Thermal versus radiation-assisted defect annealing in 3-Ga>Os
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Gallium oxide (Ga203) exhibits complex behavior under ion irradiation since ion-
induced disorder affects not only the functional properties, but can provoke
polymorphic transformations in Ga20s. Conventional way used to minimize the lattice
disorder is by doing post-irradiation anneals. An alternative approach is to prevent the
disorder accumulation from the beginning, by doing implants at elevated temperatures,
so that significant fraction of the disorder dynamically anneals out in radiation-assisted
processes. Here, we use these two approaches for the minimization of radiation disorder
in monoclinic B-Ga20s implanted to a dose below the threshold required for the
polymorphic transformations. The results obtained by a combination of channeling and
x-ray diffraction techniques revealed that implants at 300 °C effectively suppresses
defect formation in B-Ga20s. On the other hand, in order to reach similar crystalline
quality in the samples implanted at room temperature, post-irradiation anneals in excess

of 900 °C are necessary.
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I. INTRODUCTION

Among other wide and ultra-wide bandgap semiconductors, gallium oxide
(Ga203) has recently received tremendous research interest, primarily due to its
potential applications for power electronics where energy losses due to switching and
transmission are crucial [1,2]. According to theoretical estimations, Ga203 can provide
much better device performance as compared to the current SiC and GaN technologies
[3,4]. Furthermore, large diameter highly crystalline Ga.Os wafers can be obtained by

conventional growth techniques unlike to SiC and GaN [5].

In the device fabrication technology, ion implantation is one of the prime tools
and it can be used for a selective area electronic doping [6], electrical isolation [7] as
well as changing magnetic [8] and optical [9] properties of Ga20s bulk crystals and thin
films. However, radiation defects can negatively affect the properties of the material and
successful ion beam processing of Ga20s requires deep understanding of the radiation
defect formation mechanisms as well as their thermal evolution. The situation in Ga203
is also complicated by the polymorphism with different Ga2Os phases exhibiting
different crystal structures and, therefore, physical properties [10]. Indeed, it was shown
that metastable rhombohedral a-Ga20s is less susceptible to ion radiation as compared
to the most stable monoclinic B-phase [11]. In its turn, B-Ga20s exhibits phase
instability under ion implantation leading to a new phase formation for high enough ion

doses [12-15].

One of the most important parameters affecting the defect formation/evolution in
the irradiated materials is a temperature [16]. Typically, post-implantation anneals are
used to remove radiation defects and activate the implanted impurities [17]. Another
approach is related to the variation of the irradiation (sample) temperature that can be

very attractive since it affects the defect formation during implantation process [18].
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The role of the temperature on the radiation defect formation/evolution in Ga20s is not
well studied. Indeed, there are only a few preliminary reports showing that the thermal
stability of radiation defects in 3-Ga203 dramatically depends on the implanted dose and
ion species [19,20]. In its turn, it was shown that implantation at elevated temperature
can be used to partially reduce radiation disorder in heavily Eu implanted B-Ga203
samples [21]. However, the implantation at elevated temperatures can be used to fully
suppress the formation of radiation defects in B-GazOs in the low dose regime [22]

where accumulated disorder is far below the saturation level [23].

In the present contribution we compare elevated temperature implants with
conventional post-implantation thermal treatment as tools to minimize the residual
disorder in B-Ga20s3 single crystals. We demonstrate that for the implantation doses,
below the threshold required to ignite the polymorphic transitions, the dynamic
annealing during elevated temperature implants can be beneficial as compared to the

post-implantation annealing process.

Il. EXPERIMENTAL

In the present work (010) oriented B-Ga20s3 single crystals (Tamura Corp.) were
implanted with 400 keV 8Ni* ions to a dose of 2x10'* cm. During the implantation the
ion flux was kept constant at 2x10'? at/(cm?s) to avoid dose-rate effects [22]. The
implantations were performed maintaining 7° off-angle orientation from normal
direction to minimize channeling. The first set of the samples was implanted at different
temperatures varied from room temperature (RT) up to 300 °C. The second set of
samples were implanted at RT and then subjected to annealing at 200-900 °C for 30

min in air using a conventional tube furnace.



After the implantation and/or annealing processes the samples were characterized
by a combination of Rutherford backscattering spectrometry in channeling mode
(RBS/C) and x-ray diffraction technique. The RBS/C measurements were performed by
1.6 MeV He* ions incident along [010] direction and backscattered into a detector
placed at 165° relative the incident beam direction. All RBS/C spectra were analyzed
using one of the conventional algorithms [24] for extracting the effective number of
scattering centres (referred to below as ‘relative disorder’). XRD 2theta measurements
were performed using the Bruker AXS D8 Discover diffractometer with high-resolution

Cu K1 radiation.

I11. RESULTS AND DISCUSSION

A. Dynamic annealing

The role of the irradiation temperature on the disorder formation in the low
fluence implanted samples is illustrated by Fig. 1 showing (a) the Ga-parts of RBS/C
spectra and corresponding XRD 2theta scans of the samples implanted with Ni ions to
2x10* cm? at RT, 150 and 300 °C. It is seen from Fig. 1(a) that RT implantation
produces a box-like disordered layer extended from the surface until ~200 nm in depth.
The damage in this layer is ~90% of the full amorphization level corresponding well to
the damage saturation stage typically observed in (010) B-Ga20s samples [11,23].
Increase of the irradiation temperature dramatically affects the disorder formation and
already at 150 °C the damage profile becomes a Gaussian shape with the peak position
located deeper as compared to the nuclear energy loss profile with the maximum at
Rpa=115 nm according to the SRIM code [25] simulations shown by the dash-dotted line
in Fig. 1(a). This apparent shift of the 150 °C damage profile can be directly attributed

to the enhanced defect annihilation at the sample surface. Further increase of the



irradiation temperature up to 300 °C leads to practically no disorder in the implanted
region and channeling RBS spectrum becomes close to the virgin one, as clearly seen
from Fig. 1(a).

It is important to note that analysis of the XRD 2theta scans of the low fluence
samples does not revealed any phase transformations (Fig. 1(b)). Instead, the RT
implants results in the formation of shoulder peak at the high-angle side of the (020)
reflection centered at 60.9° (see Fig. 1(b)). This shoulder peak is attributed to the
compressive strain accumulated in the implanted region [26]. In its turn, a long tail at
the right-hand-side of the shoulder peak can be attributed to the large concentration of
extended defects [27]. Note that a compressive strain buildup is typical for the
implanted (010) B-Ga20s single crystals [28] that is in contrast to many other
semiconductor materials exhibiting tensile strain accumulation under ion irradiation
[29]. For 150 °C implantation the value of the strain becomes lower as compared to that
of RT sample, however, a broadness of the (020) reflection peak becomes larger.
Finally, for 300 °C implantation the XRD 2theta scan resembles the virgin one

indicating nearly perfect crystalline structure.

B. Thermal annealing

The defect annealing kinetics in the course of the post-implantation thermal
treatment is illustrated by Fig. 2 showing (a) RBS/C spectra and (b) corresponding XRD
2theta scans of the RT implanted sample before and after different anneals. It can be
seen from Fig. 2(a) that defect annealing exhibits distinct two stage annealing behavior.
Indeed, the first stage occurring at relatively low temperatures and already after 300-400
°C anneals the thickness of the disordered layer decreases starting from the inner
boundary. This effect is accompanied by a strain relaxation as can be seen from the

XRD results (Fig. 2(b)). Increase of the annealing temperature up to 500 °C leads to the
5



efficient disorder removal at the sample surface (Fig. 2(a)) and, according to the XRD
results (Fig. 2(b)), the tail at the right-hand-side of the (020) reflection vanishes
indicating an improvement of the crystal quality.

Note that according to the RBS/C results, the maximum disorder in the implanted
region remains practically unchanged for the temperatures up to 500 °C. However, the
disorder exhibits gradual annealing for the temperatures >600 °C and its maximal
amplitude decreases indicating the second annealing stage. The RBS/C results also
show that despite an efficient defect annealing at this stage the channeling spectra are
still far from the virgin one even after the highest annealing temperature used (900 °C).
Furthermore, the 900 °C RBS/C spectrum is characterized by a high dechanneling yield
that may indicate formation of the extended defects such as stacking faults and
dislocation loops [30]. So, the temperature in excess of 900 °C is required to complete
restore the crystal lattice after implantation. Interestingly enough that XRD 2theta scans
of the 500 and 700 °C annealed samples demonstrates small shoulder on the left-hand-
side of the (020) reflection (Fig. 2(b)). This shoulder can be attributed to the tensile
strain formation due to defect transformation, for example, the growth of the extended

defects.

C. Discussion

The results shown in Figs. 1 and 2 are summarized in Fig. 3 where the relative
disorder in the maximum of its distribution is plotted as a function of the
irradiation/annealing temperature. It is clearly seen that the difference between the two
approaches is spectacular and the “hot” implantation provides better results in terms of
defect minimization as compared to the post-implantation annealing. The obtained
results can be understood in terms of the different processes involved in these two

regimes. Indeed, irradiation temperature mainly affects dynamic annealing processes,
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such as defect annihilation, occurring during implantation. The residual number of
defects in the irradiated target is determined by the balance between defect generation
and defect annihilation rates. Efficiency of the latter process increases with increasing
irradiation temperature, so that the defect formation is suppressed at high temperatures.
It should be noted that a defect generation rate can be also affected by an ion flux and its
changing can lead to the shift of the temperature range where the defect formation
strongly depends on the irradiation temperature [22]. However, in our study all the
implants were performed at a constant ion flux, as mentioned above.

In contrast, the post-implantation annealing affects mainly the thermal stability of
the defects formed during implantation. It should be noted that exact identification of
the defects based n the RBS/C and XRD results alone is challenging. However, previous
results indicated that for low dose regime the disorder region contains mainly
uncorrelated defect structures such as point defects and defect clusters [14]. For higher
doses corresponding to the saturation stage of the disorder accumulation (~90% of the
full amorphization level) formation of more complex defects can be anticipated [20]. It
should be pointed out that no indication of phase transitions were found in the
implanted samples, so the different annealing stages can be attributed to the different
thermal stability of the defects formed during implantation.

It should be noted that both the disorder formation as well as the temperature
range required to suppress or anneal out the ion-induced disorder in B-Ga:Os are
different from those of its major rival GaN. Indeed, it was demonstrated that GaN is
more radiation resistant as compared to B-Ga203 [11]. The disorder in GaN forms two
distinct peaks located at the surface and in the crystal bulk which have a different
microstructure as well as thermal stability [31]. Moreover, it was shown that increasing

irradiation temperature up to 550 °C is not enough to efficiently suppress disorder



formation [32]. In its turn, the temperatures in excess of 1150 °C are needed to anneal

out the ion-induced disorder in the GaN bulk [33].

IV. CONCLUSIONS

The roles of the irradiation temperature and post-implantation annealing on defect
formation in (010) oriented B-Ga20s3 single crystals were compared for the implanted
doses below the threshold for the phase transitions. We demonstrated that the elevated
temperature implants can be used to efficiently suppress radiation defect formation, so
that significant reduction of the disorder is observed already at 300 °C. In its turn, defect
removal in the course of the conventional post-implantation anneals occurs via two

stages and the temperatures in excess of 900 °C required to restore the crystal lattice.
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FIG. 1 (a) RBS/C spectra and (b) corresponding XRD 2theta scans across of (010) 3-
Ga203 implanted with 400 keV Ni ions to 2x10% cm at different temperatures as
indicated in the legends. The virgin (unimplanted) spectra/scans are shown in
corresponding panels for comparison. The nuclear energy loss profile calculated with
the SRIM code simulations is also shown in panel (a) by the dash-dotted line in
correlation with the Ga depth scale. The peak at 64.5° in panel (b) corresponds to the

sample holder.
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FIG. 2 (a) Ga-parts of the RBS/C spectra and (b) corresponding XRD 2theta scans of
(010) B-Gaz203 sample implanted with 400 keV Ni ions to 2x10* cm before and after
annealing at different temperatures as indicated in the legends. The virgin (unimplanted)
spectra/scans are shown in corresponding panels for comparison. The nuclear energy
loss profile calculated with the SRIM code simulations is also shown in panel (a) by the
dash-dotted line in correlation with the Ga depth scale. The peak at 64.5° in panel (b)

corresponds to the sample holder.
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