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Abstract Mg-doped GaN (Mg–GaN) films have been

deposited on Si (100) substrates by radio-frequency reac-

tive sputtering technique with single cermet targets. The

targets can be made by hot pressing the mixture of metallic

Ga and Mg powders and ceramic GaN powder. X-ray

diffraction results showed that Mg–GaN films had a

wurtzite structure with a preferential nonpolar m� 10�10ð Þ
growth plane. Mg–GaN with 10.2 % Mg has transformed

into p-type conductivity and has the carrier concentration

of 9.37 9 1016 cm-3, the highest mobility of 345 cm2

V-1 s-1, and the highest conductivity of 3.23 S cm-1. The

band gap of Mg–GaN films retrieved from the absorption

spectra is 2.93–3.06 eV. Furthermore, we have also fabri-

cated a totally sputtering-made and cost-effective GaN

diode with the ideality factors of 5.0 and 4.9 for the as-

deposited and the annealed, respectively.

1 Introduction

In the past two decades, GaN and its alloys successfully

applied to light emission devices, such as light emitting

diodes (LEDs) and laser diodes (LD) [1–3]. GaN is an

important semiconductor material due to its direct band gap

of 3.4 eV and other excellent characteristics such as high

breakdown voltage, high mobility, and thermal stability

[4]. There are several approaches for depositing GaN films,

such as metal organic chemical vapor deposition (MOC-

VD) [1, 5] and molecular beam epitaxy (MBE) [6].

In the early 1990s, S. Nakamura group demonstrated an

important work in growing Mg–GaN films at 1,000 �C by

MOCVD, where trimethylgallium (TMG), ammonia

(NH3), and bis-cyclopentadienyl magnesium (Cp2Mg)

were used as Ga, N, and Mg sources, respectively. They

improved the film resistivity by thermal annealing process.

After 700 �C thermal annealing in nitrogen atmosphere, the

Mg–GaN films exhibited p-type conductivity. Their hole

concentration and mobility were 3.0 9 1017 cm-3 and

10 cm2 V-1 s-1, respectively [7]. In the recent research,

Ke et al. [8] indicated that smooth p-type GaN films should

be deposited under a very low pressure of 50 mbar by

MOCVD. Their hole concentration was changed from

4.7 9 1016 cm-3 to 3.1 9 1017 cm-3 with increasing the

Cp2Mg flow rate. In addition, there are several other

methods to increase the hole concentration of p-type GaN

films, such as delta-doping method [9], Mg–O doping [10],

and multilayered buffer [11]. However, high fabrication

cost and process temperature are the major challenges for

MOCVD process. On the contrary, the GaN films have also

been deposited on Si substrate by sputtering. If the Ga

target is adopted, it becomes a viscous state due to the

melting temperature (Tm) of 29 �C. If the GaN target is

used, its fabrication is difficult due to Tm [ 2,500 �C.

Zhang et al. [12] deposited GaN films at 500 �C by sput-

tering with Ga target in pure nitrogen atmosphere. Kim

et al. [13] deposited GaN films by sputtering with a GaN

target in pure Ar atmosphere. Furthermore, polarization-

induced doping in nitrides received a lot of attention. Li

et al. and Simon et al. [14–16] had investigated the

AlxGa1-xN layer grown by MBE. However, there is no

report on the growth of p-type GaN films by sputtering.

In this research, we attempt to deposit p-type GaN films

by rf reactive sputtering with single Mg-containing cermet

targets. The cermet targets were made by mixture metallic
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Mg and Ga and ceramic GaN powder, by which the viscous

problem of the Ga target during sputtering can be over-

come. Sputtering technique is a cost-effective, environ-

mentally safe, and mass production process. p-type GaN,

an important component for devices, made by reactive

sputtering instead of MOCVD and MBE is still intriguing.

Thermally stable GaN electronic devices such as p/n and

Schottky diodes can have potential applications for power

electronics. The formation of p-type Mg–GaN is being

explored and demonstrated without the need of thermal

annealing. To further identify the p-type behavior, a

p/n GaN diode device totally made by sputtering has been

fabricated and evaluated.

2 Experimental details

Mg–GaN films were grown on Si (100) substrates by rf

reactive sputtering technique with single cermet targets.

The cermet targets were prepared by hot pressing the

mixture of metallic Ga and Mg powders and ceramic GaN

powder at 300–500 �C for 30 min in inert atmosphere. The

Mg contents in the four kinds of cermet targets were 0, 5,

10, and 15 at.%. Their corresponding films were symbol-

ized as Mg-x GaN with x = 0, 0.05, 0.1, and 0.15. The

Ga/(Ga ? GaN) molar ratio in each cermet target was kept

at 0.3. To get rid of the oxygen contamination, the sputter

chamber was pumped to a pressure less than 1 9 10-6 torr

before sputtering. The deposition temperature and sput-

tering power were kept at 400 �C and 150 W, respectively.

The deposition time was 60 min. The plasma working

pressure was kept at 9 9 10-3 torr. The sputtering process

was under the gas mixture of Ar and N2 with a flow rate of

5 sccm for each. Furthermore, we also designed a p/n GaN

diode for measuring its electrical property. The p/n GaN

diode with a homojunction was deposited on Pt/TiO2/Si

substrate. The n- and p-type GaN films for diode were

made of Mg-0 GaN and Mg-0.1 GaN, respectively. The

sizes of each Al electrodes were 1 mm2.

The structure of Mg-x GaN films was identified by

X-ray diffraction (XRD, D8 Discover, Bruker). Scanning

electron microscope (SEM, JSM-6500F, JEOL) was used

to observe the surface morphology and cross-sectional

image of Mg–GaN films. Energy dispersive spectrometer

(EDS, JSM-6500F, JEOL) equipped on SEM was used for

composition analysis. Surface root-mean-square (rms)

roughness of Mg–GaN films was evaluated by atomic force

microscopy (AFM, Dimension Icon, Bruker). Three mea-

surements were conducted on each specimen. Carrier

concentration, mobility, and electrical conductivity of

Mg–GaN films were measured by Hall measurement

(HMS-2000, Ecopia) with a maximum magnetic field of

0.51 T. The samples for Hall measurement had four

electrical contacts made of silver paste, which was dried in

an oven at 100 �C for 10 min. Ultraviolet–visible (UV–vis)

spectrometer (V-670, Jasco) was used to measure the

absorption spectra for Mg–GaN films deposited on glass

substrates. The rectifying behavior of a p/n GaN diode with

a homojunction was measured by semiconductor device

analyzer (B1500A, Agilent).

3 Results and discussion

Figure 1 shows the X-ray diffraction patterns of Mg–GaN

films grown on Si (100) substrates with different Mg

contents. Mg–GaN films showed a wurtzite structure and

had preferentially grown with the nonpolar m-(10�10)

crystal plane. Considering the minimization of surface

energy to lower the total free energy, the sputtered GaN

film prefers to grow with a (10�10) crystal plane of low

surface energy of 118 meV/Å2 instead of 125 meV/Å2 for

the (0001) plane [17]. The same diffraction results were

also occurred, as the (0001) sapphire substrate was used for

deposition. With our deposition condition, the thermody-

namically stable growth plane is not the (0001) plane and

the epitaxial growth of GaN on the (0001) sapphire sub-

strate needs to be further investigated. No second phases

had been detected, which indicated the Mg incorporation

into GaN to form a solid solution or the Mg cation

substituted the lattice site of the Ga cation. The nonpolar

m-(10�10) peak position of the undoped GaN film located at

2h = 32.49� and the peak position was slightly shifted to

lower 2h values of 32.32�, 32.28�, and 32.24� as the

Mg-doping content in targets increased from 5, 10, to 15

at.%, respectively. Table 1 lists the lattice constants (a and c),

unit cell volume, and full-width at half-maximum (FWHM)

of the (10�10) diffraction peak of the Mg-x GaN films. The

values of a, c and unit cell volume were increased with
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Fig. 1 XRD diffraction patterns of Mg–GaN films deposited at

400 �C with different magnesium contents in targets
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increasing the Mg content. Basically, the substitution of the

smaller Ga3? ion [r(Ga3?) = 0.62 Å of effective ionic

radius] [18] in GaN with the larger Mg2? ion

[r(Mg2?) = 0.72Å] leads to the lattice expansion, the shift of

diffraction peak to a smaller 2h value, and slightly larger

lattice parameters.

The compositional analyses for Mg–GaN films are

shown in Table 2. With the EDS analysis results, the

N/(Ga ? Mg) ratio were 0.819, 0.815, 0.825 and 0.829 for

Mg-x GaN films at x = 0, 0.05, 0.1, and 0.15, respectively.

The nitrogen deficiency in all Mg-x GaN films with a close

N/(Ga ? Mg) ratio was in a close degree and its influence

on lattice parameters should be similar and was not an

affecting factor. For the Mg/(Mg ? Ga) ratio, it was 5.6,

10.2, and 11.5 % for Mg-x GaN at x = 0.05, 0.1, and 0.15,

respectively. These data indicate that up to 10 %Mg in

target can produce Mg–GaN with *10 % Mg in film. With

a high Mg content of 15 % in target, the Mg content in

Mg–GaN films has only increased to 11.5 %. Therefore,

the solubility of Mg into the Ga lattice of GaN can be close

to 10 %.

Figure 2 shows SEM surface images of Mg–GaN films

deposited at 400 �C by sputtering. During the 400 �C

deposition, Mg–GaN films were smooth and crack- and

pore-free. The average grain sizes of Mg–GaN films were

around 26 ± 1 nm. The cross-sectional images were indi-

vidually shown in the insets. The undoped GaN film showed

a columnar structure. As the Mg-doping content increased to

5.6 at.%, the column structure of Mg-0.05 GaN in Fig. 2b

was not as clear as that of undoped one. The column

structure disappeared and there were no apparent features as

the Mg content in Mg-0.1 GaN reached 10.2 at.%. From the

cross-sectional images, the thickness values of Mg–GaN

were measured to be 2.12, 2.11, 2.12, and 2.33 lm for Mg-

x GaN at x = 0, 0.05, 0.1, and 0.15, respectively. The cor-

responding growth rates were calculated to be 35.3, 35.1,

35.4, and 38.9 nm/min. The addition of Mg dopant into GaN

obviously has no effects on growth rate. Although the

reported deposition rates for GaN films by MOCVD and

MBE were 8.3–25 nm/min, their films had an epitaxial

growth [19, 20]. Our rf sputtering technique provided a

faster approach for depositing polycrystalline Mg–GaN

films. Although there is a big difference in the thermal

expansion coefficients of GaN (5.59 9 10-6 K-1) and Si

(3.59 9 10-6 K-1) [21], the 2 lm-thick Mg–GaN films do

not show any interfacial cracking or delamination between

Mg and GaN films and Si substrate after deposition at

400 �C, which can be attributed to the polycrystalline nature

of the preferentially grown GaN films. The fact of the Mg-

0.1 and Mg-0.15 GaN films with the featureless micro-

structure is related to the change in nucleation behavior. The

Mg doping disturbs the reactions between Ga and N adatoms

to form GaN nuclei, therefore the smaller nuclei formed at a

higher Mg content lead to a featureless growth mode. Due to

the smaller nuclei, more defects such as grain boundary,

stacking fault, dislocation et al. are also expected.

Figure 3 shows AFM morphologies of Mg–GaN films at

different Mg contents. The root-mean-square (rms) rough-

ness of undoped GaN film was 3.23 ± 0.04 nm. With the

increase in the Mg-doping content, the rms roughness of

Mg-x GaN at x = 0.05, 0.1, and 0.15 slightly increased from

3.33 ± 0.03, 3.74 ± 0.12, to 4.10 ± 0.04 nm, respectively.

The similar phenomena had been report for Mg–GaN films

deposited by MOCVD. Ke et al. [8] observed the rms

roughness of Mg–GaN films was 0.72–23.45 nm with the

rougher film at the higher Mg content. The surface rough-

ness of Mg–GaN has been attributed to a difference in

atomic size between Ga and Mg, which made the lattice

distortion, dislocation generation, and growth in three

dimensions [22]. The rougher surface for our Mg–GaN films

can be attributed to the lower deposition temperature at

400 �C instead of above 950 �C. The lower kinetic energy at

lower growth temperature can not have adatoms easily move

to have good stacking, which leads to more defects and

rougher surface. The increase in rms roughness of Mg–GaN

with the Mg content, as explained for Fig. 2, is related to the

change in the nucleation behavior. The disturbed nucleation

can lead to the rougher surface.

Figure 4 shows the carrier concentration, mobility, and

electrical conductivity for Mg–GaN films at different Mg

contents. The undoped GaN film showed n-type conduc-

tivity and had carrier concentration of 1.04 9 1018 cm-3.

As the Mg-doping content increased to 5.6 at.% for

Mg-0.05 GaN, the carrier concentration decreased to

6.11 9 1016 cm-3 and the film remained as an n-type

Table 1 Lattice constants, unit cell volume, and full-width at half-

maximum (FWHM) of Mg-x GaN films at x = 0, 0.05, 0.1, and 0.15

Cermet target 2h (10�10)

peak

a (Å) c (Å) volume

(Å3)

FWHM

(10�10) (2h�)

GaN 32.49 3.183 5.198 45.61 0.30

Mg-0.05 GaN 32.32 3.198 5.222 46.25 0.34

Mg-0.1 GaN 32.28 3.201 5.227 46.38 0.25

Mg-0.15 GaN 32.24 3.207 5.237 46.64 0.30

Table 2 Compositional analyses of Mg-doped GaN films deposited

with different Mg contents in targets

Cermet target Ga

(at.%)

Mg

(at.%)

N

(at.%)

Mg/

(Mg ? Ga)

N/

(Mg ? Ga)

GaN 54.98 – 45.02 – 0.819

Mg-0.05 GaN 51.97 3.13 44.90 0.056 0.815

Mg-0.1 GaN 49.14 5.64 45.22 0.102 0.825

Mg-0.15 GaN 48.37 6.31 45.32 0.115 0.829
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semiconductor. As the Mg content was 10.2 at%, the

Mg-0.1 GaN film transform into p-type conduction and the

carrier concentration increased to 9.37 9 1016 cm-3. This

value was closed to the previous reports for Mg–GaN

deposited by MOCVD and MBE [6–8]. Here, GaN film

with a sufficient Mg content can be directly transformed

from n type to p type by reactive sputtering without an

annealing procedure. However, when the Mg content

100nm

100nm

2μm

2μm

100nm

2μm

100nm

2μm

(b)(a)

(d)(c)

Fig. 2 SEM surface images of Mg-x GaN films at x = a 0, b 0.05, c 0.1, and d 0.15. The insets are their individual cross-sectional images

Fig. 3 AFM morphologies of Mg-x GaN films at x = a 0, b 0.05, c 0.1, and d 0.15
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reached 11.5 at.%, the carrier concentration of the Mg-0.15

GaN films slightly dropped to 7.93 9 1016 cm-3. For

carrier mobility, they were 7.1, 15.0, 345, and 216 cm2

V-1 s-1 for Mg-x GaN with x = 0, 0.05, 0.1, and 0.15,

respectively. There is a 23-fold increase in mobility as

n-type GaN transforms to p-type one. The conductivity

related with the carrier concentration and mobility. The

Mg-0.1 GaN film had a highest mobility of 345 cm2

V-1 s-1 and conductivity of 3.23 S cm-1. The Mg-0.15

GaN film with a high Mg content in target actually can only

have 11.5 % Mg incorporated into GaN. It is expected that

the over-doping will lead to the dopant precipitation at

grain boundary to retard the electrical transport and

increase the resistivity. From the above data, the useful Mg

content in Mg–GaN films for the p-type conduction exists

at a restrictive range. The much refined solubility data for

p-type Mg–GaN need further investigations. For MOCVD

GaN, thermal annealing is needed to degrade the Mg–H

bonding for improved electrical conductivity. However, the

sputtering technique without using the metalorganic spe-

cies and hydrogen atmosphere can avoid the formation of

the Mg–H bonding.

To measure the band gap (Eg) of Mg–GaN films, the

films were deposited on the transparent glass substrates

for measuring absorption spectra at room temperature by

UV–vis spectrometer. From the UV–vis measurements, we

could calculate the direct energy band gap by using the

Tauc Eq. (1) [23].

ahtð Þ2¼ A ht� Eg

� �
ð1Þ

where a is absorption coefficient, A is a constant, ht is the

incident photon energy, and Eg is the energy band gap of

the test films. The band gap of Mg–GaN films can be

obtained by plotting the (aht)2-ht curves, followed by

extrapolating the linear part of the curves, as shown in

Fig. 5. The Eg values were 3.06, 2.99, 2.96 and 2.93 eV for

Mg-x GaN at x = 0, 0.05, 0.1, and 0.15, respectively. The

undoped GaN film showed a smaller band gap than the

reported 3.4 eV. However, there were some reports about

pure GaN films with an Eg value of *3.0 eV. Knox-Davies

et al. [24] showed Eg of 3.06 eV for their sputtered GaN

film measured by the photoluminescence technique and the

value increased to 3.64 eV after hydrogenation. GaN films

with small Eg can be related to the intrinsic defects. The

nitrogen vacancy (VN) has been proposed as the dominant

defect in GaN with a much shallow donor level [25–27].

Ga vacancy in the neutral charge state is a triple acceptor,

with a set of levels ranging from 0.2 to 1.1 eV above the

valence band edge [28]. That is the donor–acceptor tran-

sition in pure GaN to have Eg of *3.0 eV. For the nitro-

gen-deficient case or the case with the N/(Mg ? Ga) ratio

\1, the Ga vacancy is not a thermodynamically stable

defect. But under the sputtering condition, the existence of

acceptor in n-type GaN is possible due to the disturbance

from the sputtering plasma to fail the charge compensation.

This can be the reason why the GaN films prepared by

sputtering with substrate temperatures at and lower than

400 �C easily show the smaller band gap. For the effect of

the Mg content on band gap, the Mg doping in GaN does

not have an obvious change in Eg because its acceptor level

is ?0.2 eV above the valence band maximum [29, 30],

close to the acceptor level of Ga vacancy. Therefore, the Eg

values of our Mg-doped GaN are related to the donor-to-

acceptor transition with the acceptors at two states of Ga

vacancy and the Mg-to-Ga (MgGa) defects. Li et al. [31]

observed that Eg decreased from 3.05 eV for 0.5 %

Mg–GaN powder to 2.9 eV for 2.0 % one. Lim et al. [32]

observed that the band gap narrowing for high Mg doping

concentrations was in the order of 10 meV. In our case, the

change in band gap was 60 meV for Mg–GaN with the Mg

content increasing from 5.6 to 11.5 %.

To confirm the p-type behavior, a p/n GaN diode is

presented. Figure 6 plots the variation of the current–voltage
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(I–V) curves of the as-grown and 500 �C-annealed p/n GaN

diode tested at room temperature. The insets in Fig. 6

showed that Al and Pt electrodes formed ohmic contact

with n-type and p-type GaN films, respectively. The diodes

showed a low dark current and had a rectifying behavior.

There are no irreversible breakdowns occurred, though the

reverse voltage has increased to 20 V. The as-grown and

500 �C-annealed p/n GaN diodes with a homojunction had

the turn-on voltages of 2.3 and 2.1 V, respectively. The

reverse-bias leakage currents at -1 V of the as-grown and

500 �C-annealed diodes were 2.40 9 10-7 A and

1.03 9 10-6 A, respectively.

The ideality factor and barrier height of the as-deposited

and annealed p/n GaN diodes can be evaluated by the

standard diode equation (Eq. 2) based on the thermionic

emission theory [33].

I ¼ Is exp
qV

nkT

� �
� 1

� �
ð2Þ

where Is is the saturation current, q the electron charge, V

applied voltage, k the Boltzmann constant

(1.38 9 10-23 J K-1), n the ideality factor, and T the

absolute temperature. The saturation current Is can be

expressed as

Is ¼ AA�T2 exp � q/b

kT

� �
ð3Þ

where A is the device area, A* the effective Richardson

constant equal to 26.4 A cm-2 K-2 for GaN [34], and /b

the barrier height. With Eq. (3), the barrier height of the p/n

GaN diode can be calculated. The ideality factor n is

defined as

n ¼ q

kT

� 	 dV

dðln IÞ

� �
ð4Þ

The ideality factor can be calculated with Eq. (4) by

determining the slope of the linear region in a dV-d(ln I)

plot at the forward-bias condition. The ideality factors of

the as-grown and 500 �C-annealed diodes were 5.0 and 4.9,

respectively. And the barrier heights of the as-grown and

annealed diodes were 0.62 and 0.64 eV, respectively. Liu

et al. [35] calculated the barrier height of p/n GaN junction

made by MOCVD was 0.61–0.78. Lee et al. [36] fabricated

the similar structure of p/n GaN diode by MOVPE. They

found that ideality factor of the diode was *7. The high

ideality factor (n [ 2) has been attributed to the high-

density structural defects which serve as the trap-assisted

generation-recombination centers. The trap-assisted gen-

eration-recombination process affects the current transport

mechanism of the p/n GaN diode.

4 Conclusions

Mg-doped GaN films have been successful deposited on Si

(100) substrates by rf reactive sputtering technique at

400 �C with single cermet targets. Mg–GaN films had a

wurtzite structure with a preferential nonpolar m-(10�10)

crystal plane and excellent adhesion with Si substrates.

When the Mg-doping content reached 10.2 at.% in film, the

Mg-0.1 GaN film had featureless microstructure and

transformed into p-type conduction. This p-type GaN film

had the highest mobility of 345 cm2 V-1 s-1 and the

highest conductivity of 3.23 S cm-1. The band gap values

changed from 3.06 to 2.93 eV as the Mg-doped content in

film increased from 0 to 11.5 at.%. All sputtering-made

GaN diodes have been demonstrated. The leakage current

and ideality factor were 2.40 9 10-7 A and 5.0, respec-

tively, for the as-deposited diode and they were

1.03 9 10-6 A and 4.9 for the annealed one.
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