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We study the effect of high power pulses in reactive magnetron sputter epitaxy on the structural

properties of GaN (0001) thin films grown directly on Al2O3 (0001) substrates. The epilayers are

grown by sputtering from a liquid Ga target, using a high power impulse magnetron sputtering power

supply in a mixed N2/Ar discharge. X-ray diffraction, micro-Raman, micro-photoluminescence, and

transmission electron microscopy investigations show the formation of two distinct types of domains.

One almost fully relaxed domain exhibits superior structural and optical properties as evidenced by

rocking curves with a full width at half maximum of 885 arc sec and a low temperature band edge

luminescence at 3.47 eV with the full width at half maximum of 10 meV. The other domain exhibits a

14 times higher isotropic strain component, which is due to the higher densities of the point

and extended defects, resulting from the ion bombardment during growth. Voids form at the

domain boundaries. Mechanisms for the formation of differently strained domains, along with voids

during the epitaxial growth of GaN are discussed. VC 2011 American Institute of Physics.

[doi:10.1063/1.3671560]

I. INTRODUCTION

Group III-nitrides such as InN, GaN, and AlN combine

direct bandgaps ranging from 0.65 to 6.1 eV with a high

breakdown voltage and high electron mobility.1–3 They

attract much attention due to their opto-electronic properties.

Bandgap engineering of their ternary alloys allows for the

tuning of their physical properties for applications such as

light emitting diodes (LEDs) and laser diodes covering the

spectral wavelength from infrared to ultraviolet.4–6 Solid-

state lighting devices based on group III-nitride materials,

including LEDs, are thus foreseen to replace incandescent

light bulbs and florescent lamps with a substantial impact on

energy savings.7

We investigate GaN, which has a direct bandgap of

3.4 eV.2 For example, for opto-electronic applications at

room temperature, the GaN must be of high purity and high

crystalline quality with a low defect density. Chemical vapor

deposition (CVD) and molecular beam epitaxy (MBE) are

the most common techniques used to grow GaN today.

During the growth by CVD high temperatures ranging from

900 to 1050 �C are used, which puts limitations on the choice

of substrate. In the case of MBE it is possible to grow at

lower temperatures such as 700 �C, however, the method has

high running costs and is limited to small substrates.1,8

Magnetron sputter epitaxy (MSE) offers an alternative

route to the III-N epitaxial layers.9 Magnetron sputter epi-

taxy employs low-energy (20–30 eV) ion bombardment to

enhance adatom mobility at low substrate temperatures.

Scalability and technological maturity in industrial applica-

tions are the major advantages in using sputtering. However,

for the reactive sputter deposition of electronic-grade GaN,

there are difficulties in obtaining stable growth conditions.

These are mainly caused by the low melting point (29 �C) of

the metallic Ga target and the formation of a non-conducting

GaN layer on its surface. On the contrary, mastering reactive

sputtering from a liquid target can give clear process advan-

tages such as a high deposition rate, the elimination of target

erosion effects, and the possibility of a continuous supply of

the source material.

High power impulse magnetron sputtering (HiPIMS)

generates a process plasma with energetic metal ions that is

2-3 orders of magnitude more dense than for direct current

magnetron sputtering (DCMS).10,11 The energetic species in

such plasmas may be utilized to stimulate epitaxal growth at

low temperatures.12 In addition, it has been shown that

HiPIMS may lead to a substantial reduction of the hysteresis

effect present in reactive magnetron deposition processes. In

a reactive sputtering process the reactive gas (in our case, it

is N2) reacts with the target material (Ga) and may form a

thin layer of a compound (GaN) on the target surface. This

phenomenon, known as target poisoning, has a negative

effect on the sputtering rate. However, in the case of

HiPIMS, this effect is reduced as compared to DCMS,13

which yields a high deposition rate and more stable operating

conditions.

In this work we explore the effects of applying high

power pulses in the MSE of GaN for the growth of lm-thick

epitaxial films that contain domains of different strain levels.

X-ray diffraction (XRD), reciprocal space mapping (RSM),

and micro-Raman (l-Raman) characterization techniques

were used to identify the types and amount of strain in thesea)Electronic mail: junmu@ifm.liu.se.
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domains. The surface morphology was studied by atomic

force microscopy (AFM). The structural properties and

the micro-structural evolution of the grown films were

investigated by using cross-sectional transmission electron

microscopy (XTEM) and scanning transmission electron

microscopy (STEM). The optical properties of different

domains were studied by room and low temperature micro-

photoluminescence (l-PL). Room temperature cathodo-

luminescence (CL) imaging was also used to see the spatial

distribution of optically active domains at room temperature.

Furthermore, we discuss different reasons for the formation

of different domains and also suggest solutions to optimize

the growth of GaN.

II. EXPERIMENTAL DETAILS

The GaN was epitaxially grown on (0001)-oriented

Al2O3 substrates without any buffer layer by HiPIMS. The

growth was performed in a UHV chamber having a base

pressure of <10�8 Torr. Liquid Ga (99.99999% pure),

contained in a horizontal water cooled stainless steel trough

50 mm in diameter, was used as a sputtering target. To form

GaN, a mixture of Ar (99.999999% pure) and N2

(99.999999% pure) was used at a constant total pressure of

16 mTorr. A custom built HiPIMS power supply was used

during these experiments. Pulses up to approximately 680 V

and 1.5 A were used with a pulse duration of 30 ls and a rep-

etition frequency of 800 Hz. These discharge conditions

resulted in an average power of 14 W to the sputtering target.

A typical HiPIMS pulse shape is shown in Fig. 1. The sub-

strate temperature was 700 �C. In order to ensure a stable

temperature, indirect heating from the back side of the sub-

strate was used and controlled by a thermocouple, calibrated

by infrared pyrometry.

An initial series of �190 nm thick GaN (0001) films

were grown at different N2 partial pressures (PN2), ranging

from 4 to 12 mTorr, with the purpose of optimizing the

pressure window with respect to the GaN crystallinity and

stoichiometry. In a second series, �1100 nm thick films

were grown at an optimized PN2 ranging from 8 to 10 mTorr.

The elemental composition of the as-deposited films

was obtained by time-of-flight elastic recoil detection analy-

sis (ToF ERDA). Here, 40 MeV 127I9þ ions were used as

projectiles along with a recoil angle of 45� with the incident

angle set to 22.5� relative to the surface. The measured recoil

ToF ERDA spectra were converted into relative atomic con-

centration profiles using the CONTES code.14,15

To study the morphology of the grown films, a Dimen-

sion 3100 atomic force microscope (AFM) was used in

tapping mode.

Overview h-2h x-ray diffraction scans were performed

with a Philips 1820 Bragg-Brentano diffractometer. For

high-resolution x-ray diffraction (HRXRD) measurements, a

Philips X’Pert MRD diffractometer was used, equipped with

a graded parabolic x-ray mirror and a channel-cut Ge (220)

single-crystal monochromator which produces a highly colli-

mated beam of pure Cu Ka1-radiations (k¼ 0.15406 nm).

The diffracted beam was analyzed using an asymmetric

double-bounce Ge (220) crystal collimator. High resolution

reciprocal space mapping (RSM) was carried out in symmet-

ric and asymmetric scattering geometries using the GaN

0002 and 1015 reflections, respectively.

The microstructure of the as-deposited GaN films was

investigated by XTEM and also by STEM using a FEI Tec-

nai G2 TF 20 UT field-emission TEM operated at 200 kV.

For the dark field STEM imaging, a high angle annular dark

field imaging (HAADF-STEM) mode was used. Two differ-

ent samples were prepared for TEM analysis. The XTEM

sample was prepared by mechanical polishing followed by

Ar ion milling at 5 keV. The final polishing was done using

low energy ions at 2 keV. In order to selectively make a

cross-sectional sample of individual features in the epilayers,

a cross sectional sample was prepared by using a Carl Zeiss

Crossbeam 1540 EsB focused ion beam milling instrument

and this sample was used for the STEM analysis.

To characterize the spatial distribution of the strained

material, l-Raman mapping and spectroscopy (Jobin-Yvon

T64000, 0.35 cm�1 resolution) were performed on the GaN

samples in backscattering geometry at room temperature.

The experimental details can be found in Refs. 16 and 17.

The optical properties at room and low temperature (i.e.,

at 4 K) were characterized by l-PL in a backscattering ge-

ometry. A continuous-wave Coherent Verdi/MBD-266 laser

system (kexc¼ 266 nm) was used as an excitation source

with the laser beam focused down to �2 lm in diameter by a

50� refractive objective. The collected PL light was

dispersed by a single-grating monochromator with a spectral

resolution better than 0.2 nm in the 300–600 nm range and

detected by a liquid-nitrogen-cooled charge coupled device.

Cathodoluminescence (CL) studies were also performed

by using a LEO field emission scanning electron microscope

equipped with an Oxford Research Instrument CL spectrom-

eter. The experimental details can be found in Ref. 18.

III. RESULTS AND DISCUSSION

In order to find an optimized process window in terms

of N2 partial pressure, HRXRD 2h/x scans and x scans were

performed for the initial series of 190 nm thick GaN films

grown at N2 partial pressures (PN2) ranging from 4 to

12 mTorr. Figure 2 shows the full width at half maximum
FIG. 1. (Color online) Voltage and current evolution during a typical

HiPIMS pulse used during the growth experiments.
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(FWHM) of the x scan for the GaN 0002 peak for all the

samples in the first series. It can be seen that a minimum is

obtained in x-FWHM for PN2 between 8 and 10 mTorr,

exhibiting an optimum in crystal quality, i.e., a minimum in

screw type dislocations (mosaic tilt) and a maximum in the

lateral coherence length.19 The x-FWHM minimum coin-

cides with a minimum in the 2h/x-FWHM (not shown) indi-

cating larger diffracting regions in the layer for that pressure

range as well. Figure 3(a) shows a 2h/x Bragg-Brentano

scan of the sample grown at PN2¼ 9 mTorr, covering a wide

range, which only exhibits the GaN 0002 and Al2O3 0006

peaks. Figure 3(b) shows the HRXRD 2h/x scan of the 0002

GaN peak located at �34.468�, which corresponds to biax-

ially compressed GaN. The FWHM of the 2h/x peak is 291

arc sec, indicating that the x-rays are coherently scattered by

regions extending more than 100 nm in the growth direction.

The larger FWHM, as observed outside the optimum PN2
range, means smaller vertical coherence lengths, implying

less perfect crystallinity and/or smaller domains. The

x-FWHM around the GaN 0002 peak is 1300 arc sec.

An ERDA compositional depth profile, obtained from a

�190 nm thick GaN epilayer and grown at PN2¼ 9 mTorr, is

shown in Fig. 4. The results are similar to those obtained at

PN2¼ 8 and 10 mTorr and show that all the films in that PN2
range are stoichiometric. The Ga and N concentrations are

close to stoichiometry, 49.86 0.5 and 49.96 0.5 at. %,

respectively. The O content is 0.2 at. %, just above the detec-

tion limit, and the C content is too close to its detection limit

of 0.1 at. % to be significant. The origin of the increased C-

signal at the surface and the interface is unknown, however,

it may stem from physisorbed hydrocarbons at the surface

prior to and after growth. Possible sources of O are post

growth surface oxidation and in-diffusion along threading

defects.

FIG. 2. (Color online) FWHM of x (0002) HRXRD scans vs the N2 partial

pressure of the �190 nm thick GaN epilayers. The rectangle indicates the

pressure window for which the thicker samples were grown.

FIG. 3. (Color online) (a) The XRD

(Bragg-Brentano) scan of a thin sample

grown at PN2¼ 9 mTorr, showing a GaN

0002 peak and the substrate peak, and

(b) the HRXRD 2h/x short range scan

around the GaN 0002 peak position. (c)

The XRD (Bragg-Brentano) scan of a

�1100 nm thick sample grown at

PN2¼ 9 mTorr, showing the GaN 0002

peak and the substrate peak, and (d) the

HRXRD 2h/x short range scan around

the GaN 0002, showing a splitting of the

peak indicating the existence of strained

(Peak 1) and almost relaxed (Peak 2)

domains.

FIG. 4. (Color online) ToF-ERDA elemental depth profile of a �190 nm

thick GaN film.
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Based upon the preceding results, we conclude that it is

possible to grow high-quality (pure, stoichiometric, and

single-crystal) 0002 oriented GaN films using HiPIMS. Fur-

ther material characterization was focused on thicker epi-

layers grown using the optimal N2 partial pressures of 8, 9,

and 10 mTorr. The results from these samples did not differ

significantly from each other. Therefore, we choose to report

data from the 9 mTorr sample in this article.

Figure 3(c) shows a long range XRD (Bragg-Brentano)

scan of the �1100 nm thick sample grown at PN2¼ 9 mTorr.

In the graph, only a single GaN 0002 peak at �34.468� along

with the substrate 0006 peak can be seen. In the HRXRD

2h/x scan shown in Fig. 3(d), the GaN 0002 peak is seen to

consist of two closely spaced peaks indicating the presence

of two domains with different c lattice parameters. Since

ERDA showed stoichiometric films, this difference is likely

due to the presence of varying strain levels within different

areas of the film. The position of the more intense peak 1, at

2h¼ 34.4207�, indicates an expansion of the lattice along the

c-axis. The weaker peak 2, at 2h¼ 34.5461�, is very close

to the position for relaxed bulk GaN, i.e., 2h¼ 34.5794�,2

indicating that it emanates from less strained domains of the

sample. The domains in the sample corresponding to peaks 1

and 2 will, from now on, for simplicity, be denoted as “more

strained” and “less strained,” respectively.

The x-FWHM values of peak 1 and peak 2 are �1040

and �885 arc sec, respectively. The values of the FWHMs

of both more strained and less strained domains indicate a

high structural order, where the less strained domains have a

better structural quality than the more strained domains. In

order to determine the a and c lattice parameters, RSMs

were recorded around the 0002 and 1015 peaks. Figure 5(a)

shows the symmetric RSM around the 0002 reflection and

Fig. 5(b) represents the asymmetric RSM around the 1015

reflection of the thicker film grown at PN2¼ 9 mTorr. Two

different peaks are clearly detected in RSM; one correspond-

ing to the more strained part (1) and the other to the less

strained part (2) of the epilayer. The respective a and c lat-

tice parameters for both domains, obtained from the RSMs

shown in Fig. 5, are listed in Table I. Additionally, the total

strains along the a (ea) and c (ec) directions are calculated by

using Eq. (1) and are shown Table I,

ec ¼
c� co

co
;

ea ¼
a� ao

ao
;

(1)

where ao¼ 3.18926Å and co¼ 5.18523Å (Ref. 20) are the

reference lattice parameters for relaxed bulk GaN. Both the

more strained and the less strained domains experience in-

plane compression and expansion along the c-axis, which is

normally attributed to the presence of pure biaxial strain,

caused by the difference in the lattice parameters and

thermal expansion coefficients of GaN and sapphire. Under

biaxial strain, the surface is free to expand or contract and

therefore the in-plane, ea, and the out-of-plane, ec, strain

components are related via Eq. (2),21

ec

ea
¼ �

2C13

C33

� �0:598; (2)

FIG. 5. (Color online) Symmetric and asymmetric reciprocal space maps

around the 0002 and 1015 reflection from the �1100 nm thick sample grown

at PN2¼ 9 mTorr. The diffraction from the more strained GaN is indicated

by “1” while “2” indicates the diffraction from the less strained GaN.

TABLE I. Measured values of the a and c parameters and total strain along the in-plane and the out-of-plane directions are shown. The calculated isotropic

strain component for both more and less strained domains are also shown.

N2 partial pressure and domain type a (Å) c(Å) In-plane strain, ea Out-of-plane strain, ec Isotropic strain, eiso

9 mTorr, more strained 3.1778 5.2098 �0.00359 0.00474 0.00162

9 mTorr, less strained 3.1814 5.1919 �0.00246 0.00129 �0.00011

123519-4 Junaid et al. J. Appl. Phys. 110, 123519 (2011)
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where C13 and C33 are stiffness constants. We use the values

for the stiffness constants: C11¼ 365 GPa, C12¼ 135 GPa,

C13¼ 114 GPa, and C33¼ 381 GPa, as reported in Ref. 22.

The ratio, ec/ea, estimated using the experimental total strain

values (from Table I) is �1.32 for the more strained domains

and� 0.524 for the less strained domains. The latter is very

close to the expected value estimated by Eq. (2), confirming

a predominantly biaxial strain in the less strained domains.

On the contrary, for the more strained domain, the ratio

between the out-of-plane and in-plane strain components is

significantly larger than �0.598 in magnitude. This behavior

could be explained by a coexistence of biaxial and isotropic

strain components in the film, as has previously been

reported for high quality GaN films grown by DC-MSE on

Al2O3 substrates.9 In such a case, the measured total strain

can be treated as the sum of the pure biaxial strain compo-

nents, *ea and
*ec, and the isotropic strain component, eiso,

23

ec ¼ e�c þ eiso;

ea ¼ e�a þ eiso:
(3)

The isotropic stain component, eiso, was deconvoluted using

Eqs. (2) and (3) and can be represented by Eq. (4),

eiso ¼
2C13ea þ C33ec

2C13 þ C33

: (4)

From Table I, it is clear that some isotropic strain is present

in both the more strained and the less strained domains, how-

ever, the isotropic strain component in the more strained do-

main is almost 14 times higher. The origin of such a high

isotropic strain component in the GaN can be point defects,

induced by plasma-surface interactions, causing an isotropic

lattice expansion. In addition, the O impurities present in the

films (see Fig. 4) can also contribute to such an isotropic

expansion of the GaN lattice.24 Thus, these results suggest a

higher point defect density in the more strained domains

compared to the less strained domains, where the isotropic

strain component is negligible. Comparing these results with

the GaN epilayers grown by direct current-magnetron sputter

epitaxy (DC-MSE), reported by Junaid et al.,9 the isotropic

strain component in the more strained domains is nearly 4

times higher when using HiPIMS, while the less strained

domains exhibit a nearly 4 times lower isotropic strain com-

ponent than the DC-MSE case. Thus, if the formation of the

more relaxed domains can be controlled and promoted,

HiPIMS may have the potential of high quality GaN epilayer

growth.

The surface morphologies of the samples grown at

PN2¼ 9 mTorr using AFM are shown in Fig. 6. The thin

sample exhibits circular surface features (disks) with an

average diameter of �1 lm, and an average height of

�20 nm (see Fig. 6(a)). The surface morphology of the thick

sample grown at PN2¼ 9 mTorr is shown in Fig. 6(b). The

corresponding surface features have an average diameter of

�3-4 lm and a height of �200 nm, however, the density of

features is not significantly different from the thin samples.

We thus conclude that the large features appearing on the

surface of the thick samples nucleate in the early stages of

the growth, whereafter they grow in height at a higher rate

than the film growth rate.

The AFM results support our HRXRD results showing

that there are two different types of domains. In order to

identify which part is less strained and which is more

strained, we performed l-Raman spectroscopy and mapping

measurements on the samples. Figure 7(a) shows the l-

Raman spectra from two different regions of the GaN film

grown at PN2¼ 9 mTorr. The spectra revealed the allowed

E2 (high) vibrational mode. The less intense spectrum, which

was recorded from a flat area in between the features as

observed by AFM, is peaked at 571 cm�1. It is blue shifted

with respect to the strain-free E2 wave number of

567.6 cm�1 (Refs. 25 and 26) and indicates the presence of

compressive biaxial strain in the film. The more intense

spectrum that was taken from one of the circular features

(see the AFM image in Fig. 6(b)) has the E2 mode peaked at

569.9 cm�1, which is closer to the bulk GaN value. This

shows that the features predominantly consist of the “less

FIG. 6. (Color online) AFM images. (a) Surface morphology of a �190 nm

thick GaN layer grown at PN2¼ 9 mTorr. The surface features have a dia-

meter of �1 lm, a height of �20 nm, and the surface RMS roughness value

is �6 nm. (b) Surface morphology of a �1100 nm thick GaN layer grown at

PN2¼ 9 mTorr. The surface features have a diameter of �3–4 lm, a height

of �200 nm, and the surface RMS roughness of �36 nm.
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strained” GaN and that the areas in between can be identified

as the “more strained” regions. This spatial distribution of

the less and more strained domains is clearly demonstrated

by the two l-Raman maps for the 569.9 and 571 cm�1 wave

numbers, as shown in Fig. 7(b), which shows complementary

intensity distributions. The 569.9 cm�1 map exhibits a strong

peak at the feature with low intensity from its surroundings,

while the 571 cm�1 map exhibits a corresponding clear mini-

mum at the feature, and an even intensity from the area in

between the features. The narrower FWHM �4 cm�1 and

higher Raman intensity detected from the relaxed domains

indicate a better structural order, which is in agreement with

the HRXRD results. The shift in frequency, Dxk, of the E2

(high) vibrational mode is related to the in-plane ea strain

components in the film via,27

Dxk ¼ 2ak �
2C13

C33

bk

� �

ea; (5)

where ak¼�742 cm�1 and bk¼�727 cm�1 are the E2 de-

formation potentials, as obtained from Ref. 21. Using

Eq. (5), we have estimated an in-plane strain in the less

strained domain of� 0.00219 and for the more strained do-

main we obtained a value of� 0.00324. These results are in

good agreement with the XRD biaxial strain components

(see Table I). The set of stiffness constants and deformation

potentials used was found to affect the values of the strain

within 10%. The best agreement between the strain values

measured by XRD and estimated from the Raman shift is

obtained for the stiffness constants reported in Ref. 22 and

using the deformation potentials reported in Ref. 21.

To gain further insight into the structural properties and

evolution during growth, XTEM was performed. Figure 8

shows an XTEM micrograph of a thick sample grown at

PN2¼ 9 mTorr. From the difference in contrast and the

surface morphology, one can clearly locate the two types

of domains. The thickness of the more strained part is

�1000 nm and that of the less strained part of the film is

�1200 nm thick, which is consistent with the AFM meas-

urements. The XTEM also reveals that there is an abrupt

interface between the two domains. In the more strained

part of the layer a mottled contrast can be seen, which is

interpreted as the presence of a high density of point

defects, as reported in case of TiN.28 This could explain the

large component of isotropic strain in the more strained

domains measured by XRD (see Table I). The less strained

region is free from such a mottled contrast, indicating a

lower density of point defects. Some threading dislocations

that originate at the interface to the substrate can be seen

inside the less strained regions.

Figure 9 shows a cross sectional HAADF STEM image

from a larger region covering two less strained domains (A

and C) and a more strained domain (B) in between them.

The mottled contrast associated with point defects, previ-

ously observed in the more strained domain in the bright

field image of Fig. 8, is recognized here in the whole B

FIG. 7. (Color online) (a) The l-Raman spectra from two different domains

having different strain levels. (b) Two l-Raman maps over the same area

using the wave numbers (frequencies) in Fig. 7(a), confirming the presence

of domains with different strains in the sample.

FIG. 8. XTEM micrograph of a thick sample grown at PN2¼ 9 mTorr,

clearly showing two different domains. The boundary between the less

strained (A) and the more strained (B) domains is marked by the dashed

line.
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domain region and in the topmost �200 nm of the less

strained regions (A and C). Thus, region B has a higher den-

sity of point defects compared to the A and C regions. Addi-

tionally, as can be seen from Fig. 8, the threading

dislocations are more abundant in region B compared to the

less strained regions. The less strained regions (A and C)

have a rounded bottom shape with the more strained region

B extending in underneath the A and C regions from their

sides to a minimum thickness of �50 nm below their centers.

This indicates that the more strained parts of the layer

nucleated as film on the substrate before the less strained

regions started to form. In comparison to the previously pre-

sented homogeneous GaN epilayers grown by DC-MSE, the

more strained regions look rather similar, however, with a

more mottled contrast in TEM and with a higher isotropic

strain component detected by XRD.9 In order to understand

the formation of the strained domains, we note that in a high

power impulse plasma process there is a high flux of ener-

getic ions29 along with reflected neutrals with a peak kinetic

energy of a few hundred eV (the maximum applied potential

in a pulse). This leads to the generation of point defects in

the atomic layers of the GaN during the collision cascade

from the energetic bombarding species.30 This process is

also known as atomic peening. This induces the observed

mottled contrast in TEM and the isotropic strain component

revealed by HRXRD.

Large voids 50-200 nm in size, two of them indicated by

arrows 1 and 2, are clearly seen to have formed in the non-

mottled parts of regions A and C and at the domain bound-

ary. With STEM-EDX line scans it is possible to obtain the

elemental distribution at a nanometer scale, i.e., very small

amounts of elements can be detected at localized positions.

The STEM-EDX line scans (not shown) revealed minute

traces of Fe and Ni at the domain boundaries and inside the

voids. However, the total amounts of these metal elements

are smaller than the detection limits of ERDA, which aver-

age over a large area. The most probable source of these ele-

ments is the stainless steel crucible used to contain the liquid

gallium. In the case of HiPIMS, the plasma is more evenly

distributed over the target surface compared to the DC pro-

cess and there is a possibility that the edges of the crucible

may have been in contact with the plasma during the process,

causing some sputtering of the stainless crucible. In the case

of DC-MSE, the plasma is confined to the race track region

above the liquid Ga surface and no such sputtering is possi-

ble. These elements, Fe and Ni, do not appear to be incorpo-

rated into the lattice and they seem to diffuse out to the

boundaries of the less strained domains and into the voids.

No mottled contrast is observed along those boundaries, indi-

cating that the diffusion process of these metal trace ele-

ments may play a role in the elimination of the point defects.

The growth of less strained domains during film deposi-

tion is driven by the free energy reduction of the system,

e.g., by out diffusion of point defects. Their nucleation

may be triggered by a variety of reasons such as liquid Ga

nano-droplets, Fe and Ni atoms arriving from the source, or

the spontaneous formation of inversion domains. Once the

nucleus is formed, the diffusion of point defects from the

nucleus surroundings will lead to less strain due to the clus-

tering of the point defects. The irregular shapes of the voids

indicate a non-equilibrium state, which is consistent with an

ongoing diffusion process, however slow due to the low

growth temperature. Such a diffusion process could also lead

to the observed elimination of threading dislocations from

the less strained regions. It is, however, beyond the scope of

this article to investigate this phenomenon in detail.

From the previous discussion, it is clear that high power

pulses during the growth of GaN generate the point defects.

Further work is required to find a stable process window

involving less energetic ions to reduce the point defect

density. This may be achieved, e.g., by applying a pulse

retarding substrate potential to reduce the ion energies.

Furthermore, enhancing the plasma density in the substrate

vicinity would allow for a high flux of low energy

(<�50 eV) ions which promotes a high adatom mobility. A

better understanding of the diffusion process for metallic

impurities in these domains may also help us to grow the

relaxed GaN films directly on sapphire with good structural

and optical properties.

In order to investigate the optical properties at room

temperature and at low temperature (4 K), l-PL was per-

formed. Low temperature spectra from a less strained

domain and a more strained domain in a GaN film grown at

PN2¼ 9 mTorr are shown in Fig. 10(a). The spectrum from

the less strained GaN exhibits strong band edge lumines-

cence at 3.47 eV with a FWHM of 10 meV. The high inten-

sity and narrowband edge luminescence peak confirm the

high structural quality of the less strained GaN domains

determined by XRD, l-Raman, and TEM. The position of

the band edge peak also indicates that the material is almost

fully relaxed. The spectrum from the more strained part

shows a band edge luminescence at 3.48 eV with a broader

FWHM of �14 meV. The shift in the peak position indicates

a compressive strain in the film,23 which is in agreement

with the XRD and l-Raman results. The lower intensity and

broader peak corresponds to a lower structural quality of the

more strained GaN compared to the less strained domains.

Yellow luminescence, which is often observed in GaN films,

is not observed in any of these spectra. Figure 10(b) shows

the room temperature l-PL spectra from the less strained

and the more strained domains. Both spectra exhibit band

edge luminescence at 3.43 eV with a FWHM of 58 meV for

the less strained domains and a FWHM of 52 meV for the

more strained domains. Thus, the peaks are red-shifted and

broadened at room temperature, which is due to the lattice

expansion and the carrier thermalization effects. At room

temperature, one can also see yellow luminescence in both

FIG. 9. Cross-sectional HAADF-STEM image from a thick sample with

two less strained domains on the left and the right side of the image (A and

C), and a more strained domain in between (B).
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spectra that is also common for MBE and CVD grown

GaN.31 The intensity ratios between the band edge lumines-

cence and the yellow luminescence for the less strained and

the more strained domains are 14.5 and 1.2, respectively.

The room temperature luminescence indicates a semiconduc-

tor material of high quality with thermally activated defects,

and it also confirms that the less strained domains have supe-

rior optical properties over the more strained parts.

To see the spatial distribution of the less strained

domains at room temperature, a panchromatic CL image was

recorded and is shown in Fig. 11. It shows that the less

strained features give rise to nearly all of the intensity, con-

firming a higher structural quality with less defects in those

domains, which is in agreement with the room temperature

l-PL results.

IV. CONCLUSIONS

The GaN (0001) epitaxial layers can be grown directly

onto Al2O3 substrates by a reactive MSE process using

HiPIMS. Micrometer thick films, however, consist predomi-

nantly of compressively-strained domains that surround

disk-shaped, almost fully relaxed, domains. The more

strained domains are likely the result of highly energetic ion

bombardment as a consequence of high power pulses used

during deposition, causing a high point defect density, while

the less strained domains form due to relaxation through a

point defect diffusion process during growth. The two do-

main types have good structural and optical properties which

are reflected in the XRD, l-Raman, l-PL, and CL data.

More strained domains have an XRD x-FWHM value of

1024 arc sec and a low temperature band edge luminescence

peak at 3.48 eV, and the less strained domains have a corre-

sponding x-FWHM 885 arc sec and luminescence at 3.47

eV along with the expected Raman peak shift at 569.9 cm�1.

Additionally, room temperature luminescence from the

relaxed domains is demonstrated by l-PL and CL imaging.

This study shows that high power impulse magnetron sputter

epitaxy has the potential to grow high quality relaxed epitax-

ial GaN films directly on sapphire, provided that the mecha-

nisms for the creation and diffusion of the point defects can

be understood and controlled.
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