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Structural, Morphological, Vibrational and Optical Properties of GaN Films Grown by 
Reactive Sputtering: The Effect of RF Power at Low Working Pressure Limit
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This work reports the properties of GaN films grown onto c-Si (100) at relatively low substrate 
temperature (400°C) by reactive magnetron sputtering. The study depicts the effect of working pressure 
and RF power on the GaN film structural, vibrational and optical properties characterized by X-ray 
diffraction, atomic force and scanning electron microscopies, Raman spectroscopy and spectroscopic 
ellipsometry. Unusual low pressure deposition condition (0.40 Pa) was achieved by using a separated 
argon inlet directed to the Ga target surface, resulting in improved crystalline quality of the films. 
In this condition, the preferential crystalline orientation, the surface morphology and the optical gap 
of the GaN films show a strong dependence on the RF power applied to the Ga target, where low 
RF power (30-60 W) was responsible for increasing the c-axis orientation and the optical gap, while 
higher RF power (75-90 W) decreased the overall crystal quality and increased the surface roughness.
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1. Introduction
GaN is a direct wide band gap (3.4 eV) semiconductor 

with high electronic mobility and high melting temperature 
(2,500 oC)1. The GaN attractive properties enabled the advent 
of blue and UV light emitting diodes (LEDs) and lasers, 
and also the improvement in many other applications as 
high‑power and high electron-mobility transistors (HEMT)2-5. 
The GaN piezoelectric properties have also assured its 
application in high frequency (above 5 GHz) filters and 
sensors, overtaking consolidated materials such as ZnO and 
AlN in some situations6,7.

The reactive sputtering technique is a simple and 
relatively low-cost technique for GaN film growth, allowing 
the use of low growth temperatures, high deposition rates, 
and is compatible with most substrates, in a wide range 
of sizes8,9. Temperatures below 600 ºC strongly favor a 
preferential growth of the crystalline axis c, that is, in the 
<0002> direction10. This is a great advantage since obtaining 
high-quality crystalline and electronic-grade GaN is almost 
always linked to the use of sapphire (Al2O3) and/or silicon 
carbide (SiC) substrates, which are offered in small sizes and 
at extremely high prices. In this sense, the growth of GaN 
onto silicon substrates11-14 stands out among efforts to reduce 
costs and increase compatibility with current technologies15. 
Besides, although known to obtain generally amorphous or 
polycrystalline films, the reactive sputtering has recently 
achieved GaN and AlN epitaxial films16-21.

Even with a micro or nanocrystalline structure, GaN 
growth by sputtering is of great interest in applications 
that consider the piezoelectric character of the material. 
This characteristic makes it interesting for application in 
surface acoustic waves (SAW) filters and sensors, and other 
high frequency devices22-24. In this scenario, there is still a 
significant demand for practical studies in order to optimize 
and understand the role of the main deposition parameters 
on the physical properties of GaN films grown by sputtering 
using different deposition setups25. More specifically, and 
even knowing that low working pressure and N2-rich plasmas 
are beneficial in order to achieve epitaxial conditions in 
sputtered III-nitrides, there is a significant lack of works 
reporting the low working pressure regime limit (< 0.67 Pa), 
mostly due to the difficult of sustaining N2-rich plasma in 
such low pressure18,25,26.

Therefore, this work presents a study of the structural, 
morphological, vibrational and optical properties of GaN 
films deposited onto c-Si (100) by reactive RF magnetron 
sputtering, using a new dedicated deposition setup. By directing 
the argon inlet to the Ga target surface, it was possible to 
achieve the unusual deposition working pressure of 0.40 Pa, 
even with N2-rich atmosphere (67%), where the RF power 
study was then employed. X-ray diffraction technique was 
extensively explored in order to determine the crystallographic 
phase, lattice parameters, crystallite sizes and preferential 
orientation of each sample. The surface morphology of 
selected films was examined by atomic force and scanning *e-mail: leite@ita.br
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electron microscopies. Raman spectroscopy was employed 
to highlight the lattice vibrational modes under resonant 
UV excitation. The optical parameters refraction index, 
extinction coefficient, and band-gap energy were determined 
from spectroscopic ellipsometry in the UV-Vis-NIR spectra.

2. Experimental Details

2.1. Reactive sputtering setup
This is the first report of a recently assembled GaN‑dedicated 

setup based on an UHV stainless steel chamber (standard 
spherical KJ Lesker, P/N SP1800S-316LN-EP) with 
ConFlat® flanges, equipped with a turbo molecular pump 
(NEXT 400 Edwards) system, and capable of reaching 
residual pressures of 5 × 10-5 Pa at room temperature (RT). 
A 4-inches diameter Torous® circular HV magnetron (P/N 
TM4AS10PXF) was adapted to work with targets in liquid 
form (210 g of 99.999% Ga, Process Materials Inc.), as detailed 
in Figure 1. It is powered by a 13.56 MHz RF power supply 
(600W KJLC-R601) equipped with automatic matching box. 
The magnetron shield has a gas injection ring, which was used 
to direct the argon flow to the Ga target surface, represented 
in Figure 1. The substrate holder is a 100 mm wafer UHV 
manipulator built by the VST - Israel (P/N 71658), with 
an IR-lamp heating (up to 650 oC – calibrated with optical 
pyrometer), z-axis regulation (100 mm course), and rotatory 
(1 to 40 rpm) systems.

The N2 inlet pipe is directed to the substrate’s surface, 
symmetrically positioned in relation to the vacuum outlet 
flange, as shown in Figure 1. This configuration provides a 
richer N2 plasma, which has a beneficial effect to the sample 
crystalline quality10,27. A minimum Ar gas flow (adjusted 
from our preliminary experiments) was injected directly to 
the Ga target surface by an injection ring installed onto the 
magnetron shield. It allows to avoid target-poisoned regime, 
favors higher growth rates, and allows the achievement of 
very low working pressure regime28,29. Both gas flows (N2 and 
Ar) are precisely controlled by individual MKS mass flow 
heads and MKS Type 247 Four-Channel Readout.

2.2. Deposition procedure
Silicon wafers (University-Wafer - 100 mm diameter, 

single-side polished, 10-20 Ohms) were cleaved in smaller 
pieces (about 15 mm x 15 mm), and cleaned by the standard 
RCA procedure. In each experiment, six of those pieces 
were attached to the 100 mm stainless steel substrate holder 
disk 90 mm above the Ga liquid surface. Before deposition, 
substrates were heated up to 450oC for 30 minutes to outgas 
their surfaces up to 3 × 10-4 Pa residual pressure. Substrates 
were then left to cool down to the deposition temperature 
(400oC, monitored by an optical pyrometer), and 30 minutes 
later the deposition process started, assuring uniform and 
stabilized substrate temperature. During the deposition, the 
substrates rotated at 6 rpm, to guarantee a homogeneous 
temperature (< 1°C variation along the substrate holder). 
The N2:Ar flow rate of 14:7 sccm and the 120 min deposition 
time are parameters chosen from preliminary tests.

The first step of the present study was the evaluation of 
the working pressure effects, keeping the RF power constant, 

at 60 W. The tested working pressures were 0.40, 0.67, 1.33, 
and 2.67 Pa. It is worth to mention that the lower working 
pressure (0.40 Pa) was obtained using 21 sccm total mass 
flow rate, with the vacuum outlet gate valve almost totally 
open, and the turbo molecular pump at 60% of its total 
speed. This configuration helps to minimize the residual 
contamination and also avoids the N2 target-poisoning30, by 
forced renewed plasma atmosphere, mainly by injecting the Ar 
gas separately direct on the Ga target surface. The poisoning 
of the liquid Ga target can be easily noted by the formation 
of a thin solid layer. This poisoning layer was noted using 
working pressure above 1.33 Pa. For 0.40 and 0.67 Pa, most 
of the Ga target (particularly the circular track formed by 
the magnetron system) was clean and only metallic liquid 
Ga target was noticed.

From the preliminary tests, the lower pressure limit to 
sustain the plasma was 0.40 Pa, which is well below the 
literature values (some above 0.67 Pa, and most of them 
above 1.0 Pa)18,25. Therefore, this pressure was the chosen 
for the systematic study of the RF power influence, which 
was taken at 30, 45, 60, 75 and 90 W.

As a good practice to avoid artifacts (false behaviors 
influenced by “memory effect”), all samples were grown 
out of logical crescent sequence, i.e., for working pressure 
variation, the sequence was: 0.67 → 1.33 → 0.40 → 2.67 Pa, 
and for the RF power: 60 → 90 → 45 → 75 → 30 W. 
The reproducibility was also confirmed by repeating the 
experiments with same deposition parameters.

2.3. Characterizations
The samples were analyzed by X-ray diffractometry, 

using a PANalytical Empyrean, with Cu target (Kα radiation 

Figure 1. Schematic representation of the deposition chamber, 
showing the cylindrical magnetron and the substrate holder.
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1.5418 Å), under 40 kV and 40 mA. Measurements were 
performed in a Theta-2Theta geometry, 2θ varying from 25° 
to 67°, at 0.05°/s scan speed. The presented diffractograms 
were not normalized and the lattice parameters (a and c) 
were determined from both (0002) and (1011) peak positions, 
simultaneously.

The GaN thin films morphologies were examined by field 
emission gun scanning electron microscopy (FEG-SEM), 
using a Tescan microscope, model MIRA 3 and by atomic 
force microscopy (AFM), using a Shimadzu scanning probe 
microscope, model SPM 9500J3.

Raman analyses were performed at RT, using a LabRAM 
HR Evolution confocal Raman microscope by HORIBA, 
with a 325 nm laser and a 100x objective. Special care was 
taken to avoid surface recrystallization due to a possible 
localized heat from the laser absorption.

The optical properties (bandgap, Eg, refractive index, 
n, and extinction coefficient, k) and the film thickness were 
determined using a HORIBA UVISEL 2 spectroscopic 
ellipsometry, operating with an incidence angle of 70, the 
spectral analysis and fitting regions ranged from 1.5 to 5.5 eV. 
The model and fitting processes were designed and performed 
in a Delta-Psi2 software (by HORIBA). The model used 
for all samples was composed of the Si-substrate, the GaN 
layer (thickness h), and a 50% GaN-50% air top layer 
(thickness dh), to simulate the surface roughness. The GaN 
material was described by the Adachi New-Forouhi model31, 
which also gives the band gap energy (Eg) as an adjusted 
parameter. The measured film thicknesses were confirmed 
by a mechanical profilometer KLA Tencor P7.

3. Results and Discussion

3.1. Structural and morphological properties
The dependence of the film thickness on the working 

pressure and on the applied RF power is presented in 
Figure 2. In both cases, a quasi-linear behavior was observed, 
inversely proportional to the working pressure and directly 
to the applied RF power. The deposition rate can be more 
easily controlled by adjusting the RF power. Comparing 
the thicknesses data at 30 W and 90 W (77 nm and 707 nm, 
respectively), the deposition rate is about one order of 
magnitude by just tripling the RF power (6 nm/min at 90 W, 
and 0.6 nm/min at 30W).

Figure 3 and Figure 4 show the X-ray diffractograms as 
functions of the working pressures and RF powers, respectively. 
In both, only GaN wurtzite phase peaks corresponding to the 
(1010), (0002), and (1011) planes were observed, in addition 
to the narrow peaks of the (100) Si substrate.

In Figure 3, except at 0.40 Pa, the GaN-related peaks 
presented low intensities, suggesting amorphous matrixes 
with some inclusions of low-quality crystallites. The more 
pronounced (0002) peak at the lowest pressure (0.40 Pa) 
indicates a more crystallized film, probably composed by 
good quality and c-axis oriented crystallites33, motivating 
the choice of this working pressure for the systematic RF 
power study.

In Figure 4a, the first three main diffraction peaks were 
observed for 2Theta in the range 30-40 degrees (highlighted 
in Figure  4b), in addition to very low intensities (1012) 

and (1013) peaks on the 90 W sample. As Si peaks were 
observed in all samples, even for the thicker one (707 nm), 
it is reasonable to assume that the GaN peaks came from 
the whole film thickness. Hence, in Figure 4b, the crescent 
behavior of the (0002) peak intensities observed from 30 W 
to 60 W can be directly related to the greater volume of 

Figure 2. Curves of film thickness as function of (a) the working 
pressure and (b) the RF power. The error bar was smaller than the 
plotting point size.

Figure 3. X-ray diffractograms of the GaN/Si films grown at 
different working pressures. The Si substrate narrow peaks are 
observed at ~33 and ~62 degrees. The film thicknesses are also 
indicated on the curves.
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crystallized material as the film becomes thicker. On the 
other hand, in the 60-90 W range, the (0002) peaks were 
becoming lower and broaden. Despite the crescent behavior 
of the (1011) peak, the samples grown at 75 W and 90 W 
have low crystallized fraction and/or low crystal quality.

The lattice parameters were calculated from the peak 
positions and presented in Figure 5a. Both a and c parameters 
tend to show an overall and slight decrease with increasing 
RF power, varying from 3.216 to 3.188 Å and from 5.246 to 
5.238 Å, respectively. Whereas the expected values for 
epitaxial GaN, also indicated in Figure 5a, are 3.189 and 
5.186 Å, respectively1,34. From this comparison, it is clear 
that the obtained c parameter values are significantly above 
than the expected one, while the a parameter values are quite 
close to the reference (exception for the 30 W sample where 
the (1011) peak is very weak thus resulting in a relatively 
high uncertainty). These observations have an important 

implication in the c/a aspect ratio, plotted as the left axis of 
Figure 5b, from where it can be observed that the c/a ratio 
starts at 1.63 for RF power of 30 W and establishes around 
1.64 for RF powers above 45 W. For comparison, the value 
observed for most epitaxial GaN films are 1.626 ± 0.0021,34, 
while the expected value for ideal wurtzite is 1.633.

Evaluating the relative peak intensities in Figure  4, 
a preferential diffraction in the (0002) plane was noted. 
Expectations were that this plane would be the third most intense 
peak in homogeneous and random distributed crystallites, 
the first one being the (1011) and the second, the (1010)32. 
These higher intensities at the (0002) planes are indicatives 
of crystallites mostly oriented with the c-axis perpendicular 
to the substrate surface. In order to analyze the RF power 
effect onto the c-orientation, a relative intensity parameter 
was calculated taking into account the (0002) and (1011) 
peaks, shown as the right axis of Figure 5b. It is possible 

Figure 4. (a) X-ray diffractograms of the GaN/Si films grown using 
different RF power. (b) Expanded scale in the interval 30° - 40°, 
showing the main diffraction peaks and respective expected degree 
positions (vertical dashed lines), according to Schulz and Thiemann32.

Figure 5. (a) Lattice parameters a (circles, right axis) and c (squares, 
left axis). The horizontal dashed arrows indicate the respective 
values for relaxed GaN according to1; (b) c/a lattice parameter ratio 
(squares, left axis) and the (0002) peak relative intensity (circles, 
right axis). The horizontal dashed arrows indicate the c/a value for 
epitaxial GaN according to1; (c) (0002) and (1011) peaks FWHM 
versus applied RF powers.



5Structural, Morphological, Vibrational and Optical Properties of GaN Films Grown by Reactive Sputtering: 
The Effect of RF Power at Low Working Pressure Limit

to observe a decrescent behavior with the RF power, more 
intense between 60 W and 75 W, but remaining above the 
expected for non-oriented GaN.

The full width at half maximum (FWHM) of the (0002) 
and (1011) diffraction peaks are presented in Figure 5c, as a 
function of the RF power for the samples grown at 0.40 Pa. 
The (0002) FWHM values showed a slow but continuous 
increase with the RF power, while those for (1011) peak 
exhibited an opposite behavior, following the relation: the 
higher the peak intensity, the lower the FWHM. The average 
crystallite sizes, as estimated by the Scherrer Formula35 from 
(0002) peak FWHM, were in the 20 – 40 nm range.

Figure 6 shows representative AFM and SEM images 
of samples grown at 0.40 Pa and 30, 60 and 90 W, evincing 
excellent agreement between the microscopies. The GaN films 
deposited were generally uniform, homogeneous and flat, 
with no failures, cracks or holes. At 60 W, both micrographs 

(Figure 6b and e) revealed a surface formed by densely packed 
round nanoparticles, approximately 30-40 nm wide, and a 
total height variation lower than 25 nm. However, at 30 W, 
the images (Figure 6a and d) have shown a different pattern: 
the GaN film was composed of several round-shaped clusters, 
with distinct dimensions in the interval from 30 to 100 nm 
wide, randomly dispersed over a flat surface, similar to 
the GaN film surface at 60 W. At 90 W, the surface was 
constituted of elongated structures (about 15-60 nm wide, 
50-150 nm long) as depicted in Figure 6c and f.

Roughness parameters were calculated using the Shimadzu 
SPM9500 Series Offline software v2.4, and data are presented 
in Table 1. The most common parameters to characterize 
the surface profile are the arithmetical mean roughness Ra 
(arithmetic average of heights and depths measured from a 
mean line, at z = 0), the average maximum height roughness 
Rz (average of the 10 maximum peak-valley distances), and 

Figure 6. AFM and SEM topography images of GaN deposited on Si (100) at (a,d) 30 W, (b,e) 60 W and (c,f) 90 W, respectively.
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the Rms roughness (root mean square of heights and depths 
measured from a mean line, at z = 0), which can be interpreted 
as the dispersion (standard deviation) of height and depths 
from the mean line, at z = 0.

Despite the clusters formed at 30 W, there was not 
significant difference between the Ra’s for films generated 
at 30 W and 60 W. That means, a significant variation was 
detected in the process of surface profile formation only for 
the sample obtained at 90 W, which probably was responsible 
for the elongated structures. On the other hand, both the Rms 
and the Rz parameters presented significantly higher values 
for the samples generated at 30 W and 90 W, reflecting the 
effect of the clusters and the elongated structures on the 
surface profile. The real surface areas were also calculated 
for the AFM images with 4 µm2 scanned area of Figure 6 and 
the results were 4.43 µm2, 4.53 µm2, and 4.64 µm2, for 30, 
60 and 90 W, respectively.

3.2. Vibrational and optical properties
The Raman spectra of samples grown at 0.40 Pa and 

different RF powers are shown in Figure  7. Two main 
phonon modes were observed: E2

H, expected at 568 cm-1, and 
A1(LO), expected at 734 cm-1, as indicated by the vertical 
dashed lines36,37. The second order of the A1(LO) mode at ~ 
1470 cm-1, which presented a significant intensity, was also 
analyzed for all samples. It was still possible to identify a 
weak peak related to the E2

L at the acoustic branch, expected 
at ~144 cm-136. The small band at ~320 cm-1 (gray dashed 
vertical line with an asterisk) is attributed to intrinsic 
lattice defects, commonly observed even in high quality 
monocrystalline GaN37.

The well-known Si substrate peak at 520 cm-1 was only 
observed for the sample grown at 30 W, probably due to its 
thinner film thickness (77 nm) and high extinction coefficient 
(to be shown in the following) in the range of the excitation 
laser used (325 nm or 3.8 eV). This observation is supported 
by Kuball et al38, to whom the resonant Raman analysis 
(performed with 325 nm excitation laser, above the gap 
energy) is driven by the properties of the first 40 nm layer 
from the GaN surface.

This low-depth layer effect, in addition to the fact that all 
samples were composed of nanocrystallites 20-40 nm long, 
help to understand the overall Raman spectra similarities, 
despite the highlighted differences in the structural and 
morphological surface characteristics of these samples. 
The resonant Raman signal probably came mainly from the 
individual superficial nanocrystallites, being insensitive to 
the more long-range properties as texture and morphological.

The ellipsometry parameters, IS and IC, and their 
model fitting curves are shown on Figure 8. In the used 
setup, IS = sin(2Ψ)sin(Δ) and IC = sin(2Ψ)cos(Δ), Ψ and 
Δ being the ellipsometry angles. The interference fringes 

of all samples showed good regularity, indicating good 
film homogeneity and well-defined interfaces, allowing 
very small minimized chi-squared values (below 2.8) and 
reliable thicknesses values, that corroborated with the ones 
measured by mechanical profilometry. The thicknesses dh of 
the roughness layers (top layer of the model) of all samples 

Table 1. Ra, Rms, and Rz roughness parameters calculated from the 
AFM images.

RF power Ra (nm) Rms (nm) Rz (nm)
30 W 2.92 ± 0.36 5.97 ± 0.16 29.5 ± 1.1
60 W 3.02 ± 0.18 3.83 ± 0.23 16.3 ± 1.5
90 W 4.88 ± 0.20 6.22 ± 0.23 28.5 ± 1.9

Figure 7. Raman spectra for samples deposited using 0.40 Pa 
working pressure, with different RF powers. Expected peak position 
for E2(H) and A1(LO) phonon modes are shown using dashed lines.

Figure 8. Ellipsometry parameters IS and IC (points) and fitted curves 
(lines) as a function of the photon energy for three representative 
samples grown at 0.40 Pa and (a) 30, (b) 60 and (c) 90 W. The vertical 
arrows indicate the resulting gap energy (Eg) after proper modeling 
fit. The total thickness of the film (h) as well as the thickness of 
the top layer (dh) used to simulate the roughness (composed by 
50% GaN + 50% air) are also displayed in the respective graphs.
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stayed in range from 6 nm (sample grown with 60 W) to 
11 nm (sample grown with 90 W).

The measured refractive index (n) and extinction 
coefficient (k) can be seen in Figure 9. All samples showed a 
GaN-like normal dispersions39. Samples deposited at 0.40 Pa 
and different RF powers presented refractive index curves 
similar to the expected for single crystal GaN33. However, 
a decrease on the refractive index can be observed with 
an expressive increase on the work pressure (from 0.40 to 
1.33, over 3 times), which is characteristic of amorphous 
and voided materials, that could also explain the smother k 
rise near the gap energy (~3.4 eV), for that sample.

On the other hand, the samples grown at 0.40 Pa, mainly 
for RF power < 75 W, exhibited sharper k curves that results 
in well-defined gap energy values, close to the expected for 
GaN (3.42 eV)39, as shown in Figure 10. Exception for the 
sample grown with 30 W, that shows a large band gap of 
3.62 eV, which could be holding a significant uncertainty 
due to its low thickness (~77 nm): note in Figure 8 that 
the interference fringes do not define the gap for 30 W as 
the others do, and indicate that its peculiar morphology 
(Figure 6a and d) is not well described by a simple roughness 
layer on the ellipsometric mathematical model, shifting down 
the entire k-curve, as compared to that obtained for 60 W.

3.3. Discussion on the effects of working pressure 
and RF power

From the used deposition conditions, the estimated mean 
free paths of the plasma species are ~40 mm for 0.40 Pa and 
~6 mm for 2.67 Pa (atmosphere temperature taking as 200 oC, 
the same as temperature of the magnetron shield as measured 
by a thermocouple). Considering the 90 mm distance from 
target to substrate, the average number of collisions from 
target to substrate would then be ~3 for 0.40 Pa and ~20 for 
2.67 Pa. Thus, it is expected that for 0.40 Pa the energetic 
particles are reaching the growing film surfaces with energy 
distribution very close to the original values as emerged 
from the target. These latter values, known to be 100, 20 and 
20 eV for N and Ar, and Ga target-emitted atoms according 
to calculations performed by Schiaber et al.10. On the other 
hand, for high pressures (1.33 and 2.67 Pa for example), the 
energetic particles originated from the target are expected 
to lose a significant fraction of their kinetic energy before 
reaching the substrates, probably going under 60, 4 and 
3 eV (N and Ar, and Ga), obtained for 2.0 Pa and 50 mm 
distance used in10. Besides, it is assumed that the better crystal 
quality observed for the 0.40 Pa film (Figure 3) is mainly 
attributed to the achievement of the energy-enhanced growth 
regime where the precursors average kinetic energies reach 
a minimal value to improve the adatoms surface diffusion 
length, allowing them to incorporate in lower energy sites. 
The collateral conditions of this low-pressure growth are also 
beneficial by assuring metallic sputtering mode (non-poisoned 
regime), high growth rate and low levels of contaminations.

The increasing RF power by itself or combined with 
the increasing film thickness is responsible for a significant 
decrease of the c-orientation degree. Considering only the 
thickness effect based on the van der Drift model40, the 
opposite result could be expected: thinner films would be 
composed by the first nucleation layers, and those would 

be mostly randomly oriented. As the thickness increase, the 
crystallites with fast growth direction aligned with the film 
growth direction would dominate the composition of the 
film, and result in a highly oriented film. Thus, it is likely 
that the RF power (and its direct related modifications in the 
growth dynamics) is dominating the observed decrease of 
the c-orientation and interfering in the crystallites sizes as 
measures in the same <0001> or c-axis direction.

The first aspect to consider when increasing RF power 
on the growth dynamics is the increase of the impinging flux 
of the precursors and thus the deposition rate, which would 

Figure 9. Curves of (a) refraction index dispersion n and (b) extinction 
coefficient k versus photon energies for representative samples.

Figure 10. Band-gap energy (Eg) versus the RF power, for the 
samples grown at 0.40 Pa together with that grown with 1.33 Pa 
(60 W). The horizontal arrow indicates the expected Eg value for 
epitaxial GaN39.
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limit the surface diffusion length of the adsorbed precursors 
- burial regime41, harming the nucleation process and the 
individual crystallite growth process. On the other hand, 
lower RF power would then improve nucleation process 
by allowing higher times for surface diffusion, eventually 
resulting in larger and more separated nucleus and stronger 
texture, helping to understand the strong c-orientation and 
the appearance of separated island in the low RF power limit.

Hence, it is considered here that the overall morphological 
and optical quality, mainly the preferred c-orientation degree 
of the obtained GaN films is strictly linked to the surface 
diffusion length of the adsorbed species during nucleation 
and posterior crystallite growth. The arrival of energetic 
particles with kinetic energies well above the thermal source 
is allowed by the low working pressure (0.40 Pa) used, and 
the relatively high adsorbent diffusion length is permitted 
by the relatively low deposition rate (RF power from 30 to 
60 W). By increasing the RF power above 60 W, the surface 
diffusion is limited by the increase of the deposition rate, 
privileging higher nucleation density with a more random 
orientation in detriment of the final crystallite sizes. 
However, the short-range order of the obtained crystallites, 
as demonstrated by the resonant Raman results, seems to be 
independent of the morphology and have quality comparable 
to that of epitaxial GaN37. It is important to emphasize that 
other deposition parameters, mainly substrate temperature 
and target-substrate distance are strongly correlated to the 
working pressure and RF power in the discussion of energetic 
growth and surface diffusion.

4. Conclusions
A new reactive sputtering setup dedicated to GaN and 

related compounds is presented. Its special features allowed 
the growth of GaN films onto Si substrates kept at relatively 
low temperature (400°C), using a liquid Ga target and Ar + 
N2 plasma. It was demonstrated that, even using a N2-rich 
atmosphere plasma (67%), the target poisoning can be 
avoided by using a suitable Ar injection ring directed to the 
Ga surface. This feature has also allowed the achievement 
of very low deposition pressure of 0.40 Pa, which resulted 
in high crystallized films over a variety of RF power applied 
to the Ga target.

The structural, morphological, vibrational, and optical 
properties of the samples were extensively studied by means 
of XRD, AFM, SEM, Raman and spectroscopic ellipsometry. 
The crystallinity of the films shows strong dependence on the 
working pressure, the lower pressure limit (0.40 Pa) resulting 
in nanocrystalline films, with remarkable c-axis texture, 
while higher pressures (≥ 0.67 Pa) resulted in predominantly 
amorphous films. The RF power applied to the Ga target has 
also shown an important trend to the morphological properties 
of the GaN/Si films, in a way that its increasing value from 
30 to 90 W tends to decrease the c-axis texture, and also to 
decrease the optical gap. On the other hand, the vibrational 
properties, as measured by resonant Raman spectroscopy, 
do not show any clear correlation to the other properties nor 
to the deposition parameters here studied.

Given the overall results, and considering the surface 
roughness as measured by AFM and SEM, it is stated that the 
optimal condition for GaN growth onto Si (100) substrates 

kept at 400°C is that with working pressure of 0.40 Pa and 
RF power of 60 W, which rendered a reasonable growth 
rate of 2.5 nm/min.
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