
were sputtered at the deposition temperature of 200 °C
under the pressure of 9 x 107> torr with RF reactive
sputtering power of 120 W for 40 min. The films obtained
from targets A, B, and C are abbreviated as film A, film B,
and film C, respectively. A straightforward n-AllnGaN/p-
Si diode was designed with Al and Pt electrodes for a
n-type and p-type layers, respectively. All the electrodes
with a dimension of 1 x 1 mm? were sputtered with their
metal target at the output power of 80 W and deposition
temperature of 200 °C for 20 min. The n-AllnGaN film of
our n/p diode was obtained from the sputtering of Al 75
Ing»5Gag ¢75N target at the RF power of 120 W for 20 min.
The p-type boron-doped silicon (100) with 650 pm in
thickness has a smooth surface and a sheet resistance of
1-10 Q cm.

AllnGaN films were analyzed by X-ray diffraction
(XRD, D8 Discover, Brucker) to determine the quality of
crystallization, and examined by scanning electron micro-
scopy (SE-SEM, JSM-6500F, JEOL) and atomic force
microscopy (AFM, Dimension, Brucker) to observe the
morphology and topography. The EDS detected the com-
positions of the film with an attachment of the SEM with an
accelerating voltage of 20 kV. Hall measurement (HSM-
200, Ecopia) was used for the electrical properties of the
sputtered films to obtain bulk carrier concentration, Hall
mobility, and electrical conductivity. A UV-visible-NIR
spectrophotometer (V-670, Jasco) was used for the optical
bandgap measurement. For identifying the n-type electrical
behavior of AllnGaN, a p—n junction diode was made and
tested by Semiconductor Device Analyzer (Agilent,
B1500A) at room temperature.

3 Results and discussion

Table 1 illustrates the aluminum, indium, gallium, and
nitrogen contents of the AllnGaN films obtained from the
corresponding targets A, B, and C in the formula of Al
Ing»5Gag 75_xN with x = 0.05, 0.075, and 0.15, respec-
tively. As the Al content increased and the Ga content
decreased in the target, the Al content in the film slightly
increased from 1.81, 2.1, to 5.23 %. Meanwhile, the Ga
content remained relatively unchanged, but the In content
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Table 1 Target compositions ] ] ] ] .
and contents (AL In, Ga, N) in Target/film Al Ing,5Gag 75 N target (at.%) AlInGaN films (at.%)
the AlInGaN thin films Al In Ga GaN Al In Ga N
A 5 25 7 63 1.8+£03 209=+16 306=*21 467 +£39
B 7.5 25 6.75 60.75 21+01 198+03 300+03 48.1+0.6
C 15 25 6 54 524+02 174+07 285+05 489 +0.7
decreased from 20.86, 19.75, to 17.42 % for the target A-, [ g T
B-, and C-deposited films, respectively. The nitrogen '§ |§ @ @
contents were 46.73, 48.11, and 48.88 % for films from o s S
. . . = S @ e
targets A, B, and C. During sputtering, the excessive metal S i
adatoms bombarded from cermet target could be one of the (c) < ®L

reasons for nitrogen deficiency as there was no sufficient
nitrogen supply for the complete nitridation reaction.
While the sputtered Al-free InGaN films that reported by
our group illustrated the nitrogen concentration equaled to
49.3 % [24], one of the effect of the Al incorporated into
the InGaN system is conducted to weaken the sufficient
nitrogen. The target A-deposited film had much lower
nitrogen content, but with the Al contents’ elevation, the
nitrogen concentrations of the film B and C belied the
amount of Al is benefit for the nitridation. On the other
hand, to achieve AlInGaN films with various Al/In ratios,
Yu et al. adjusted the TMIn inflow rate from O to
37.52 min/pmol to grow MOCVD-deposited AllnGaN
film. Their result showed that the In contents of the films
increase from O to 3.01 %, while the Al contents decrease
from 13 to 7.59 % [14]. Their changes in the film con-
centrations of Al and In with the input fluxes go the
opposite way, but it is quite consistent with our data in
Table 1. It is indicated that higher In and lower Al ratios or
the lower [Al]/[In] ratio in sputter target can lead to the
difficulty in the nitridation of the sputtered III-nitride films.
The high deposition temperature for the MOCVD proce-
dure might be the reason to limit the further increase in the
In content in AlInGaN film. Compared with the high [Al]/
[In] ratio in AllnGaN films deposited by the mainstream
MOCYVD technique [12-14, 28], The value of In content of
the MOCVD-deposited AllnGaN films is hardly greater
than the one of Al content. The sputtered AlInGaN films in
this study can have the lower Al and higher In contents
than those made by MOCVD. As the compositional fluc-
tuation determines the electrical and optical properties of
the AllnGaN films, the sputtered AllnGaN film with a
lower [Al]/[In] ratio is promising for the photoelectric
devices in the future.

Figure 1 shows the HRXRD patterns of the AllnGaN
films sputtered from AliIng,5Gag7s_xN targets at (a)
x = 0.05, (b) x =0.075, and (¢) x = 0.15. From the
multiple diffraction peaks and the JCPDS PDF 50-0792 as
a reference, the sputtered AllnGaN films were polycrys-
talline in a wurtzite structure and had no second phases.

Intensity (arb. units)
~
=5
N
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[}
°
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Fig. 1 HRXRD patterns of the AllnGaN films obtained from
Al Ing,5Gag7s_xN targets with @ x =0.05, b x = 0.075, and
cx =0.15

The films had a dominant diffraction peak from the non-
polar m-(1010). With the increase of the Al content and the
decrease of the In content, the film showed a strongly
preferred growth plane of m-(1010). At the lower Al and
higher In contents, the film deposited from the target A had
random orientations in (1010), (1011), and (1120). The
random growth orientation was also observed for the
sputtered In,Ga;_,N films at the higher In content, while it
was the preferred orientation of (1010) for In-free GaN film
[24]. In this work, the Al incorporation into the InGaN
makes the film have a preferred growth orientation from
the (1010) facet, similar to the In-free GaN film. The
position and the full width at half maximum (FWHM) of
the dominant peak, and the lattice parameters from the
three XRD data for target A-, B-, and C-deposited films are
shown in Table 2. The position of the dominant peak of

Table 2 Pattern characteristic and structural parameters of the
sputtered AllnGaN films from the HRXRD data

Dominate peak Lattice parameter

(10I0) ) FWHM (®) a A c¢ @A) V@AY
Target A film  31.09 0.26 332 540 516
Target B film  30.91 0.28 333 547 529
Target C film  30.87 0.29 334 545 528
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(1010) slightly shifted to lower angle due to the small
lattice expansion. Hu et al. studied the relationship between
the lattice constants and the Al and In contents of the
AllnGaN film. They found that the lattice parameter c
linearly decreased with the increase of the [Al]/[In] ratio in
film [29]. For our case, the [Al]/[In] ratio steadily increases
for film A, film B, to film C, but the lattice parameter c¢ also
slightly increased, not decreased. The contradict for our
data in Table 2 with the reported one is attributed to the
slightly more nitrogen vacancies in the film A (Table 1) to
lead to its unexpected lower lattice parameter. Therefore,
the different [Al]/[In] ratios in targets have few effects on
lattice parameter of AllnGaN film. Abid et al. studied the
crystallinity of the molecular beam epitaxy (MBE) depos-
ited Al,Ing1Gagg_xN (x = 0, 0.05, 0.10, 0.15, 0.20) films
and found that the amount 5 % of Al incorporated into the
InGaN film was significant for crystallization. With the
increased Al contents, however, the crystallization of our
AlInGaN films were not improved but weakened [16]. As
an important indicator for crystal quality, the FWHM
values of our AlInGaN films slightly increased with the
increase in the Al contents of the films. The Al addition
into III nitride film is not helpful for crystallization, but the
In incorporation can improve the crystallinity, as had been
reported for the quaternary AllnGaN films made by
MOCVD [14]. Here, the Al incorporation into InGaN alloy
by RF active sputtering technique is confirmed.

Figure 2a—c shows the three-dimensional (3D) AFM
topographic measurements of quaternary AllnGaN films
obtained from targets A, B and C, respectively. The
observed surfaces had the area of 5 x 5 um”. The root-
mean-square (RMS) roughness values of the AFM images
were 2.17, 2.40, and 2.51 nm for the film A, B, and C,
respectively. It can be seen that the roughness of the sur-
face get coarser from the film A, B, to C. From the EDS
above, the increasing [Al]/[In] ratio of the films may be
related to the increase in the RMS values of the films.
Compared with the RMS values of 3.78 nm of the In-free
GaN film, the Ingy,5Gag 75N and Ing 5Gag sN films reduced
the roughness of the films to be 1.80 and 0.45 nm,
respectively. The In incorporation into GaN film is pros-
pected to have the smoother surface and the lower RMS
value [24]. Here, an increase of roughness of the AllnGaN
film may be strongly related to the incorporation of the Al
content to lead to a higher [Al]/[In] ratio. Thus, a
hypothesis was quoted to discuss how the bombarded
atoms affect the roughness of the surface during the film
formation. In the comparison of InGaN and AllnGaN films
deposited by MOCVD technique, Ahl et al. had mentioned
that the surface mobility of Al adatom is lower than that of
Ga and In adatoms, thus, Al adatom requires a longer time
to diffuse uniformly after being deposited on the layer [30].
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On the other words, the Al adatom may play a role in
retarding the other adatoms diffusion when deposited on
substrates. Yet, it’s hard for aluminum to form a solid
solution with gallium directly under low temperature. The
indium possesses the capability of dissolving aluminum
and gallium together. Therefore, the addition of indium is
important to facility the Al incorporation into GaN [31].
However, the diffusions of the In and Ga atoms are
expected to be interfered by the Al adatom to lead to a
rougher surface. Therefore, the Al content of the films is
positive to the surface roughness. On the other side,
Fig. 2d—f illustrates the morphologies of the SEM images
of AllnGaN films deposited from target A, B, and C,
respectively. Their cross-sectional SEM images are
attached at the corners of the corresponding plain-view
images. Observed from the cross-sections, we can find that
all the sputtered AllnGaN films have excellent adherence
to the Si substrates with a thickness of about 1.1 um. There
are no cracks in films. The surfaces of the sputtered
AlInGaN film are continuous, smooth, and free of pores.
As the polycrystalline nature of our films, there are no
V-shape pit defects, as observed from MOCVD-AlInGaN
[32].

As shown in Fig. 3, the room-temperature electrical
properties of the AllnGaN films obtained by target A, B,
and C were plotted by the effective electron carrier con-
centration (n,.), Hall mobility (p), and electrical conduc-
tivity (o). All the AllnGaN films behave the n-type
semiconductor with n, values of 2.0 x 1018, 1.02 x 1018,
and 8.67 x 10'7 cm™>, p values of 466, 523, and 1220
cm? V7!'s™!, and o values of 156.6, 85.4, and 170.5
S cm ™! for the films A, B, and C, respectively. Observed
the values of electron carrier concentration from films A,
B, to C, the n, values decreased from 2.0 x 10" to
8.67 x 10'” cm™ with the enhancement of Al content and
the reduction of In content in the films. Meanwhile, the
mobility of the films increased from 466 to 1220 cm?
v! sfl, and the o values reached a minimum of 85.4
S em™! for film B. To recognize the behavior of the carrier
concentration in the quaternary AllnGaN system, S.F. Yu
and his group controlled the growth conditions of varying
the TMIn flow rate under a constant TMAI flow to grow the
AllnGaN epilayers by MOCVD technique. The result
showed the increasing In content accompanied by the
decrease in the Al content of the AlInGaN films lead to the
enhancement of the carrier concentration n, from
347 x 10" to 675 x 10" cm™ [14]. The similar
behavior of n, affected by In content was mentioned by C.
C. Li et al., they reported the works of studying the char-
acteristics of In,Ga;_,N (x =0, 0.25, and 0.50) films
sputtered from single cermet targets, and the n, values of
the In-free GaN, Iny,5Gay 75N and Iny sGag sN films were
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Fig. 2 AFM images (a)—(c)in5 x 5 umz and FESEM scanning images (d)—(f) of AllnGaN films obtained from Al,Ing,5Gag75_xN targets for
aand d x = 0.05, b and e x = 0.075, ¢ and f x = 0.15. The cross-sectional views inset corners in corresponding SEM images

3.07 x 10'%, 1.06 x 10*° and 1.73.67 x 10°° cm™> [24].
As is seen that the 25 % amount of indium incorporated
into GaN film results in the rapid enhancement of n, values
from 3.07 x 10'® to 1.06 x 10*° ¢cm™>, In content has
shown the function to improve the electron concentration
in the InGaN system. After compared with high n, values
of Al-free InGaN film, the reduction of n, values in InGaN
can be noticeable if Al is also incorporated. The trend in
the changes of electrical properties is also confirmed with
the work done by Liu et al. [33]. For the electrical mobility,
it is higher in the InGaN system, as compared with the In-

free GaN films. Although the increase in the In content of
In,Ga;_,N films can enhance the mobility, the over-sub-
stituted InGaN cannot further increase its mobility due to
the retardation by the high n, value [24]. As the Al content
in AllnGaN system had shown to enhance mobility, Li
et al. [34] also theoretically calculated the electron mobility
as a function of AlInGaN alloy composition based upon the
disorder scattering in AllnGaN/GaN heterojunction. In this
work, the mobility values elevated rapidly from 523 of the
film B to 1220 cm? V™! s7! of film C, as the Al contents
rapidly increased from the films B to C (Table 1). Thus, the
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Fig. 3 Plot of electron concentration (n,), mobility (i) and electrical
conductivity (o) of the AllnGaN obtained by the three targets

Al incorporation in the AllnGaN system has two significant
effects on the decrease in n. and the increase in p. On the
other side, electrical conductivity is regarded as the product
of electron concentration and mobility. As shown in the
Fig. 3, a minimum is achieved due to the different trends of
n. and p with the increase in the Al content.

Figure 4 shows the optical band gap of the AllnGaN
films sputtered from the targets A, B and C with the Tauc
plot method. The graph is plotted with photon energy (hv)
along the X axis and (athv)? along the Y axis. The series of
data gained from the UV/NIR-visible measurement, and
the (ohv)? data were transformed from the absorption
coefficient of the films, which deducted the reflection or
absorption losses caused by the substrates. After plotting
(ochv)2 versus hv curve, we can calculate the optical band
gap by extrapolating the linear part of this (athv)>hv plot.
The optical band gap was calculated by Tauc plot with an
equation

10
2.0x10

10
1.5x10

10
1.0x10

(ohv)’, (eV eni')’

9
5.0x10

0.0 e N A N U .
2.0 22 2.4 2.6 2.8 3.0

Photoenergy, hv (eV)

Fig. 4 Tauc plot of (ahv)® versus photon energy of the AllnGaN
films deposited by target A (left), B (middle) and C (right). The
optical bandgaps are identified by extrapolation of the straight line
portions to energy axis
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(o¢hv)* = A(hv — Ey) (1)

where o is absorption coefficient, E, is an optical bandgap
of a thin film, A is a constant, and hv is the incident photon
energy. As Tauc plot contains the intrinsic defects of the
accuracy due to the manual extrapolating line, the
approximate values of the band gap for the films A, B, and
C are 248, 2.53, and 2.64 eV, respectively. As the
extrapolation lines are clearly plotted in Fig. 4, the optical
band gap of the AllnGaN films is slightly enhances with
the increase in the Al content. In our previous reports about
the optical properties of Al-free InGaN films [24]. Due to
the indium induced high electron concentration that con-
fined to the bottom of the conduction band, which led to
bandgaps shift to high energy region so called Brusstein—
Moss shift effect, the In incorporation into the GaN films
contributed to the reduced values of the bandgap. Mean-
while, the eminent decrease value of the electron concen-
tration caused by Al incorporation into InGaN system, and
it results in the bandgap of AlInGaN shifting to low energy
region. The properties of the AllnGaN film are strongly
determined by In and Al contents [10]. However, the
mainstream MOCVD-processed AllnGaN film has been
limited with the low In content and high Al content [35].
Hence, the primary studies of the AllnGaN alloy in the
optical application have been focused on the ultraviolet
light-emitting diodes [36-38]. In this work, the sputtered
AlInGaN films obtained from a cermet target contain lower
[Al)/[In] ratio and show the much adjustable band gap
behavior closer to the visible light region. However, the
probability and property of the sputtered AllnGaN film
applied for electronic devices need to be discussed and
demonstrated. Hence, a straightforward n-AllnGaN/p-Si
diode is designed in this work, and the characteristics of I-
V curve is illustrated below.

Figure 5a shows the schematic plot of the Al/n-Alln-
GalN/p-Si/Pt device and (b) illustrates the current density

1.2x10”
Loxiof |(@) (b)

8.0x10° |

6.0x10° F n-AllnGaN film ot

s ‘ p-Si substrate
4.0x10°

Current Density, A/cm?

2.0x10°

0.0

-10 -8 6 4 -2 0 2 4 6 8 10
Voltage, V

Fig. 5 a Schematic diagram of Al/n—AllnGaN/p-Si/Pt diode and
b current—voltage characteristic of a p—n junction diode containing
AllnGaN film obtained from Al o75Ing5Gag 675N target
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(J)-voltage (V) characteristic of the straightforward p—n
junction measured at room temperature with a one mm?>
contact. Here, the n-AllnGaN layer of the p—n junction in
this work was sputtered from the Algg75lng25Gag 75N
target. As shown in the figure, the applied voltage extended
from —10 to 10 V for the current density—voltage mea-
surement of the device. Observed from the Fig. 5b at the
forward bias of 10 V, the current density of the diode was
found to be 10.4 mA cm 2. At the reverse voltage of
—5V, we found the leakage current density to be
121 x 107° Acm™2, and the turn-on voltage of the
straightforward diode was at 2.70 V. Few studies involving
J-V characteristics of the AllnGaN films have been
reported. The J-V curve plotted from CVD-grown
n-Alp pglng 0sGagp 4N film with Pt Schottky contact, pub-
lished by Alaa J. Ghazai et al., showed the diode contains
the turn-on voltage below 2 V [39]. The fabricated device
in this work showed the ability of blocking current even at
revise bias of —10 V. In the previous report, a similar p—n
junction of n-In,Ga;_,N/p-Si diodes containing In contents
of x = 0, 0.15, and 0.40 was designed and showed leakage
current densities of 5.96 x 107>, 8.05 x 107>, and
281 x 107* A ecm™? (at —5 V), respectively [26]. The
indium incorporated into GaN was concluded to increase
the leakage current values of the diodes. Compared with
the data from Al-free InGaN-based device above, our
aluminum-incorporated InGaN film has a reduction in the
leakage current density.

Based on the standard thermionic-emission mode, the
electrical characteristics as ideality factor and barrier
height of diode can be evaluated by using an equation
expressed as below [40] under the condition of qV > 3kT:
it can be expressed as below.

q
I=1Iexp [M (V- IRS)} 2)
where I is the saturation current, g the electronic charge,
n the ideality factor, k the Boltzmann constant, 7 the
experiment temperature in Kelvin, V applied voltage and R;
the series resistance. The series resistance R, could be
ignored at low saturation current and the barrier height ¢g
could be calculated from saturation current determined by
extrapolation of the curve in the plot of In(/) versus V at
V = 0. Here, the barrier height ¢p of the diode was cal-
culated according to:

e

where A is the diode area and A* the effective Richardson
constant [41]. In this calculation, the calculated value of
the effective Richardson constant for AllnGaN was 25 A
cm~? K72, based on the effective electron masses
m* = 0.22mg for GaN, m* = 0.11lmg for InN, and

m* = 0.40m, for AIN [39]. The value of the barrier height
is calculated to be 0.46 eV for the straightforward diode.
The ideality factor n of the diode can be obtained from the
slope of the linear region in the forward bias, and it was
given by the equation below,

" kiT [di\(fl)] )

The value of ideality factor for our p—n junction was cal-
culated to be 10.6 at the room temperature. Al/p—Si/n—
GaN/Ag diode designed by Yakuphanouglu et al. was
deposited by a Vaksis thermal evaporation system. After
the current—voltage measurement under dark [42]. It was
found that the turn-on voltage and breakdown voltage
located at about 0.3 and —0.4 V, respectively. Compared
with the model for the II-nitride based p—n junction diode,
our Al/n—AlInGaN/p-Si/Pt diode has a substantial increase
in the breakdown voltage. Similar to this work, the per-
formance of the n-InGalN/p-Si diode was reported by Tuan
et al. [26]. The barrier heights of the In,Ga,_,N based
diodes decreased from 0.60, 0.56 to 0.53 eV and the ide-
ality factors of the diodes decreased from 6.2, 5.2 to 4.3
with the increase in the indium contents from 0, 0.15, to
0.40, respectively. As is mentioned in C. C. Li’s publica-
tion, the sputtered InGaN films with high indium content
show the improved crystal quality [24]. Thus the diode
containing a richer indium content has a lower intensity of
defects or impurities and a lower ideality factor. Caused by
the Al incorporation into the InGaN system which behaves
higher crystal quality than one of the quaternary system,
the sputtered n-AllnGaN/p-Si diode shows the high value
of ideality factor and small barrier height. From the mea-
sured I-V curve and the calculated data for the n-AllnGaN/
p-Si diode, the sputtered AllInGaN film has shown its
prospects for the application in electronic devices in a cost-
effective way.

In this study, AlInGaN films deposited at 200 °C from a
series of targets containing a constant of 25 % In but a
variety of Al compositions have been successfully
demonstrated. It has been difficult for the aluminum to
incorporate into InGaN films by MOCVD in such low
deposited temperature. Though Shinoda and Mutsukura
[43] had AlGaN films by sputtering with the (Al 4+ Ga)
target at 600-850 °C, the aluminum content failed to dis-
solve into GaN and the Ga-containing alloy targets
behaved viscously while sputtering temperature was below
600 °C. However, our group aims to figure out a solution to
alloy aluminum into III-nitride films by reactive sputtering
technique at a much lower temperature. In our preliminary
attempts for alloying the aluminum into the GaN film by
sputtering at and below 400 °C, the obtained AlGaN film
behaved as an insulator, indicating the AIN precipitation
around grain boundary to block the current flow. At the low
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deposition temperature, the Al atoms bombarded from the
target were not gained enough energy to dissolve into the
Ga lattice site and to form the AlGaN semiconductor. In
this work, we demonstrate the feasibility of the Al content
alloying into GaN with the assistance of In. With the
increasing Al contents of the AllnGaN films obtained from
target A, B, and C, the 25 % indium added in the targets
has improved the incorporation of Al into the InGaN films.
Our basic AllnGaN/Si diode has been fabricated to
demonstrate the potential of our sputtered AllnGaN for the
application of the electronic devices.

4 Conclusion

Crystalline AllnGaN films have been deposited on the Si
substrates with the magnetron RF reactive sputtering tech-
nique. Good adhesion between AlInGaN film and Si sub-
strate was observed. The AlInGaN film surface was smooth
with roughness values of 2.17-2.51 nm. Al incorporated into
the InGaN films with composition ratios of 1.81, 2.10, and
5.23 % for films from the targets containing Al contents of 5,
7.5, and 15 %, respectively. The enhanced mobility and
decreased carrier concentration of the film indicate the suc-
cessful incorporation of the Al into the lattice site of All-
naGaN alloy system. The Al alloying in films leads to the
preferred growth orientation of the (1010) facet. The optical
properties of the AlInGaN alloy system are strongly affected
by Al and In contents or the [Al]/[In] ratio. The decrease in
optical bandgap value of AllnGaN to the visible region
occurs for films with a lower [Al]/[In] ratio. The sputtered
AlInGaN film able to from a simple n-AllnGaN/p-Si junction
diode with the turn-on voltage of 2.70 V can have the further
potential application in the electron device.
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