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Mg-doped InGaN (Mg-InGaN) films have been deposited directly on Si (100)
substrates by radio-frequency reactive sputtering technique with single cer-
met targets in an Ar/N, atmosphere. The cermet targets with a constant 5%
indium content were made by hot pressing the mixture of metallic In, Ga, and
Mg powders and ceramic GaN powder. The Mg-InGaN films had a wurtzite
structure with a preferential (1010) growth plane. The SEM images showed
that Mg-InGaN films were smooth, continuous, free from cracks and holes,
and composed of nanometer-sized grains. As the Mg dopant content in
Mg-InGaN increased to 7.7 at.%, the film was directly transformed into p-type
conductlon Wlthout a post-annealing process. It had high hole concentratlon of
5.53 x 10'® cm ™2 and electrical mobility of 15.7 + 4.2 cm? V-1 s 1. The over-
doping of Mg in InGaN degraded the electrical properties. The bandgap of
Mg-InGaN films decreased from 2.92 eV to 2.84 eV, as the Mg content increased
from 7.7% to 18.2%. The constructed p-type Mg-InGalN/n-type GaN diode was
used to confirm the realization of the p-type InGaN by sputtering technique.
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INTRODUCTION

In the past few decades, III-nitride semiconduc-
tors such as AIN, GaN, InN, and their alloys have
been widely investigated for electro-optical device
applications. The III-nitride semiconductors showed
a direct bandgap of 0.65 eV for InN, 3.4 eV for GaN,
and 6.2 eV for AIN.'® In addition, the most poten-
tial III-nitride is InGaN alloy, Whose light emission
can be controlled from near-ultraviolet to infrared
by adjusting the composition ratio of In and Ga.*
The InGaN film had many advantages such as high
breakdown voltage and high electron mobility,
which has made it widely used in light-emitting
diodes (LEDs) and high electron mobility transis-
tors (HEMTs).”™’

Mg-doped p-GaN film is also an important mate-
rial for development LEDs or power effect devices.
In general, high hole concentrations in the p-GaN
layer promote the light emission of LEDs. The
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research in p- GaN began in the early 1990s by
Nakamura et al. ® Their p-GaN film was deposited
by metal organic chemical vapor deposition (MOC-
VD) followed by annealing at 700°C in Ny atmo-
sphere. The p-GaN film was activated by an
annealing processmg which decreased the resistiv-
ity from 1 x 10° Q cm to 2 Q cm with a hole con-
centration of 3 x 107 ¢cm 3. Furthermore, there are
several approaches to increase the hole concentra-
tion of P -GaN films, such as o- dopmg, multilayered
buffer,” and Mg—O co-doping.*!

However Mg-doped InGaN exhibits a higher hole
concentration than Mg-doped GaN due to the lower
activation energy of Mg acceptors within a
decreased bandgap energy.'?'® The Mg ionization
energy is about 125-215 meV, which indicates that
only several percent of Mg acceptors can be acti-
vated to form hole carriers. It also means that heavy
Mg doping is required. Regrettably, the heavy
doping may decrease hole concentratlon due to the
self-compensation effect.'* Additionally, p-InGaN
showed other characteristics such as low contact
resistance, low etching damage and lower deposition
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temperature than p-GaN.'® So far, most p-InGaN
films have been grown at 680-1050°C by MOCVD,
which showed a high hole concentration of 10'®-
10" cm?®.'®'® However, there are no reports on the
growth of p-InGaN films by sputtering technique.

In this work, we successfully deposited p-InGaN
films by radio-frequency (rf) sputtering with single
cermet targets. The cermet targets were made by
hot pressing the mixture of metallic Mg, In, and Ga
and ceramic GaN powders. The GaN content was
more than 50% to provide solid support in the tar-
gets. A high hole concentration of p-InGaN films can
be deposited by this method without an annealing
process. The formation of the Mg—H bonding can be
avoided by the sputtering technique due to the
hydrogen-free process condition. On the other hand,
this method provides a cheap and environmentally
safe approach for the electronic applications in the
future.

EXPERIMENTAL PROCEDURES

Mg-InGaN films were deposited on Si (100) sub-
strates by rf reactive sputtering technique with
single cermet targets in a (Ar + Ng) atmosphere.
The 2-inch (c.5-cm) cermet targets were prepared by
hot pressing the mixture of metallic In, Ga, and Mg
powders and ceramic GaN powder. The In content
in each Mg-doped target was kept at 5 at.%, while
there were different Mg contents at 0 at.%, 10 at.%,
15 at.%, and 20 at.%. Their corresponding films
were symbolized as Mg-x-InGaN with x =0, 0.1,
0.15, and 0.2. Before sputtering, the chamber pres-
sure was pumped to 1 x 107 % torr by diffusion
pump to avoid the oxygen and impurities. The
deposition temperature was kept at 400°C. The rf
sputtering power and working pressure was kept at
150 W and 9 x 1072 torr, respectively. The deposi-
tion time was 60 min. The sputtering process was
under the gas mixture of Ar and N, with a flow rate
of 5 sccm for each.

The crystal structure of Mg-InGaN films was
analyzed by x-ray diffractometry (XRD; D8 Dis-
cover, Bruker) and high-resolution transmission
electron microscopy (HRTEM; Technai G2, Philips).
The surface morphological images of Mg-InGaN
films were observed by scanning electron micros-
copy (SEM; JSM-6500F, JEOL) and atomic force
microscopy (AFM; Dimension Icon, Bruker). An
energy dispersive spectrometer (EDS; JSM-6500F,
JEOL) equipped on SEM was used for composition

analysis. The electrical properties were measured
by Hall effect measurement (HMS-2000, Ecopia) at
room temperature with a maximum magnetic field
of 0.51 T. Before the Hall effect measurement, the
samples had four electrical contacts made of silver
paste, which was dried in an oven at 100°C for
10 min. A ultraviolet—visible (UV-vis) spectrometer
(V-670, Jasco) was used to measure the absorption
spectra for Mg-InGaN films deposited on the
transparent glass substrates.

RESULTS AND DISCUSSION

Table I shows the EDS composition analyses of
Mg-x-InGaN films at different Mg contents. The [N1/
([In] + [Ga] + [Mg]) ratios were 0.87, 0.95, 0.81 and
0.84 for Mg-x-InGaN films at x = 0, 0.1, 0.15, and
0.20, respectively. For Mg-x-InGaN at x = 0.1, its
composition was close to a stoichiometric ratio of 1.
However, all nitrogen contents in the Mg-InGaN
films were less than 50 at.%, which indicated that
Mg-InGaN films were in a nitrogen-deficient state.
The [Mgl/([In] + [Ga] + [Mg]) ratios were 0.077,
0.127, and 0.182, as the Mg contents in cermet
targets were 10 at.%, 15 at.%, and 20 at.%, respec-
tively. The Mg contents in Mg-InGaN films were
slight less than those in the targets. With the
increase in the Mg content, the film decreased its Ga
content in return. For the In content, the expected
In ratios were expected to be 0.05. However, the
[In)/([In] + [Ga] + [Mg]) ratios were 0.116, 0.057,
0.069, and 0.069 for Mg-x-InGaN at 0, 0.1, 0.15, and
0.2., respectively. The Mg-free InGaN film had the
relatively high In content of 0.116 with a large
deviation from 0.05. With the incorporation of Mg,
the In content becomes relatively consistent with
the design composition. This composition data
indicate that the Mg incorporation into InGaN tar-
get can have the film growth with a better compo-
sition control. The large deviation in the In content
for the Mg-free InGaN film can be attributed to the
melt flow of In during target preparation.

Figure 1 shows XRD patterns of the Mg-x-InGaN
films at x = 0, 0.1, 0.15, and 0.2. In this work, the
Mg-x-InGaN films deposited on Si (100) substrates
all exhibited a wurtzite structure. For undoped
InGaN, the crystallinity was close to single crystal
and the preferentially (1010)-oriented peak was
clearly observed at 260 = 32.05" due to the (1010)
plane with a lower surface energy than other crystal

Table I. Compositional analyses of Mg-x-InGaN films at x = 0, 0.1, 0.15, and 0.2

Mg-x-InGaN [Mgl/([In] + [In]/([In] + [NI/([In] +
films In (at.%) Ga (at.%) Mg (at.%) N (at.%) [Gal + [Mg) [Gal + [Mg] [Ga] + [Mg])
x=0 6.20 47.2 - 46.7 - 0.116 0.874
x=0.1 2.93 44.3 3.95 48.8 0.077 0.057 0.953
x=0.15 3.79 44.3 7.01 449 0.127 0.069 0.814

x = 0.20 3.78 40.7 9.91 45.6 0.182 0.069 0.838
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planes.!” As the pure GaN has the (1010) peak
located at 20 = 32.38",'® there is a peak shift to the
lower diffraction angle due to the substitution of
small gallium ion by the larger indium ion. The In
content of undoped In,Ga;_,N film can be calculated
from the (1010) peak shift by Vegard’s Law as
shown below

20mgan =y % 201N + (1 —y) x 20gan, (1)

where Omgan, 0mn, and Ogan are the diffraction
angles of (1010) lattice plane for InGaN, InN, and
GaN, respectively. The y value of InGaN film was
calculated to be 0.10, which is close to the EDS
result of 11.6% for the undoped InGaN film.
Furthermore, the Mg-InGaN films became poly-
crystalline and the (1010) peak were shifted to
around 20 = 31.85° as the Mg dopant was added into
InGaN films. Basically, the main substitution of the
smaller Ga®* ion [r(Ga®*) = 0.62 A of effectlve ionic
radius] in GaN with the larger Mg ion
[r(Mg?*) = 0.72 Alleads to the lattice expansion and
the shift of diffraction peak to a smaller 20 value."
Besides, the (1011) peak intensity increased as the
Mg dopant content increased, and the diffraction
peaks from the (1120) and (2020) planes also
showed up, which could be attributed to the lattice
distortion. XRD patterns showed that none of the
Mg-InGaN films had phase separation or secondary
phases. It is apparent that the Mg dopant com-
pletely dissolves into InGaN to form a solid solution,
which indicates that the Mg cation substitutes the
lattice site of the Ga cation. The result of solid sol-
utioning proves that the Mg-InGaN films have been
successfully developed by rf reactive sputtering
with a single cermet target.

The structure property of the Mg-0.15-InGaN film
was also investigated by high-resolution TEM
(HRTEM). As shown in Fig. 2, the Mg-0.15-InGaN
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Fig. 1. XRD pattern of Mg-x InGaN films deposited at 400°C in Ar/
N2 atmosphere with different Mg-dopant contents in cermet targets.

Kuo, Li, Tuan, and Yen

film behaved as polycrystalline. Its d-space value
was calculated to be 2.81 A, which corresponded to
the (1010) crystalline plane. Inset the selected area
electron diffraction (SAED) pattern of Mg-0.1-In-
GaN film. This film exhibited a polycrystalline
structure and the (1010), (1011), and (1120) crystal
planes could be observed from the SAED pattern,
which is consistent with the XRD results.

Figure 3 shows SEM surface and cross-sectional
images of Mg-x-InGaN films deposited at 400°C by
rf sputtering. These images showed that Mg-InGaN
films were smooth, continuous, free from cracks and
holes, and composed of nanometer-sized grains. The
grain sizes were 33.5 £ 2.0 nm, 48.6 &+ 1.3 nm,
58.4 + 1.1 nm, and 68.2 + 5.1 nm for Mg-x-InGaN
films at x = 0, 0.1, 0.15, and 0.2, respectively. The
addition of Mg dopant into InGaN films obviously
enhanced the grain growth. The cross-sectional
images are individually shown in the insets. The
columnar structure in InGaN and Mg-InGaN films
were not obvious due to the low thermal stability of
In at 400°C and lattice distortion from the Mg
incorporation. In addition, the thermal expansion
coefﬁc1ent of InGaN, comblmn% from GaN
(5.6 x 10 °K™1) and InN (3.8 x 10 ° K 1,*>*! was
close to 5.5 x 10~¢ K~! after calculation by Vegard’s
law. The thermal expansmn coefficients of Si sub-
strate was 3.6 x 10 ¢ K~ 1.2° Although there is a
large difference in the thermal expansion coeffi-
cients between InGaN films and Si substrate, the
cross-sectional images of Mg-InGaN films with
thicknesses of 1.5-2 um do not show the interfacial
cracking and film cracking, which can be attributed
to the polycrystalline nature of the preferentially
oriented Mg-InGaN films.

Figure 4 shows the AFM morphologies of Mg-
InGaN films after scanning on the 5 x 5 um?
dimension. The root-mean-square (rms) roughness

Fig. 2. HRTEM micrograph of Mg-0.15 InGaN fiim deposited at
400°C in Ar/N2 atmosphere. Inset the SEAD pattern of Mg-0.15
InGaN film.
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Fig. 3. SEM surface images of Mg-x-InGaN films at x = (a) 0, (b) 0.1, (c) 0.15, and (d) 0.2. Insets their individual cross-sectional images.

of undoped InGaN film was 2.33 nm. After incor-
porating the Mg dopants into the InGaN films, the
rms roughness of Mg-x-InGaN films increased to
3.12 nm, 3.67 nm, and 4.75 nm for x = 0.1, 0.15, and
0.2, respectively. The roughness increased with the
increase in the Mg content. Our rms values were
also larger than the films grown by MOCVD with
roughness of 0.6-1.1 nm.?**3 The rougher surface
for our Mg-InGaN films was caused by the lower
deposition temperature at 400°C, which cannot
provide sufficient kinetic energy for the adatoms to
grow into an epitaxial layer, instead forming the
polycrystalline films.

Electrical properties of Mg-x-InGaN films at
x =0, 0.1, 0.15, and 0.2 were measured by Hall
effect measurement at room temperature. The car-
rier concentration, mobility, and electrical conduc-
tivity are shown in Fig. 5. The undoped InGaN films
deposited at 400°C showed as a n-type semicon-
ductor. The carrier concentration and mobility were
1.06 x 10®em™® and 126 +£33cem®>V 's ]
respectively. As the Mg dopant content increased to
7.7 at.% in the Mg-0.1-InGaN film, this film directly
transformed into p-type conduction without a ther-
mal annealing process. The Mg-0.1-InGaN film
showed high hole concentration of 5.53 x 10'® cm 3
and the mobility slightly increased to 15.7 &+
42 cm?V 1s ! As the Mg content increased to
12.7 at.% for Mg-0.15-InGaN film, the film still
remained as a p-type semiconductor with hole
concentration of 1.29 x 107 cm® and mobility of
4.0 £ 1.5 cm® V! s71. As the Mg content increased
to 18.2 at.% for Mg-0.2-InGaN film, the hole con-
centration and mobility decreased to 9.83 x
10% ¢cm 3 and 3.7 + 1.4 em? V! 571, respectively.
The n-to-p transition supports the solid solutioning
of Mg?* dopant into the B3* site. If Mg®*does not

substitute the B3 site, it will behave as an impurity
and precipitate as Mg nitride to block the charge
transport across the grain boundary. In our previ-
ous report of Mg-0.1-GaN film instead of InGaN, the
hole concentration and mobility was 9.37 x 10'¢
em 2 and 345 em? V! 571, respectively.?* However,
in this study, the Mg-0.1-InGaN film showed high
hole concentration of 5.53 x 10'® e¢m™2 and the
much lower mobility of 15.7 + 4.2 cm? V! s~ 1. The
drop in mobility is caused by the high hole concen-
tration.

The change in carrier concentration with the Mg
incorporation into InGaN is strongly related to the
film composition, as shown in Table I. Although the
nitrogen deficiency generates the nitrogen vacan-
cies (Vy) as the donor defect to enhance the electron
concentration, the high electron concentration for
Mg-free InGaN is mainly attributed to the high In
content. Kumakura et al. found that hole concen-
tration of Mg-Ing 04Gag 9eN film made by MOVPE
was 5.3 x 10'® em2.2° Our hole concentration was
close to theirs, despite their Mg dopant having
better solubility with higher temperature process at
780°C instead of ours at 400°C. In this work, the
sputtering plasma can provide Mg dopant with
sufficient energy for it to dissolve into the InGaN
lattice and have the same ability, similar to the
MOCVD technique for Mg-doped InGaN film, in Mg
solubility, even though our deposition temperature
was only 400°C.

The conductivity of Mg-InGaN films depends on
carrier concentration and mobility. As we can see,
the undoped InGaN film had a highest conductivity
of 20.3 S cm ! due to the high electron concentra-
tion of ~10' em 3. As the Mg dopant content
increased to 7.7 at.%, 12.7 at.%, and 18.2 at.%, the
conductivity dropped to 7.13 S cm !, 0.08 S cm ™Y,
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Fig. 4. AFM morphologies with 5 x 5 m? scans of Mg-x-InGaN films at x = (a) 0, (b) 0.1, (c) 0.15, and (d) 0.2.
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Fig. 5. Electrical properties of carrier concentration, mobility, and
electrical conductivity for Mg-InGaN films deposited at 400°C with
different Mg contents.

and 0.05 S cm !, respectively. The excess Mg dop-
ant precipitated at the grain boundary and formed
MgsN,, which retarded the electrical transport and
increased the resistivity. For MOCVD Mg-InGaN,
thermal annealing is needed to activate the Mg
dopant and break the Mg—H bonding for improved
electrical conductivity.?® Nevertheless, in this work,
the p—type Mg-InGaN film can be deposited by rf

sputtering without an annealing process and still
maintain the good conductivity. The sputtering
technique did not use the metalorganic species and
hydrogen atmosphere which can prevent the for-
mation of the Mg—H bonding.

For the effect of Mg dopant on electrical concen-
tration, it is expected that the higher Mg content of
Mg-x-InGaN can provide more acceptors and more
hole concentration. In contrast, the hole concentra-
tion drops from 5.53 x 10"¥ em™® at x=0.1 to
1.29 x 10" em™® at x = 0.15 and 9.83 x 10"° cm™®
at x = 0.2. This information indicates that the Mg
content in films does not all enter into the IIIB site
to form a solid solution. Mg in InGaN has its max-
imal solubility changed with the indium content. If
its doping content is more than it can dissolve, the
excessive Mg content will be nitridized and become
precipitates at the grain boundaries. This precipi-
tate surrounds the grain boundaries and can retard
the carrier transport and lower the electrical con-
ductivity and carrier concentration. The other pos-
sible reason is the increased point defect associates
from the increased extrinsic dopants to act as
charge traps to lower carrier concentration.

UV-vis measurements of Mg-InGaN films were
executed at room temperature. From the UV-vis
spectrum results, the bandgap (E;) of Mg-InGaN
films could be calculated by the Tauc equation
which expressed as Eq. 2%7

(ahv)? = A(hv — E,) (2)
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where o is optical absorption coefficient, A a con-
stant, Av the incident photon energy, and E, the
energy bandgap of the Mg-InGaN films. The band-
gap of Mg-InGaN films can be obtained directly by
plotting the (¢hv)>—~hv curves, followed by extrapo-
lating the linear part of the curves, as shown in
Fig. 6. The obtained E, values were 2.97 eV,
2.92 eV, 2.88 eV, and 2.84 eV for Mg-x-InGaN at
x=0, 0.1, 0.15, and 0.2, respectively. The Mg-
InGaN films were in a nitrogen deficiency state, as
proved by the previous EDS results. The nitrogen
vacancy (V) has been reported as the dominant
defect in GaN with shallow donor level, which
decreases the bandgap of the films.?®?° However,
Kumakura et al. found that Mg doping does not
significantly affect the £, value due to its acceptor
level being only 0.1-0.17 eV above the valence band
maximum.'® The bandgap of Mg-doped Ingog
Gagg4N films grown by MOVPE was only 2.45 eV.
In this study, the change in bandgap was 80 meV
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Fig. 6. Plots of (xhv)2 versus photon energy (hv) for the optical
bandgap determination of the Mg-x-InGaN films (x = 0, 0.1, 0.15 and
0.2) deposited at 400°C on transparent glass substrates.
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for Mg-InGaN films with the Mg content increasing
from 7.7 at.% to 18.2 at.%.

From our experiments, we have proved the pos-
sibility of using reactive sputtering to prepare
p-type InGaN films. p-type GaN is the major p-type
for III-V nitride semiconductors for electro-optic
applications such as LED. Undoped n-type InGaN
has been grown as the n-type for LED. Little p-type
InGaN has been applied for electronic applications,
because the lower growth temperature for MOCVD-
made InGaN instead of GaN is not favored for
incorporating Mg into the IIIB site of InGaN. Our
low temperature process at 400°C has avoided the
indium vaporization and our plasma also provides
sufficient kinetic energy to incorporate Mg into
InGaN. By reactive sputtering, the process for
p-type InGaN becomes cheap, safe at low growth
temperature and without combustible precursors
and toxic ammonia, and simple with no need for
post-annealing. p-type InGaN-based electronic
devices instead of n-type InGaN ones will provide
much more diversity in III-V nitride devices.

To support our Mg-InGaN being p-type, a p/n
junction with the structural modeling shown in
Fig. 7a is presented. The p/n junction diode was
made by rf reactive sputtering with the selections of
GaN for n-layer and Mg-0.1-InGaN (with doping Mg
of 10%) for the p-layer. The p-Mg-InGaN film was
deposited on the Pt/TiO./Si substrate at 400°C
under rf power of 150 W for 40 min. After deposit-
ing p-type Mg-InGaN film, the n-type 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. Pt and Al were the
electrodes of the p/n junction diode. The cross-
sectional SEM image of the p/n junction diode
shown in the Fig. 7b has a smooth p-Mg-InGaN
layer and a columnar n-GaN layer. With SEM
analysis, the thicknesses of the Pt and Al
layers were found to be ~220 nm and 280 nm,
respectively. The thicknesses of the n-type GaN and
p-type Mg-InGaN and films were calculated to be
0.65 ym and 1.0 um, respectively. Figure 8 shows
the current-voltage (I-V) characteristics of the

(a)

Al (280 nm)

electrode

n—GaN (0.65 um) Sectrods
p-InGaN:(Mg 10%) (1 pm) |
Pt (220 nm)
T10, (10 nm)Ti0, (10 nm)

S1 substrateSi substrate

.",““‘ “: £k

‘*.‘w_._ i
~n—GaN

1 £
Sl $0 ki i n
il

p-InGaN

Fig. 7. (a) The structural modeling and (b) the cross-sectional SEM image of the p/n junction diode.
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Fig. 8. Electrical properties of the p/n junction diode measured at
room temperature.

diode tested at room temperature. The leakage
current of the p/n junction diode was found to be
3.08 x 1077 A under the reverse bias of —1 V. This
diode also showed the turn-on voltage of ~1.9 V and
the breakdown voltage of >—10 V. With the recti-
fying behavior, the diode is confirmed to be built
with a p/n junction.

CONCLUSIONS

Mg-InGaN films have been successful deposited
on Si (100) substrates by rf reactive sputtering
technique with single cermet targets. XRD, TEM,
SEM, AFM, and UV-vis spectrometry were used to
investigate the microstructure and characteriza-
tions of Mg-InGaN films. Mg-InGaN films had
polycrystalline and wurtzite structure. They
became p-type at the 7.7% Mg doping content
without the need of a post-annealing process, with A
high hole concentration of 5.53 x 10® ¢cm 2 and the
mobility of 15.7 + 4.2 em® V-1 s71. At the higher
Mg content, the electrical properties of Mg-InGaN
degraded due to the solubility limitation. The suc-
cess in p-type InGaN has facilitated the fabrication
of p/n diode devices with a low-cost and environ-
mentally friendly process.
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