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Realization of radiation-hard electronic devices able to work in_harsh environments
requires deep understanding the processes of defect formation/evolutien occurring in
semiconductors bombarded by energetic particles. In the present'work we address such
intriguing radiation phenomenon as high radiation tolerance of “GaN and analyze
structural disorder employing advanced co-irradiation schemes where low and high
energy implants with different ions have been used./Channeling analysis revealed that
the interplay between radiation-stimulated defect annealing and defect stabilization by
implanted atoms dominates defect formation/in the, crystal bulk. Furthermore, the
balance between these two processes depends on implanted species. In particular, strong
damage enhancement leading to the complete. GaN bulk amorphization observed for the
samples pre-implanted with fluorine ions, whereas,the co-irradiation of the samples pre-
implanted with such elements as fieonyphosphorus, and argon ions leads to a decrease
of the damage.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-129498.R1

1. Introduction

Understanding radiation tolerance of materials is crucial for applications in harsh
environments where electronic devices can undergo a long time exposure by different
energetic particles [1]. Despite that radiation defect formation in electronic and nuclear
materials has been extensively investigated during the last several decades [2, 3]smany
radiation phenomena are still not fully studied and understood. For example, the origin
of high radiation resistance of semiconductors having a high degree of_ionicity.of
chemical bonds remains unclear. In particular, it holds to gallium nitride(GaN);.which
Is a wide bandgap (3.4 eV) semiconductor having number of applications for high
power, microwave and optoelectronic devices [4-6]. It was shown that thendamage
buildup in GaN under ion bombardment exhibits intriguing behavior different from that
for other semiconductors. In particular, it was established that/radiation damage depth
distribution in GaN consists of two major peaks demonstrating different behavior with
increasing ion dose [7-9]. The first one corresponds to an amerphous/nanocrystalline
layer formed at the surface [8, 10-12] and this peak is hereinafter referred to as surface
amorphous layer (SAL). The second damage peak is/situated. inthe crystal bulk and we
refer to it as the bulk defect peak (BDP). This peak originates at the depth close to the
maximum of elastic energy deposition of stopping. iens. With the ion dose increase,
SAL becomes broader, while BDP grows up with an apparent shift of its depth position
deeper into the bulk of the material. Disorder in the!BDP consists of interstitial-based
planar defects parallel to the (0001) planes, [8, 20, 12-15] in addition to point defect
clusters and it exhibits saturation at'=40-50% of full amorphization level for room
temperature implants [3, 8, 9, 13-16]. In its turn, the interface between SAL and the
bulk crystalline material (a/C interface) acts as a nucleation site for the amorphization of
the target, which proceeds from the surface to the crystal bulk [8, 17, 18].

High radiation resistange of different semiconductors was previously attributed
to the enhanced defect/annihilation at extended defects [19, 20], strong ion-induced
recrystallization effects [21] or/pronounced role of the a/c interface which acts as a
perfect sink for mobile point defects (MPDs) generated by stopping ions in the crystal
bulk [17]. Note'that the latter model explains not only the damage saturation in GaN
bulk but also ‘a shift of the bulk disorder maximum position with increasing ion dose.
An additional ;argument in favor of this model is a non-commutative damage
accumulation’in GaN that was experimentally observed recently for F ions [22].
However, various chemical effects of implanted ions can play a role in damage
formation in GaN which were not taken into account in the models proposed. For
example, it 'was demonstrated that implanted carbon atoms can form triple -C=N-
nitrilelike carbon-nitride bonds and suppress ion-beam-induced material decomposition
[23]. Moreover, C atoms enhance disorder buildup and facilitate amorphization of GaN
[8,24]. Damage formed by fluorine and neon ions is the same at the initial stage [25],
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but some chemical effect of F is manifested in ion-beam-induced surface topography
change [26]. Fluorine ion implantation into GaN is of particular interest as the
incorporation of F atoms into AIGaN/GaN heterostructures can be an effective low-cost
approach to achieve postepitaxy threshold voltage modulation in AlGaN/GaN high-
electron mobility transistors [27].

In order to reveal a particular role of the implanted species on radiation tolerance
of GaN we apply combined irradiation schemes where low and high energy implants
with different ions were used. We demonstrate that the interplay between, defect
stabilization by implanted atoms and radiation-stimulated defect annealing determines
damage formation in GaN. Depending on the implanted species, these processes can
lead either to the amorphization or healing the disorder in the crystal bulk.

2. Experimental .

About 2.5 um thick (0001) wurzite epitaxial GaN films:grown by MOCVD on
sapphire substrate at the loffe Institute (St. Petersburg, Russian Federation) were used in
this study. Samples were irradiated at room temperature with different ions having low
(1.3 keV/amu) and high (3.2 keVV/amu) energies (see Table 'summarizing the implant
parameters used in the present study). The energies of the ions were chosen in such a
way to provide a maximum defect generation for the %igh energy irradiations (as
calculated with the SRIM code simulations,[28]) as elase as possible to the BDP region
of the low energy implants. All the implantations were performed at 7° off [0001]
direction to minimize channelingweffects. In order to compare irradiation effects
produced by different ions we use Similar doses expressed in displacement per atom
(DPA) taken at the maximum of nuclear, energy loss. Quoted DPA values were
calculated as DPA = n, x @/ Na, where @ is an ion dose in ions/cm?, n, is an average
number of vacancies produced per unit of depth by one ion at the depth of maximum of
nuclear energy loss, and.ny =8:85x10%2 cm™ is the GaN atomic concentration. Values
of n, were calculated using the 'SRIM code simulations [28] with effective threshold
energies for atomic displacements of 25 eV for both Ga and N sublattices. Thus the
dose of 1 DPA means that each atom at the depth of Ryq has on the average been once
shifted from its'positionsNote that ion fluxes were kept constant at 3.6x10 DPA/s for
all implants te:avoid possible dose-rate effects [8].

Implantation-produced disorder was measured by Rutherford backscattering
spectrometry inschanneling mode (RBS/C) by 0.7 MeV He™ ions incident along the
[0001] direction and backscattered to 103°, which improved depth resolution. All
RBS/C spectra were analyzed using one of the conventional algorithms [29] to extract
the effective number of scattering centers (referred to below as “relative disorder™).
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Table 1. Implant parameters used in the present study. Also given are calculated values
of the projected ion range (Rp), the maximum of the nuclear energy loss profile (Rpq),
and the ion fluences corresponding to the dose of 1 DPA.

lon Energy Energy Rp Rpd 11I43PA2 Ii)ln flui( )

keV keV/amu nm nm 10" cm’ 10~ em™s
Sip* 40 1.3 31 17 5.61 20.2
lp* 115 3.2 82 52 6.37 22.9
19 25 1.3 32 17 10.2 36.7
1ot 61 3.2 76 50 12 43.2
Oart 53 1.3 32 17 443 15.9
Oart 155 3.2 86 54 5.04 18.1
2ONet 26 1.3 32 16 9.2 33.1

3. Results and discussion

The role of the pre-existing disorder on the damage buildup in the GaN is
illustrated in Fig. 1 showing the depth profiles of relative disorder in the samples
sequentially implanted with low energy ions (P.or/F) and high energy ions. It might be
seen from Figs. 1(a — c) that both (F and P):low energy pre-implants produce practically
the same disorder in the BDP region located.around ~40 nm deep as marked in the panel
(c). This damage level correspondstte,the saturation stage of the disorder accumulation
and corroborates well with the previous ion tmplantation studies of GaN [3, 8, 16].
However, further damage accumulation under additional high energy ion irradiation is
dramatically different in thesF and P pre-implanted samples. Indeed, high energy
irradiation with both F and P.ion leads to the rapid damage growth in the low energy
BDP region in the F prefimplantedSamples (see Fig. 1(a, b)). The disorder growth in
this region is so strong that'it reaches the random level already after P implantation to
15 DPA (or F implantation to*20 DPA) forming continuous amorphous layer starting
from the surface.<ln:contrast, the same high energy P irradiation in the P pre-implanted
samples leads,to the naticeable decrease of the damage level in the low energy BDP
region (Fig.-L(c)). At the same time the damage at the sample surface continues to grow
as can be seendrom the SAL increase. Note that a peak at the depth of ~120 nm seen in
the highrdose curves is an artifact attributed to carbon atoms at the sample surface that
becomes visible in the RBS spectra after high enough dose collection [30]. It should be
emphasized.here that the main difference between all these three cases is the ion species
used for‘pre-implantation, while all other irradiation parameters were kept the same (see
Table,l). Slight dose difference between F and P ion pre-implants (15 and 18 DPA
respectively) does not cause any change in the BDP height or position [16, 17]. Thus,
the observed difference in the damage buildup clearly demonstrated in Figs. 1(a — ¢)
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should be attributed to the effects directly related to the ion species used for pre-
implantation.

In order to better understand the damage formation mechanism in GaN and,
specifically, the role of the ion species on the damage buildup we performed additional
implantations with noble gases (Ar and Ne). So the possible chemical effects on damage
formation should be negligible in this case. The results are summarized in Fig.2 where
the relative disorder taken at the low energy BDP maximum depth IS plotted as.a
function of the total DPA value (i.e. low energy pre-implantation DPA 4 DPA of the
high energy irradiation). So, the doses below 15-18 DPA correspond to the low energy
ion bombardment, whereas the right part of the figure shows the results of cumulative
doses. For example, the point on the curve marked as “F25 + P115”at 25 DPA means
that the irradiation was carried out with 25 keV F ions to a dose of 15:DPA and then by
61 keV P ions to a dose of 10 DPA [31]. It can be seen that for all'low energy single ion
implants (F, P and Ne), the damage follows the same trend with, the saturation stage
occurring at ~0.4 of the full amorphization level for the DPA values up to ~20. Similar
dependence was obtained for low energy Ar ion implantation (not shown). However,
the damage accumulation in the co-implanted samples exhibits drastically different
behavior depending on the ion species used for the low gnergy pre-implants. Indeed,
there is a rapid damage growth leading to the amorphization for all the samples pre-
implanted with F ions, while the co-implantations lead to decrease of the damage in the
samples pre-implanted with other ions (P, Ne and Ar).

This intriguing damage behavior inithe co-implanted samples can be understood
in the framework of the model proposed previously to explain the main damage buildup
features in GaN [17]. Indeed, according to this model the damage saturation of BDP
occurs due to insufficient concentration of mobile point defects in the vicinity of BDP
since its position for high dogzs is located deeper than the region where the primary
defects are generated (see Fig. 1 for clarity). Thus, the high energy implantation acts as
an additional sourcesof ‘the mobile point defects in the vicinity of low energy BDP
enabling further damage evolution in this region. For instance, a high concentration of
vacancy type defects may lead to the efficient defect annihilation in the low energy BDP
region where @a large concentration of interstitial type defects is expected to be present,
as mentioned above. This should lead to radiation-stimulated defect annealing and,
therefore, decrease of the'damage, as indeed observed in our experiments.

However, chemical effects of the implanted species or ion-defect reactions
should play a decisive role on the damage buildup in the F pre-implanted samples. For
high enaugh dose, the concentration of the implanted F atoms could be sufficient for
effective  stabilization of ion-induced defects forming, for example, F-related
complexes. In addition, it is seen from Figs. 1(a,b) and 2 that in the F pre-implanted
samples the irradiation with high energy P ions leads to more efficient damage growth,
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as compared to the high energy F implantation. This enhancement is directly attributed
to the nonlinear effects in damage formation which become more pronounced with
increasing density of collision cascades (see, for example, [16]).

Thus, it can be concluded that the damage formation in GaN depends on the
balance between radiation-stimulated defect annealing and defect stabilization™by
implanted impurity, such as F atoms. In order to estimate a critical F concentration
required for changing the balance and, therefore, for the effective damage growth we
prepared the set of samples pre-implanted with combinations of low energy Ne and F
ions keeping the total dose value at 15 DPA. The atomic masses of Ne‘and F are close
to each other and, taking into account the irradiation parameters (see Table 1),:the only
difference between these samples was the F/Ne dose ratio. Fig. 3(a). shows the depth
profiles of the relative disorder in the Ne+F co-implanted samples and itis Seen that the
damage profiles practically resemble each other for all the,Ne/F combinations used.
Thus, identical initial damage distributions were produced with different concentrations
of implanted F atoms. After that, additional irradiations were performed with high
energy P ions to the dose corresponding to 5 DPA. Fig. 3(b).shows the damage profiles
in GaN samples after these combined (Ne+F)+P implantations. It is seen that the final
damage after the high energy implantation dramatically.depends on the initial F dose. In
particular, a strong damage enhancement in the region of low energy BDP is observed
for the F dose equal or exceeding 12.5 DPA: The crucial role of the implanted F atoms
on the damage behavior in the (Ne+F)+P co-implanted samples is better illustrated by
Fig. 4 showing the relative disorder inithe low energy BDP maximum as a function of F
concentration at R, in the Ne+F pre=implanted samples. It is seen that radiation-
stimulated defect annealing 1s:a.dominating process for low F concentrations leading to
decrease of the damage afterhigh,energy P irradiation. In its turn, strong damage
enhancement is observed for high F concentration in excess of ~2x10?* cm™ which can
be attributed to the F-induced aafect stabilization.

The mechanism of damage stabilization by implanted F atoms can be attributed
to the formation of defect complexes involving F atoms, as mentioned above. The
interaction of F atoms, with ion-induced defects and formation of F-related defect
complexes in“GaN has been studied previously [31-35]. In particular, it was
demonstrated that the major species of F-induced defects are vacancy clusters coupled
with F atoms([31]..However, the dominant type of F-vacancy complexes involved in to
the formation.of stable defects remains controversial. For example, it has been found
that F.diffusion in GaN occurs via Ga vacancy (Vg,) assisted mechanism [33].
Furthermore, single Vg, has been identified as the main vacancy-type defect in F
Implanted GaN samples as detected by positron-annihilation spectroscopy [3130]. In its
turn, Takahashi et al. [35] demonstrated that F atoms tend to form complexes with
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nitrogen vacancies (V) and suggested that F-Vy complexes may act as a major donor
compensation defect in Mg implanted GaN.

Finally, a certain importance of a/c interface for the damage saturation/growth in
BDP region of GaN should be emphasized. Indeed, as it was demonstrated previously,
efficient trapping and annihilation of the generated point defects at the a/c interface’can
limit the defect concentration in the vicinity of BDP [17, 18]. Therefore, the processes
of damage accumulation in the crystal bulk depend to the large extent on the proximity
of the a/c interface to the BDP region. This, in particular, implies that the,BDP.growth
increases with increasing energy of the implanted element if the concentration of
implanted atoms is high enough to trigger efficient defect stabilization in this,region.
Such behavior was indeed observed for room temperature implantations with 61 keV F
ions (present study, not shown) and 40 keV C implants in GaN [8]. .«

4. Conclusions

In conclusion, we have studied structural disorder,in GaN under combined ion
irradiations. The implant parameters were chosen qin such a‘way to reveal basic
mechanisms of defect formation in the crystal bulk. We demonstrated that disorder
accumulation in the GaN bulk depends on the dnterplay. between radiation-stimulated
defect annealing and defect stabilization by implanted atoms. The balance between
these two processes depends on the implanted species and, specifically, for F ions
strong damage enhancement was observed ‘in.the region where F concentration is
maximal. The critical concentration.of implanted F atoms required for efficient defect
stabilization was estimated to be of ~2x10%* cm™®.
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