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Abstract GaN films have been deposited at 100–400 �C

substrate temperature on Si (100) and sapphire (0001) sub-

strates by RF reactive sputtering in an (Ar ? N2) atmo-

sphere. A (Ga ? GaN) cermet target for sputtering was

made by hot pressing the mixed powders of metallic Ga and

ceramic GaN. The effects of substrate temperature on the

GaN formation and its properties were investigated. The

diffraction results showed that GaN films with a preferential

(10–10) growth plane had a wurtzite crystalline structure.

GaN films became smoother at higher substrate temperature.

The Hall effect measurements showed the electron con-

centration and mobility were 1.04 9 1018 cm-3 and

7.1 cm2 V-1 s-1, respectively, for GaN deposited at

400 �C. GaN films were tested for its thermal stability at

900 �C in the N2 atmosphere. Electrical properties slightly

degraded after annealing. The smaller bandgap of *3.0 eV

is explained in terms of intrinsic defects and lattice

distortion.

1 Introduction

In the recent years, wide bandgap (Eg) III–V nitride

semiconductors such as GaN had been applied in light

emitting diodes (LEDs) and laser diodes (LD) [1, 2]. GaN

had a direct Eg of 3.4 eV and had other excellent charac-

teristics such as thermal conductivity, high breakdown

voltage, and high mobility [3]. GaN also could be applied

to field-effect transistor (FET) and heterojunction bipolar

transistor (HBT) [4, 5]. So far, there are several methods to

grow GaN films such as metal–organic chemical vapor

deposition (MOCVD), metal–organic vapor phase epitaxy

(MOVPE) [6–8]. For MOCVD and MOVPE processes,

GaN films have been deposited at 1,000 �C with N2 as a

carrier gas and trimethylgallium (TMG) and ammonia

(NH3) as Ga and N sources, respectively. However, high

manufacturing cost and process temperature are the major

challenges for MOCVD process.

In addition, sputtering technique was another method to

grow GaN films. Sputtering can be divided into direct

current (DC) and radio-frequency (RF) sputtering [9]. The

sputtering technique had many advantages such as lower

deposition temperature than MOCVD, low equipment cost,

and secure working atmosphere (Ar, O2 and N2). Until

now, GaN films have been successful deposited on Si

substrate by sputtering. Zhang et al. [10] deposited GaN

films on p-type Si (111) substrates at 500 �C by DC sput-

tering with a Ga target in pure nitrogen atmosphere. Kim

deposited GaN films on ZnO/Si (001) substrates by RF

sputter system with a GaN target in pure Ar atmosphere

[11]. Optical and structural properties have been frequently

mentioned in the previous reports. However, most reports

about electrical properties of GaN films were deposited by

MOCVD. Nakamura [6] observed that the carrier concen-

tration and mobility of GaN films were 4 9 1016 cm-3 and

600 cm2 V-1 s-1, respectively.

In this work, GaN films have been deposited by a RF

reactive sputtering technique. We use the cermet concept to

fabricate the (Ga ? GaN) cermet target to overcome the

problems of using a viscous Ga solid as the sputtering

target and sintering a dense target of GaN with a high

melting temperature of [2,500 �C. This cermet target was

made by hot pressing the powder mixture of 30 vol%

metallic Ga and 70 vol% ceramic GaN. The Ga content in
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target is less than the GaN content to avoid the outflow of

viscous Ga during hot pressing and sputtering. Therefore,

the GaN films grown at different substrate temperatures

with this technique are investigated for its feasibility and

growth characteristics.

2 Experimental details

The GaN films were deposited on Si (100) and sapphire

(0001) substrates by the RF reactive sputtering technique.

The (Ga ? GaN) cermet target was made by hot pressing

the mixture powder of 70 vol% ceramic GaN and 30 vol%

metallic Ga. Before sputtering, the chamber was pumped

down to a pressure lower than 1 9 10-6 torr to avoid the

impurities, e.g. oxygen. The substrates were heated at

100–400 �C and the sputtering proceeded under the gas

mixture of Ar and N2. Both Ar and N2 flow rates were set at

a flow rate of 5 cm3/min for each. The sputtering power

and deposition time was 120 W and 90 min, respectively.

The working pressure was kept at 9 9 10-3 torr. After

deposition, GaN films were annealed at 900 �C in the pure

N2 atmosphere for the comparison purpose.

The microstructure of GaN films was studied by X-ray

diffraction (XRD, D8 Discover, Bruker). The angle of

X-ray incidence was 1�. The root-mean-square (rms) value

of roughness and surface topography of the GaN films were

measured by atomic force microscopy (AFM, Dimension

Icon, Bruker). A field-emission scanning electron micro-

scope (SEM, JSM-6500F, JEOL) was used to observe the

surface morphology and cross-sectional images of GaN

films. The compositions of GaN films were investigated

with an energy dispersive spectrometer (EDS JSM-6500F,

JEOL). The Hall effect measurement system (HMS-2000,

Ecopia) with a maximum magnetic field of 0.51 T was used

to measure the carrier concentration, mobility, and elec-

trical conductivity for the GaN thin films. All the samples

used for Hall effect measurements at room temperature had

four electrical contacts made of silver paste, which were

dried in an oven at 100 �C for 10 min. The absorption

spectra for the GaN thin films deposited on glass substrates

were measured by Ultraviolet–Visible (UV–Vis) spec-

trometer (V-670, Jasco) at room temperature.

3 Results and discussion

Figure 1 shows the XRD patterns for the GaN thin films

deposited on Si (100) substrates at 100–400 �C by RF

reactive sputtering process of technique. The XRD results

indicated that the GaN films possess a wurtzite crystalline

structure. When the deposition temperature was at 100 �C,

the grown GaN film on Si substrate was polycrystalline.

The dominant peak in the XRD patterns observed at

2h = 32.45� was found to demonstrate a preferential

growth orientation in the nonpolar crystalline plane

m-(10–10). The other diffraction peaks observed at

2h = 36.32�, 57.31�, 67.66�, 68.74�, and 70.15� were

formed due to the reflection form the (10–11), (10–12),

(20–20), (11–22), and (20–21) crystal planes, respectively.

As the deposition substrate temperature increased from

200, 300, to 400 �C, the GaN peak positions of the (10–10)

plane located at 32.45�, 32.50�, and 32.45�, respectively,

remained almost unchanged, which meant that its lattice

dimensions did not change with these deposition temper-

atures. The full width at half the maxima (FWHM) for the

(10–10) peaks at 2h = 0.336�, 0.334�, 0.338�, and 0.332�
corresponded to the GaN films deposited at 100, 200, 300

and 400 �C, respectively. The GaN films deposited at dif-

ferent substrate temperature showed close quality in crys-

tallinity. Similar diffraction behavior was observed for the

GaN thin films deposited on (0001) sapphire substrates.

The GaN films deposited by magnetron sputtering have

shown a preferential m-(10–10) crystalline plane. Epitaxial

GaN films grown on sapphire (0001) by MOCVD have

been commercially available [12]. Their epitaxial growth

for the GaN thin films by MOCVD has been conducted at

high growth temperature and low growth rate. Our lower

sputtering temperature does not provide sufficient kinetic

energy for growing the epitaxial GaN films. Surface energy

of the GaN crystal planes has been reported to be

118 meV/Å2 for the (10–10) crystalline plane and

125 meV/Å2 for the (0001) plane [13]. To minimize the

total free energy of the deposited GaN films, our sputtered

films have chosen the the (10–10) crystalline plane as the

preferential growth plane. No diffraction peaks were

observed due to the metallic Ga phase. Shinoda et al. [14]
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Fig. 1 XRD patterns of the GaN films deposited at 100–400 �C

substrate temperature
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observed that GaN films deposited in pure N2 atmosphere

instead of the (Ar ? N2) atmosphere showed poor crys-

tallinity. The comparative result explains the advantage of

adding argon into the N2 sputtering environment.

Figure 2 shows SEM surface morphology of the GaN

films deposited at 100, 200, 300, and 400 �C on Si sub-

strates. The images for the cross-sectional view for the films

are shown as insets in the figure. The microstructure for the

as-deposited GaN films show continuous, smooth, and

cracks-free with no clear differences. The average grain size

for all the GaN films is around 27 nm with almost similar

size values. The substrate temperature did not show an

observable effect on the films microstructure. As observed

from the images for the cross-sectional view (the insets in

Fig. 2), all the GaN films show a close thickness value

around 1.5 lm and they adhere well to the Si substrates

without pores or the delamination at the GaN–Si interface.

Thick GaN films around 1.5 lm film thickness were grown

in 90 min deposition time. The GaN films show a columnar

orientation microstructure due to the preferential growth

with the (10–10) plane.

Surface topographies of GaN films were investigated by

AFM to obtain the rms value of surface roughness. Figure 3

shows the surface topographies of the GaN films grown at

100–400 �C substrate temperatures. The rms roughness

values were found to be: 1.12, 1.07, 0.88, and 0.86 nm for

the deposition substrate temperatures at 100, 200, 300, and

400 �C, respectively. The higher substrate temperature

provides the sputtered GaN molecules with higher kinetic

energy in order to migrate on the Si substrates and enhance

the formation of smooth GaN films surface. It is known that

the GaN films deposited on ZnO buffered layer by RF

sputtering technique have a low rms value of about 0.7 nm.

While GaN films grown by MOCVD method has an rms

roughness value of around 0.5–3 nm [11, 15, 16]. The rms

value for our film surface roughness is comparable to the

published values.

The carrier concentration (n), mobility (l), and electrical

conductivity (r) of the as-grown GaN films were plotted in

Fig. 4. All the GaN films had n-type semiconductor prop-

erties. The electron concentrations (ne) were 9.61 9 1018,

3.07 9 1018, 1.41 9 1018, and 1.04 9 1018 cm-3, at the

deposition temperatures of 100, 200, 300, and 400 �C,

respectively. The value of ne decreases with increasing in

substrate temperature. The change in carrier concentration is

related to the change in defect concentration. From the EDS

compositional analysis, the GaN films were nitrogen defi-

cient and had the N/Ga ratios of 0.82, 0.83, 0.85, and 0.94 at

the deposition temperatures of 100, 200, 300, and 400 �C,

respectively. The GaN films become nitrogen deficient at

lower substrate temperature and are close to be stoichiom-

etric at higher temperature. The nitrogen vacancy (VN) has

been proposed as the dominant defect in GaN with a much

shallow donor level [17–19]. The 100 �C-deposited GaN

thin film with a lower N/Ga ratio of 0.82 has higher VN

defect concentration and higher electron concentration of

9.61 9 1018 cm-3. The value of mobility was increased

from 2.6 to 7.1 cm2 V-1 s-1 as the deposition substrate

temperature increased from 100 to 400 �C. The increase in

mobility can be attributed to the lower electron scattering for

the 400 �C-deposited GaN film with a lower ne value. The

other possible explanation can be the decreased
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Fig. 2 SEM surface morphologies of the GaN films deposited at a 100 �C, b 200 �C, c 300 �C, and d 400 �C. The insets are the corresponding

cross-sectional images
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concentration of the defect complexes or defect associates

due to the higher growth temperature. For electrical con-

ductivity, it is related to the product of carrier concentration

and mobility and it leads to the decrease from 3.2 to 1.2

S�cm-1 with increasing the substrate temperature from 100

to 400 �C.

For the UV–Vis absorption measurement, GaN films

were deposited on the transparent glass substrates for

measuring its energy bandgap (Eg). From the UV–Vis

measurements, we could calculate Eg of GaN by using the

Tauc equation below [20]:

ðahtÞ2 ¼ Aðht� EgÞ

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

incident photon energy. The energy bandgap of GaN films

can be obtained by plotting (aht)2 versus ht and extrap-

olating the linear part of this (aht)2-ht plot. The

absorption spectra and the extrapolation lines have been

shown in Fig. 5. The Eg values were 2.97, 2.99, 3.03, and

3.06 eV for the sputtered GaN films grown at 100, 200,

300, and 400 �C substrate temperatures, respectively. All

the energy bandgap values were smaller than 3.4 eV for the

typical GaN. There are not many reports to have pure GaN

films with an Eg value of *3.0 eV. Knox-Davies et al. [21]

showed Eg of 3.06 eV for their sputtered GaN films with

the photoluminescence technique and their value increased

to 3.64 eV after hydrogenation. Our small Eg value is

related to the existing intrinsic defects. Van de Walle and

Neugebauer, Saarinen et al., and Oila et al. [22–24] have

studied about the intrinsic defects in GaN. Ga vacancy has

always been mentioned for n-type GaN. However, nitrogen

vacancy also has been proposed as the dominant defect in

GaN with a much shallow donor level [17–19]. 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. Other than Ga and nitrogen vacancies, the antisite

and interstitial defects behave as the deep traps and do not

contribute to the measured Eg values [25]. Our sputtered

GaN films prepared under a plasma condition instead of a
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Fig. 3 AFM topographies of the GaN films deposited at a 100 �C, b 200 �C, c 300 �C, and d 400 �C substrate temperature
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temperatures

J Mater Sci: Mater Electron (2014) 25:1404–1409 1407

123



stable thermal equilibrium condition can be the highly

compensated semiconductor and its Ga vacancy exists

together with the dominant nitrogen vacancy. Therefore,

the smaller energy bandgap extracted from the absorption

spectra can be originated from the donor–acceptor

absorption. Other possible explanations are related to the

existing residual stress between GaN and glass substrate

and the defect-related lattice distortion. Based upon the

potential fluctuation model, it is known that the distortion

in crystalline orientation causes the effective bandgap

dispersion and thus creates lateral potential fluctuations.

Vacancies, impurities, dangling bonds, strain, and struc-

tural defects all introduce these fluctuations [26, 27].

The GaN films were tested for its thermal stability at

900 �C annealing temperature for 1 h deposition time in

pure nitrogen atmosphere. Figure 6 shows SEM surface

images of the annealed GaN films deposited on Si

substrates. The thermal expansion coefficients of GaN and

Si are 5.59 9 10-6 and 3.59 9 10-6 K-1, respectively

[28]. After high temperature annealing, GaN should gen-

erate tensile thermal stress due to its larger thermal

expansion coefficient (a). The tensile stress can be esti-

mated by Da 9 DT 9 EGaN, where Da represents for the

difference in a between GaN and Si, DT is *875 �C for

temperature difference, and EGaN for Young’s modulus and

is *200 GPa for GaN. The tensile thermal stress is about

350 MPa, which is close to the fractural strength of GaN

films [29]. Although a high residual tensile stress exists in

the GaN film, but this film is free of cracking. Each insert

in Fig. 6 shows the cross-sectional image for the corre-

sponding annealed film. These images were also used to

examine the interfacial integrity. Obviously, there was no

interfacial delamination after high temperature annealing at

900 �C.

Electrical properties of the 900 �C-annealed GaN films

were also investigated. The data were plotted in Fig. 7.

After annealing at 900 �C, electrical conductivity of the

GaN films changed from 3.2 S cm-1 for the 100 �C-

deposited to 1.2 S�cm-1 for the 400 �C-deposited. Electri-

cal conductivities are close for the as-deposited and

annealed GaN films. However, the carrier concentration and

mobility had a larger change after annealing. The carrier

concentration of all annealed GaN films had increased to

*1019 cm-3. After annealing, the value of mobility

decreased from 1.8 cm2 V-1 s-1 for the 100 �C-deposited

to 0.68 cm2 V-1 s-1 for the 400 �C-deposited. The values

of mobility for the annealed GaN films were lower than

those of the as-grown films, ranging from 2.6 to

7.1 cm2 V-1 s-1. Therefore, annealing at 900 �C does have

effects on microstructure and defect state, which lead to

the changes in ne, l, and electrical conductivity. Our
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Fig. 5 Plots of (aht)2 versus photon energy (ht) for the optical

bandgap determination of the GaN films deposited at 100–400 �C

substrate temperature
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Fig. 6 SEM surface morphologies of the GaN films deposited at a 100 �C, b 200 �C, c 300 �C, and d 400 �C, followed by annealing at 900 �C

in pure N2 atmosphere. The insets are the corresponding cross-sectional images
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explanation for the electrical properties of the annealed

GaN thin films is related to the incorporation of oxygen

impurity. The oxygen-to-nitrogen defect has been men-

tioned to be one of the major n-type defects [30, 31]. With

the incorporation of oxygen, more oxygen-to-nitrogen an-

tisite donors can increase the ne value. The decrease in

mobility can be related to the enhanced scattering from the

oxygen impurity and the higher electron concentration.

4 Conclusions

GaN films were successfully deposited on Si (100) sub-

strate at 100–400 �C substrate temperature by RF reactive

sputtering with single (Ga ? GaN) cermet target. This

target was made by hot pressing the mixed powders of

metallic Ga and ceramic GaN, not solely using the viscous

Ga and the hard-to-sintered GaN. The higher deposition

substrate temperature for growing the GaN films has led to

the film composition close to the GaN stoichiometry, a

smoother surface, the lower electron concentration of

1.04 9 1018 cm-3 for the 400 �C-deposited film, and

higher mobility of 7.1 cm2 V-1 s-1. The lower energy

bandgap of *3.0 eV, as compared to the typical 3.4 eV for

GaN, is caused by the intrinsic defects and the crystal

distortion. After the thermal stability test at 900 �C in the

N2 atmosphere, the GaN films show a good stability in

properties and microstructure and adhere well to Si sub-

strate without interfacial delamination. The degradation in

electrical properties of the annealed samples is related to

the incorporation of the oxygen impurity.
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Fig. 7 Electrical properties of carrier concentration, mobility, and

electrical conductivity of the GaN films deposited at different

deposition temperatures, followed by annealing at 900 �C in pure
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