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Chemical disorder on the surface and lattice strain in GaN implanted by Fe!%* ions are investigated. In this study,
3-MeV Fe!0t ions fluence ranges from 1 x 10'3 ions/cm? to 5 x 10'% jons/cm? at room temperature. X-ray photoelectron
spectroscopy, high-resolution x-ray diffraction, and high-resolution transmission electron microscopy were used to char-
acterize lattice disorder. The transition of Ga—N bonds to oxynitride bonding is caused by ion sputtering. The change of
tensile strain out-of-plane with fluence was measured. Lattice disorder due to the formation of stacking faults prefers to

occur on the basal plane.
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1. Introduction

GaN is regarded as an important third-generation semi-
conductor due to its outstanding material properties, such as
direct wide band gap (3.4 eV), high breakdown electric field,
and high saturation drift velocity of electrons. Thus, it has
many applications in the field of optical, electronic, and mag-
netic device fabrication, such as light-emitting diodes (LEDs),
laser diodes, UV and neutron detectors, microwave power,
and ultra-high switches.!'=3 In addition, strong interatomic
bonds and high thermal conductivity make GaN suitable for
spintronic devices and use in harsh environments. GaN is in-
tended to become one of the next-generation technologies for
space exploration.!*3! Currently, GaN has experienced rapid
progress in material growth, processing, and device technol-
ogy over the past decades. Donor dopants using Si or O, and
acceptor dopants using Mg or Zn are usually performed in
GaN.[*! In addition, rare earth elements doping is intended
to the change in photoluminescence properties.!'%!!] Doping
in GaN layers is formed by either diffusion or ion implan-
tation. As we know, ion implantation is an advanced tech-
nique because of electrical and optical selective-area doping,
precise control in dopants distributions for the device fabrica-

[12-15] However,

tion, quantum well intermixing, and ion-cut.
due to the cascade collision between implanted atoms and ma-
trix lattice, structural disorder and strain can be introduced,
which will degrade the device performance, such as the re-
ducing light emission, the decreasing thermal conductivity and

[16-191 The jon implantation-

deteriorating electrical properties.
induced strain can influence the mechanical properties of the

GaN films.? Tt is reported an increase in the out-of-plane
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lattice parameter for fluences below amorphization.>!l Thus,
detailed studies of ion implantation damage in GaN are not
only important for investigating fundamental defect processes
in solids under ion bombardment but are also vital for the
further developing GaN device industry. The damage accu-
mulation processes in GaN have been investigated by many
researchers and were reviewed in Refs. [22,23]. Due to dy-
namic annealing even at 15-K irradiation, the damage build-
up curves with fluence exhibits several steps and no amor-
phous state can be formed at high fluence.!**! Besides defect
annealing, the high mobility of point defects promotes the for-
mation of extended defects, such as Frank loops, pyramidal
and prism dislocations, as well as stacking faults on the basal
plane.>>-2° Meanwhile, the Ga—N bonds would be broken by
nuclear collisions, resulting in formation of N, bubbles in the
near surface region via N atoms accumulation.??! In the heav-
ily damaged zone, Ga concentration is enriched. Preferential
surface disorder and loss of N due to material dissociation dur-
ing ions bombardment were reported by Li et al.?®) Some
scholars claimed surface erosion after highly charged ions ir-
radiation and nanocrystalline of GaN irradiated with rare earth
at high fluence.®”! Han er al.3!! argued that the content of
Ga—Ga bonds increases with increasing ion fluence after slow
highly charged ion irradiation. Zhang et al.'*?! found the tran-
sition from Ga-N to Ga—Ga and Ga—O bonds due to highly-
charged Bi*3* irradiation. The surface condition of GaN films
seriously limits the output efficiency of GaN-based devices.
Howeyver, to date, the surface chemical states are not well char-
acterized after ion implantation. In this study, we concen-
trate on the surface chemical bonds after 3-MeV Fe!%* irra-
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diation using x-ray photoelectron spectroscopy (XPS) and lat-
tice strain using high-resolution x-ray diffraction (HRXRD).
Loss of Ga atoms and forming stacking faults on the basal
plane were observed by high-resolution transmission electron
microscopy (HRTEM).

2. Experiment procedure

In this study, the material is (0001)-oriented n-type GaN
epilayer with 30 pum in thickness grown on the c-plane of a
sapphire substrate by the metal-organic chemical vapor de-
position (MOCVD) method. The implantation with 3-MeV
Fe!%* ions was performed at 320-kV high-voltage platform
in the Institute of Modern Physics, Chinese Academy of Sci-
ences (CAS). The experiment performances on the 320-kV
high-voltage platform were reported in the literature.[33-36]
The implantation was performed at room temperature and the
beam current flux was kept at 3.5 x 10! ions/cm?-s. The inci-
dent angle is almost parallel to the normal direction of wafer
surface. The ion fluence ranges from 1 x 103 ions/cm? to
5 x 10" jons/cm?. The electrical scanning was used to pro-
vide uniform ion fluence across the sample surface. The sur-
face chemical state was examined using ESCALAB-220 IXL
XPS. The background vacuum is better than 1 x 10~8 Pa,
an Mg Ka x-ray source operated at 15 kV was used. The
power of XPS was 300 W. HRXRD measurements were car-
ried out in the Bragg geometry on a four-circle diffractometer
with the pure Cu Ko line using a Bruker D8 Discovery in-
strument at room temperature (RT). A @w-26 scanning mode
was used near the (0002) Bragg reflection plane with a reso-
lution of 0.001°. Cross-sectional transmission electron micro-
scope (XTEM) images were obtained by a Tecnai G30 micro-
scope equipped with a double tilt goniometer stage at 300 kV
to study the atomic configuration in the damaged layer. The
XTEM sample of the GaN by Fe implantation were prepared
by mechanical thinning followed by Ar ion-beam thinning.
The detailed description was reported in Ref. [25]. The ob-
served lattice atoms were taken from cross sections of GaN
along a [010] zone axis.

3. Results and discussion

The profiles of the implantation-induced damage in terms
of displacement per atom (dpa) and Fe!®t with a fluence of
5 x 10" ions/cm?, simulated by SRIM 2013, superposed a
XTEM image of the Fe!®* implanted sample, were illustrated
in Fig. 1. The full-cascade mode and the displacement ener-
gies of Ga =20.5 eV, N = 10.8 eV, and density of 6.1 g/cm3
were used in the SRIM simulation. According to the SRIM
calculation,'®”) the mean projected region Ry, is 1368 nm and
straggling of AR, is 294 nm. The maximum lattice disorder
and Fe deposition concentration are 15 dpa and 0.12 at.%, re-

spectively. A high density of black points due to implantation-
induced structure defects were observed in the bright-field im-
age (see Fig. 1). In the near surface region up to about 300 nm
in depth, very few lattice defects were visible. It assigns to the
surface that can act as defect sinks, thus dynamic annealing
is fast in this region. This result is indicated that it is diffi-
cult to observe residual lattice defects under in-situ ion irra-
diation, where the thickness of TEM sample is generally less
than 150 nm. Between 300 nm and 1700 nm beneath the defect
denuded region, where the value of simulated dpa initially in-
creases from 7 dpa to 15 dpa, and finally decreases to 3 dpa, a
buried damaged layer exhibiting homogenous black-contrasts
is observed. It is normal that the dynamic annealing in the
front of the Bragg damage peak is more efficiency than that
at the rear of the implanted region. So we cannot neglect the
surface effect when we evaluate irradiation-induced swelling.

dpa
Fe concentration (at.%)

0 400 800

1200
Depth (nm)

Fig. 1. XTEM bright-field image of GaN implanted with 3-MeV Fe!%* ions
to a fluence of 5 x 10 ions/cm? at RT, superposed the distribution of damage
and Fe deposition of the Fe-implanted GaN simulated by SRIM-2013.

1600

The surface chemical state before and after Fe implanta-
tion was characterized by XPS, and the results are presented
in Fig. 2(a). Ga 3d, Ga 3p, Ga 3s, C 1s, N 1s, O Is, and
Ga 2p peaks were visible. The peak locations of C 1s and O
1s are referenced. Before and after Fe irradiation, the C 1s
and O 1s photoelectron lines at 282 eV and 529 eV, respec-
tively, were not shifted. However, the intensities of C and O
peak significantly increased after Fe implantation. C on the
surface of the GaN film stems from carbon contamination dur-
ing Fe implantation. Was et al.[*8] reported that it prefers to
form a carbon deposited film during ion irradiation. Hydrocar-
bons in the vacuum and/or on the sample and fixture were the
source of the carbon. We found that it is easy for carbon con-
tamination when the irradiated sample does not have a good
electrical conductivity. For example, graphite- and diamond-
typed carbon signals in the Al,Oj3 irradiated with Xe ions were
detected by Raman spectroscopy (not shown). In order to re-
duce C contamination, the increase in electrical conductivity,
i.e., deposition a thin Au film before ion irradiation, is a good
choice. In our recent report, an oxide film with approximately
14-nm thickness on the GaN film was measured by XTEM. '8!
In comparison with C and O spectra, the intensity of N and
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Ga peaks significantly decreased after Fe irradiation. More-
over, the N and Ga peaks have a blue shift. In detail, for
the as-grown sample, there are three peaks (al, a2, and a3)
at the binding energy from 385 eV to 400 eV, corresponding
to 388.65 eV, 392.15 eV, and 393.91 eV. al and a2 peaks stem
from Ga LMM auger electrons with satellites. a3 peak is as-
cribed to Nga. Two peaks of Ga 2p: Ga 2p3/; at 1114.26 eV
and Ga 2pl/2 at 1141.19 eV, can be visible. After Fe implanta-
tion, only two peaks of N 1s can be seen. al peak disappeared,
and a3 peak has a blue shift to 0.70 eV. Two peaks of Ga 2p can
be still visible. However, they have the same shift of 1.00 eV.
These results are ascribed to the dissociation of Ga—N bonds,
to form oxynitride bonding on the GaN film. Prabhakaran et
al. have reported the existence of an oxynitride on GaN based
on a shift in the N 1s spectra by means of both sputter cleaning
and chemical etching.[*! Similarly, Wolter et al.'*"! reported
a ¥-Ga(y12)N3,O(3_3,) compound on GaN epilayers after dry
0, at 800 °C for 1 h. Zhang et al.'*!! argued oxidation of
In and Ga atoms on the surface of In,Ga;_,N films irradiated
with Xe ions. XPS is well-suited for identifying the atomic
composition and the nature of the chemical bonding in the up-
per tens of angstroms of the substrate surface. For the case of
a thin overlayer, the XPS peaks composed of photoelectrons
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from both the substrate and overlayer. Wolter ez al.[*?] inves-
tigated the early stages of oxide growth on GaN, and found an
exponential decay in the N fraction and growth of the O frac-
tion for dry oxidation at 800 °C. In their study, a uniform layer
of approximately 1.5 nm-3.0 nm thickness after dry oxidation
at 800 °C for 1 h. However, an oxide film with approximately
14 nm thickness was measured by XTEM in our recent report.
The sample temperature during Fe implantation does not ex-
ceed 70 °C and the implantation time for 5 x 10" ions/cm?
is near 4 h. The vacuum of target chamber is in the range
from 3.5 x 10~* Pa to 7.0 x 107 Pa (it becomes better with
increasing pumping time). The increase in the oxide film is
attributed to ion sputtering. Harafuji and Kawanura reported
that N is preferentially sputtered and the ratio of N to Ga is
0.59 +0.1.12 The Ga-N bond was broken, and some nitro-
gen atoms escape from the sample, leaving Ga atoms on the
GaN film. Due to containing dangling bonds, these Ga atoms
are regarded as chemically active impurities, just similar as
the reactive ion etching after plasma treatment. The ambient
oxygen intends to interact with surface Ga particles to form
gallium oxide during Fe irradiation. In order to avoid GaN
surface oxidation, the vacuum chamber should be better than
the present condition.
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Fig. 2. XPS spectra of the as-grown and Fe-implanted GaN samples: (a) over-viewed curves, (b) C 1s signal, (c) N 1s signal, (d) O 1s signal, (e) Ga 2p signal.

It is well recognized that implantation-induced lattice dis-
order can produce local strain in GaN. In implanted single
crystal (0001) GaN samples, strain profiles were evaluated
by x-ray diffraction using the (0002) reflection. Figure 3
shows the corresponding diffraction pattern and strain profiles
with depth. All curves present the main diffraction peak at
26 = 34.56° from the undamaged crystal. This peak was used
as a reference for strain evaluation. At lower angles on the
diffractograms of the implanted samples, an additional scat-
tered signal is visible. This signal indicates that the implanted
layer exhibits an out-of-plane tensile strain, corresponding to
the increase of the lattice parameter in the direction normal to
the surface of the sample. For the 1 x 10'3 ions/cm? condition,

only a slight shoulder on left of the main diffraction peak can
be found. It demonstrates very few point defects formed in
the sample, consistent with Raman measurement. '8! With in-
creasing Fe fluence, the satellite peaks (interference fringes,
originating from the coherent diffraction of two regions of
same strain on either side of a layer) from the damaged re-
gions shifted towards lower angles, indicating an increase of
the tensile strain induced by increasing density of ion-beam-
generated point defects. With further increasing fluence to 1 x
10" ions/cm? and above, the intensity of interference fringes
dropped. Such change is ascribed to the re-arrangement of ini-
tial defect clusters into extended defects, which seriously dis-
tort the crystal lattice.[*3! It is well known that the elastic strain
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can be partly plastically relieved by the formation of extended
defects.
faults and some amorphous zones in the damaged layer (shown

TEM analysis illustrates the formation of stacking

in Fig. 4). The strain profiles were retrieved by fitting the XRD
patterns by using the dynamical theory of x-ray diffraction.
Simulation of XRD data is shown in Fig. 3(b) and strain out-
of-plane as a function of depth is presented in Fig. 3(c). Note
that only fringe patterns can be well fitted by the dynamical
theory of x-ray diffraction. Therefore, the curves of strain out-
of-plane in GaN implanted to fluences of 5 x 10'3, 1 x 104,
and 5 x 10'* ions/cm? were presented in Fig. 3(c). The pro-
files of GaN implanted to fluences of 5 x 10'? ions/cm? and
1 x 10' jons/cm? are almost the same. A peak of strain out-
of-plane centered at 1350-nm depth, where is consistent with
the maxima of the vacancy profile calculated by SRIM-2013.
With increasing fluence to 5 x 10'* ions/cm?, the maximum
strain saturated with depth. In addition, the profile of strain
out-of-plane is wider than that of low fluences, which is as-
cribed to an increase of width of damaged layer with increas-
ing fluence. At low fluence, many point defects are formed.
With increasing fluence, these point defects migrate and coa-
lesce into defect clusters, such as stacking faults and disloca-
tion loops, resulting in relaxing the total lattice strain. Hence,
the saturation of maximum strain after 5 x 10'* ions/cm? im-
plantation was formed, corresponding to the peak damage of
1.6 dpa. Interestingly, in the near surface region, the strain out-
of-plane reaches 0.3% and above, but no lattice defects using
TEM observation. Because point defects play more important
role on forming lattice strain, while conventional transmission
electron microscope has a resolution limit (usually larger than
0.1 nm, corresponding to a defect cluster). Although dynamic
annealing is efficient, there are still some point defects sur-
vived in the near surface region. We recently used positron
annihilation spectroscopy to confirm the enrichment of Ga va-
cancies near to surface region.['®!

Atomic configuration in the damaged layer was charac-
terized by HRTEM, and the result is shown in Fig. 4(a). Ga
atom distribution can be clearly observed in most regions, ex-
cept for a local zone where Ga atoms are random (indicated
by a yellow circle in Fig. 4(a)), demonstrating the collapse
of the crystalline matrix into an amorphous phase. It can
explain loss of interference fringe after 5 x 10" ions/cm?
implantation. Due to defect-induced lattice strain, dark con-
trasts are represented anywhere. When we carefully observe
Ga atom distribution, periodic lattice exhibits rectangle-shape
in zone I. However, it only exhibits parallel lines in zone II.
The electron diffraction pattern confirms the parallel lines on
(110) planes. This result demonstrates that lattice disorder is
serious on (0002) plane. The inverse Fourier filtered transfor-
mation (IFFT) patterns shown in Figs. 4(c) and 4(d) present
interstitial-type and vacancy-type stacking faults indicated by
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Fig. 3. X-ray scattered intensity measurements along the surface normal di-
rection close to the (0002) reflections in GaN implanted with 3-MeV Fe!0+
ions to fluences ranging from 1 x 10'3 jons/cm? to 5 x 10'3 ions/cm? at RT.
The plot (b) shows a good agreement between experimental (Exp) and simu-
lated (Simul) diffraction patterns for fluence 5 x 10 jons/cm?. (c) Normal
strain profiles in GaN implanted to different fluences change with depth.

brown circles on (0002) plane. In addition, the Fourier filtered
transformation (FFT) in zones I and II are shown as insets in
Fig. 4(b). The diffraction patterns are almost the same. A line
profile of the pattern along (2110) plane or (0002) plane was
performed. The brighter diffraction spot, the higher intensity
of profile can be obtained. It can be seen the intensities of
(2110) and (2110) diffraction spots do not obviously change
in zone I and zone II. However, the intensities of (0002) and
(0002) decrease and the full-width-at-half-maximum becomes
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wider in zone II compared to zone 1. Moreover, the back-
ground intensity increases in zone II, indicating the formation
of Ga—Ga clusters on (0002) plane. HRTEM image in Fig. 4(a)
clearly represents the formation of Ga vacancies indicated by
blue arrows and Ga interstitials indicated by yellow arrows.

0 2 4 6 8 10 12 14
1/nm 1/nm

Fig. 4. (a) HRTEM micrograph of the atomic configuration in the damaged
layer where an amorphous zone is indicated by a yellow circle, and Ga va-
cancies and Ga interstitials are indicated by blue arrows and yellow arrows,
respectively, as well as two different periodic lattices are presented in zones
I and II, (b) FFT of HRTEM micrograph and insets taken from zones I and
1L, (c) IFFT of HRTEM micrograph, (d) IFFT of (0002) spots in panels (b),
(e) to (h) intensity profiles extracted from the FFT pattern: (e) and (g) (2110)
and (_2110) diffraction spots indicated by red arrows, (f) and (h) (0002) and
(0002) diffraction spots indicated by black arrows where panels (e) and (f)
are taken from zone I, and panels (g) and (h) are taken from zone II.

The formation of basal stacking faults is well recog-
nized in GaN. The stacking fault formation energies are rel-
atively low, so stacking faults are easily formed after ion
implantation.?®>7! In our recent report of Xe-irradiated GaN,
few perfect edge dislocations on the basal plane and abun-
dant lattice distortion on the prism and pyramidal planes were
found.[?! The damage process is that interstitials initially mi-
grate and/or accumulate on the basal plane to form a basal
stacking fault. It can be seen that some Ga atoms enriched or
escaped on the basal plane, as indicated by arrows in Fig. 4(a).
The accumulation of Ga atoms on the (0001) plane leads to the
formation of in-plane compressive stress and a positive strain
out-of-plane. The evolution of the positive strain out-of-plane

with irradiation fluence has been illustrated in Fig. 3(c). In

order to release the positive strain out-of-plane, the atoms on
the prism and pyramidal planes flow occur.[?®! With further in-
crease in lattice disorder, amorphous structure will be formed
gradually.

4. Conclusion

In the present study, the chemical disorder on the surface,
lattice strain, and atomic structure of GaN irradiated by Fe ions
at RT have been investigated. The following conclusions are
obtained. (i) The dissociation of Ga—N bonds due to ion sput-
tering, leads to the rapid oxidation of dangling bonds of Ga
atoms. It should take care of surface reconstruction and sur-
face chemical composite during ion implantation, in order to
fabricate semiconductor devices. (ii) The profile of strain out-
of-plane with depth was obtained. The peak of the strain out-
of-plane is located at the maximum lattice disorder. The sat-
uration of maximum strain after 5 x 10'*-ions/cm? implanta-
tion was found. With further increase in fluence, lattice strain
is released due to the formation of extended defects and amor-
phous structure. (iii) HRTEM characterization confirmed that
interstitial- and vacancy-type stacking faults occurred initially
on the basal plane. The Ga interstitials or Ga vacancies on the
(0001) plane have been directly observed by HRTEM. Due to
the lower displacement energy compared to Ga sublattice, N
sublattice disorder also occurred.
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