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The effects of scanned 2 MeV He?t and 1.4 MeV H microbeam irradiation on unimplanted
and P implanted diamond were characterized. Although diamond was found to be resistant
to lattice defect production, it was found to swell very rapidly in comparison with other
materials, giving rise to serious swelling induced dechanneling at scan edges [1] at relatively
low doses (10’7 /em? for 2 MeV He'). Microbeams annealed the damage due to a 1.5 um
deep Phospliorus implantation at a dose of 10’°P* /cm?. The implantation damage was
reduced at a dose of (1.6 x 10'" /em?) by up to 21 % for 2 MeV He? irradiation, up to
16 % for high flux 1.4 MeV H? irradiation and 12 % for low flux H* irradiation. For the
choice of analysis beam, all these beam effects were found to be most significant for He*
microbeams, so HY microbeams should be used for analysis of diamond unless high depth

resolution is required.

Introduction.

lon microprobes can allow large doses (~ 10’7 /em?) to be applied to small regions (~
50ym) at high fluxes (~ 20pA/cm? = 2.0 x 10'ions/cm? /s ), making them an ideal tool
for studying high dose 1on irradiation effects in materials, such as swelling and ion beam

annealing.

Microprobes are also used as analytical instruments, to obtain channeling and comp ssi-
tional information on a micron-sized scale, where analysis conditions must be used that
strictly limnit the effects of the analysis beam on the measurement. Under microbeamn ir-

radiation, lattice defects can form {1-4], dopants can be displaced from lattice sites [2],
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and swelling can misorient the edge of the irradiated region, inducing dechanncling {1]. It
is known that high energy light ijons can anncal damage produced by heavy ion irradia-
tion [5], and this is a potential source of analysis beam induced specinen perturbation for

microprobe analysis of 1on implanted crystal.

Light ion microprobe analysis is a useful technique for characterizing dopant ion implan-
tation damage and the success of spot annealing treatments [6-8]. In our current work,
1.5 pm deep Carbon or Phosphorus implants in type Ila natural diamond slebs are an-
nealed by a focussed, pulsed Nd-Glass laser. This process produces small (~ 1041m) spots
of annealed diamond which have been successfully analyzed by a scanned 1.4 MeV HY
micrebeam [7,8]. In order to ensure that significant changes to the crystal under analysis
did not occur, it was necessary to perform systematic damage studies on unimplanted di-
amond to characterize lattice damage and swelling induced dechanneling, and implanted

diamond to characterize possible annealing effects.

1. Lattice Damage and Swelling Induced Dechanneling.

Lattice damage in diamond due to 1 MeV Het irradiation has been found to cause mea-
surable loss of channeling at the diamond surface, [9] as well as significant damage at the
end of range. Also, we have previously investigated [1] the loss of channeling in Si crystal
irradiated by 2 MeV He? in small scans (~ 100 x 100,m), typical of microprobe channeling
measurements [1}. Beam induced swelling was found to be the only significant cause of
dechanneling at high doses in Si. To accommodate the swelling induced by the buildup of
deferts and beam atoms at the end of 1ange, the crystal layers at the edge of the irradiated
region must be tilted. A tilt of ~ 0.5° 1s enough to cause severe dechanneling at the scan

(T(l[_’;(‘.

As the present work shows, diamond swells more readily than Si under ion irradiation,
despite its hardness, so swelling induced dechanneling was expected to occur at lower
doses. Previous work carried ont with 170 keV fluorine beams [10] attributed this swelling
to the buildup of vacancies at the end of range of the beamn, which gives an initially rapid
component of swelling that eventually saturates, and the accomnmodation of the unplanted

ions in the lattice, which gives a lincar component of swelling with dose. The diamond at
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the end of range of the beam is not corverted to graphite [10], but it appears black due to

spz bond formation.

1.1 Experimental.

A detailed investigation was carried out on the effect of microprobe irradiation of unim-
planted diammond. High dose irradiations of <110> oriented unimplanted type Ila diamond
were performed with channeled 1.4 MeV H*t and 2 MeV Het beams at room temperature
to characterize lattice damage, swelling, and swelling induced dechanneling in diamond.

The combination of these two effects we refer to as ‘channeling loss’.

The cnergy of 2 MeV for Het was chosen, as this is the routine cnergy used at the Mel-

bourne University Microprobe for channeling, and is the energy used in nearly all of the
microprobe damage literature. The proton energy of 1.4 MeV was chosen because it has
approximately the same critical angle for channeling (0.36°) as a 2 MeV He% beam [9],

giving comparable results to the Het beam.

Raman Spectroscopy, Dektak surface profiles and Channelling Contrast Microscopy (CCM)

[6], were used in the characterization of damage and swelling.

1.2 Characterization of Swelling.

The swelling produced in diamond by microprobe scans typically used in the analysis
of microscopic features {7,8] was investigated. A region of <110> oriented unimplanted
diamond was irradiated in a 32 x 32im square by a scanned 1.4 MeV HY beam in channeling
oricntation to a dose of 5 x 10'" /em?. The surface was swollen to a height of 60 mn as is
shown in the Dektak profilometer trace (figure 1). From the Young's modulus of d*amond
(1.05 x 10" Pa), and the range of the beam (17 £ 2uin, based on a ¢-STIM measurement,
[11} of the energy loss of 1 MeV HY in channeling orientation in Si), the stress at the end
of range of the bein required to produce the observed swelling is calculated to be 3.7+0.5
GPa. Following the microprobe irradiation, Raman spectroscopy was performed on this
region. A Raman peak shift of 8.2 cru™! from the Raman peak of virgin diamond was

measured for the swollen region (figure 2). The Raman peak of the swollen region was also
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broadened. The average tensile stress could thus be found to be 4.0 GPa in the surface
region of the sweliing. which is consistent with the end of range stress calculated from the

observed swelling height.

The swelling height was measured for all of the scans used in this study. For 2 MeV
Het irradiation, the surface swelling (723 nm at a dose of 3.7 x 10'7 /em?) was over 11
times greater than that for 1.4 MeV proton irradiation and 3 times greater than that
observed for 170 keV fluorine irradiation (10], at this dose. The larger amount of swelling
per ion observed for HeV irradiation is due partially to the higher defect production rate
of the beam (compared to HY), and also possibly due to the fact that He cannot combine
chemically with lattice defects, while both H and F can combine with the dangling bonds
of lattice vacancies. The fact that diamond swells four times more than silicon [11 per unit
He" dose is probably due to the smaller lattice spacing of diamend which means that there

1s more stress induced by an interstitial He or C atom.

1.3 Characterization of 1.4 MeV H* Channelling Loss.

To investigate the microbeam induced swelling, CCM 1mages were taken at varitous stages
of irradiation for a 67 x 67,un square of uniinplanted diamond irradiated at a flux of 18
ftA/cmn? to a maximum dose of 6.1 x 10'7/cin?. Spectra extracted from the centres of these
scans give information on the lattice damage due to the beam, and spectra extracted from

the edges of the inages give the swelling induced dechanpeling effect of the irradiation.

A CCM image (figure 3) of the irradiated region was taken with the 67 pm scan after the
irradiation of the 67/an region to a dose of 6.1 x 10'7 /em?. The only visible features in
this inage are due to the effects of the 67 pm scanned beam. Tt is clear that there was
significant dechanneling at the edge of the scan, which gives rise to an increase in total
Vonn easured with that scan. A CCM image of this region taken with a larger scan
showed little contrast between the centre of the irradiated region and the unirradiated

background, indicating negligible buildup of lattice damage.

To definitely establish swelling induced dechanneling as the mechanism for the loss of

contrast at the edge of the irradiated region, a CCM image (figure 4) of the left edge of
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the swollen region as n figure 3 was taken at an angle of 0.5° to the channeling axis.
The channeling feature in this image corresponds to an edge of the swelling produced
by the 67 x 67pm scan. This confirms that the edge was misoriented by swelling as has
been previousiy observed in Si [1]. A Dektak incasurement of the 67um irradiated region
showed a surface swelling of 165 nm at the maximum dose of 6.1 x 10" /em?, which is

approximately twice the swelling observed in Si at the same HY dose [12].

The \min is plotted as a function of dose (fignre 5) for the 0.8 nA 1.4 McV H* beam
scanned in the 67 x 67um square. The y,,:» Was measured in the centre and at the edge of
the scan used to produce the damage, as well as for the entire scan. The xmis 1n the centre
of the sean does not increase, indicating a negligible rate of buildup of lattice demage in
the surface region of the crystal. The y,,in of the edge gradually increases after a dose of

1.5 x 10'" /em? due to tilting caused by swelling. The crystal is otherwise undamaged.

1.4 Characterization of 2 MeV He' Channelling Loss.

The \pmin was measured by CCM imaging as a function of dose for a 2 MeV He™ beam
scanned in a 108 x 108;1m square, The y,,,, 1s plotted as a function of dose (figure 6) for the
entire sean, the sean centre, and the edge of the scan. The ymin in the centre of the scan
does not inercase, but the x . of the edge rapidly increases after a dose of 1.0 x 1()'7/(:m2
to 30 % due to swelling induced dechanneling, and then increases more slowly. This result
indi-ates that the beam produces negligible lattice damage at the surface, which is at
variance with the previous study [9], but insufficient information on that experiment was

given to allow us to explain the apparent discrepancy.

«

2. Microbeam Aunnealing of Ion Implanted Diamond.

In a previous study of the effects of HY aud Het irradiation of Sh implanted in diamond
to a dose of 1 x 10 /em? [5]., the damage could be anncaled to an equilibrimim level of
46 % of its initial level by channeled 2.3 MeV Het at a dose of 1.5 x 10'7 /em?, and 320
keV H*Y could anncal the damage to an equilibrinm value of 60 %. Thus for channecling
analysis of 1on implanted diamond, anunealing effects dne to the analysis beam potentially

pese a considerable problem.
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2.1 Experimental.

A < 110> diamond wafer was implanted with Phosphorus to a range of 1.5 pun at a dose

of 1 x 10"%P* /em? to determine whether the laser annealing technique developed in [7]
could activate the dopant {8]. It was necessary to ensure that annealing cffects of the 1.4
MeV Het beam used for the microchanneling analysis of the laser anncaled spots were

minimized.

High dose irradiations along the <110> axis of the implanted diamond were performed with
1.4 MeV HY and 2 MeV het beams at room temperature to characterize the annealing
effeets of the beams. The level of damage was measured by integrating over the damage
distribution and subtracting the channeling yield from unimplanted diamond over that
saune depth region. This measurement contains both direct scatter and dechanneling effects
of the damage, but is approximately proportional to the defect concentration. The level

of damage 1s expressed as a fraction of the initial implantation damage.

2.2 Proton Beam Annealing of P implanted diamond.

A 67 pum square region of the implanted diamond was irradiated at room temperature by a
1.4 MeV HY beam in the <110> channeling orientation at a beam flux of 5.6 x 10'% /cmn?.

The maximum dose used was 3.7 x 10'7 /em?.

From the CCM image (figure 8) of the irradiated region, obtained with a 135 pm square
scan, 1t 1s possible to see that there is slightly better channeling into the scan centre than
into the unirradiated material at the edge of the image. Around the centre of the tmage,
corresponding to the edge of the original 67 jun square scan, is a region of poor channeling
due to swelling induced dechanneling. This irradiation was found to have produced a

swelling of 65 nin as measured by the Dektak surface profilometer.

The channeling spectra for the P implanted layer at HY doses of 7.0 x 10" /cm? (as
implanted) and 3.7 x 10" /cmn? (ion beam aunealed) are shown (figure 9), together with
the spectrum for unimplanted diamond. The high dose anneals the damage by 15 %. The

spectrum for the dose of 3.7 x 107 /em? was extracted from the centre of the irradiated
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resion to eliminate swelling effects.

As defeet production in jon beam irradiated materials is highly 9ux dependent {2] due
to dynamic annealing processes [3]. it was anticipated that aunealing could also be flux
dependent.  Another 1.4 MeV HY damage study was performed at over 19 times the
previous flux to investigate this possibility. The focused microbeam was scanned i a
140 x 30pm rectangle at an average beam current of 0.75 nA in channeling onentation,
giving a flux of 63;:A/cm?. Although doses above 1.7 x 10'" /cm? could not be used due to
swelling induced dechanneling. it was found that the implantation damage was annealed

by 16 % at a dose of 1.6 x 10" /em?. which is slightly more than at lower flux for this dose.

2.3 He* Beam Annealing of P implanted diamond.

Although the P implantation damage peak was too deep to measure with a 2 MeV He*
beam, the annealing of the damage near the surface of the crystal could be measured.
Due to the drastic effect of swelling induced dechanneling for Het irradiation, a 120 yum
scan was used, and all data was extracted from the centre of the scans. The diamond was
irradiated at a flux of 32 A /cm? to a maximum dose of 1.6 x 10'7 /cn?, annealing 21 % of
the damage. The spectrum after a dose of only 6.7 x 10'® is shown (figure 9), together with
the as implanted and unimplanted channeling spectra. This shows that He? irradiation

causes significant annealing at relatively low doses.

The Het data can be compared to H* data as long as the damage level is measured over
the same physical depth window. as defeet dechanneling gives a greater contribution for
deeper depth windows. When this analysis was performed, it was found that He? ions

anneal the damage by approximately twice as much as H* beams at comparable flux.

2.4 Conclusions From Annealing Study.

The level of damage is plotted as a function of dose (figure 10) for both of the H* annecaling
studies, and the Het annealing study. The data has been fitted with the function ¥ =
Yeqcoth(ky 4 &, X)), which is derived from the assumption that the annecaling process is a

beam induced intesstitial/vacaney recombination process [3]. The parameter ky is rclated
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to the initial defect concentration. and k; is related to the annealing effect per umt dose.
The only parameter that was varied in the least squares fitting to the data was k3. The
tit was performed to provide an estimate of the equilibrium damage level Yog. All three
studies show that an equilibrium damage concentration Y, is established at high dose,
and that Het irradiation causes about twice as much annealing than H* irradiation at
high dose, in agreement with the previous study on light ion annealing of 1on implanted

diamond [5]

The fact that the damage is annealed to an equilibrium value at high dose, rather than
completely removed, indicates either that some of the damage exists in types of defects
that cannot be annealed by irradiation; or that a dynamie equilibrium is established be-
tween defeet anncaling and defect introduction from the annealing beain The fact that
the equilibrium: values are beam dependent would tend to support the latter hypothesis.
We are presently investigating the effect of ion beam annealing of dopants implanted into

chamond.

3. Methods for Minimizing Beam induced Changes in Analysis.

In the micro-channeling analysis of unimplanted diamonds, swelling induced dechanneling
is the only serious mechanism for channeling loss. Swelling induced dechanneling is more
severe for diamond than Si and analysis doses should be kept under 8 x 10’ /cm? to avoid
this effect entirely. As this ceffect is confined to a 10 pm half width perimeter at the edges
of the scan, it can be eliminated from analysis simply by using a larger scan, and extracting
data from the central regions of the scan. This allows doses of over 6.0 x 1017 Jain? to be
used with negligible channeling loss. This was done in the present 2 MeV Het annealing

study.

Lattice damage from microprobe irradiation could not bhe measured by channeling for
cither the HY beam or the Het beam, even at the highest doses used in this study, This
means that the ultimate limitation on microbeam doses, once edge dechanneling has been
climinated, is the dose at which the irradiated layer is ablated from the surface (~ 10" /cin?

for Si) (13].

A




e
v
'}
\
k,

Under poor vacnum conditions (> 107° torr). an amorphous carbon layer can form on the
crystal surface, at a rate proportional to beam dose, which increases the size of the diamond

chimneling surface peak. inducing some dechanneling [3]. This effect can be greater than

lattice damage for some crystals {3]. including diamond, so a good vacuum (~ 10™° torr)

15 essential for accurate quantitative analysis.

In contrast to the channeling loss, the annealing effect of the analysis beaim on nnplanted di-
amond poses a serious potential problem for accurate analysis, as annealing occurs rapidly
at low doses. This effect has exactly the same type of dose and beam behaviour as damage
in crystals like Ge (3], GaAs [2,3]. and Hg,Cd(,_,)Te [4], and As dopant displacement in

Si [2]. The same strategies can therefore be used to minimize the effect of the beam.

Limiting analysis beam dose is the most obvious means of limiting beam induced changes to
the target. For characterizing bulk crystal properties, this is a simple matter of increasing
the scan size, but for small features dose cannot be limited without limiting statistical
accuracy. Increasing the detector solid angle will improve statistical accuracy, but reduce
mass and depth resolution due to kiniematic spread [2]. This approach was used successfully
in the analysis of laser annealed spots (3], where a detector solid angle of 60 msr was used,
giving an overall detector resolution of 24 keV and allowing doses of under § x 10" /em?

to be used, initing annealing of the implanted crystal to under 5 %.

Another approach to minimizing the effects of damage, that to our knowledge has not
been previously proposed, is to extrapolate yield vs dose curves to zero dose by fitting an
appropnate function to the curve. Such an approach will provide an accurate numerical
estimate of & dopant substitutional fraction or a y,uin, and allow the analysis beam effects

to be fully characterized.

Unless high depth resolution is required. it is preferable to use low energy HY ions rather
than He?t ions for channeling analysis. Limiting beam flux is also desirable as, like erystal

damage, annealing is more severe for higher beam fluxes.

Finally, in any form of microprobe channeling experiment, there is no substitute for actually
monitoring the channeling yield from all regions of the sample over the course of the

experinent.
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This work is part of an ongoing quantitative study of ion irradiation effects and analysis
beam induced changes using CCNL and the development of channeling STIM as a means

of defeet 1)1‘()fi1in}_'; {3}
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FIGURES

Figure 1 Profilometer trace {Dektak) over a 32 um microbeam scan of <110> oriented

diamond showing swelling.
Figure 2: Raman spectrum from the 32 pm scan of figure 1.

Figure 3: CCM image of a 67 jan scan to a dose of 6.1x10'" /em? 1.4 MeV H* showing
dechanneling from the scan edges due to tilting of the crystal planes by swelling. A low
backscattering yield, from good crystal, shows up as dark, a high yield fi >m dechanneling
shows up as bright mn this image. It is clear that a significant loss of channeling occurs at

the edge of the scan in comparison with the centre of the scan.

Fignre 4: CCM image of the swollen left edge of the region in figure 3 with the crystal tilted
at 0.9° te the <110> axis showing good channeling into the tilted edges of the original
scan (dark region) and dechaneling from the misaligned bulk of the crystal (bright region).

The motteled effect is due to a scan artifact.

Figure 5: The effect of the swelling of the diamond on the ymip, within the scan arca of
figure 3. This has been resolved into the contribution from the centre and swollen scan

edge.
Figure 6: The effeet of the swelling of the diamond on the \ 4, for a 2 MeV Het beam.

Figure 7: A CCM image of a central 67 pm, 1.4 MeV H* .can used to anncal damage in

a P anplanted diamond (see text).

Figure 8: Channeling spectra extracted from the central 1.4 MeV H* anncaled region and

surronnding unaunecaled, as implanted regions of figure 7.

Figire 9: Channeling spectra from the centre of a 2 MeV Het annealed region and sur-

rounding unannealed, as implanted diamond.

Figure 10: The damage level (see text) in 1.4 MeV H* and 2 MeV Het jon beam annealed

dismond as a function of dose fitted with a theoretical curve.
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Figure 4: Sean P. Dooley, David N. Jamieson and Steven Prawer, Het and H+ Microbeam ‘
Damage, Swelliug and He* and H+ Microbeam Damage. Swelling and Annealing in Dia-
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Figure 5: Scan P. Dooley. David N. Janneson and Steven Prawer, He™ and H+ Microbeam
Damage, Swelling and He* and H4+ Microbeam Damage, Swelling and Annealing in Dia- |

mond.
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Figure 6: Sean 2. Dooley, David N. Jamieson and Steven Prawer, Het and H4+ Microbeam

Damage, Swclling and Het and H4 Microbeam Damage, Swelling and Annealing in Dia-

mond.
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Figure 7: Sean P. Dooley. David N. Janieson and Steven Prawer, Het and H+ Mierobeam
Damage, Swelling and Het and H+ Microbeam Damage, Swelling and Annealing m Dia-

mondl.
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H* Annealing of P implanted diamond.
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Figure 10: Sean P. Dooley, David N. Jamieson and Steven Prawer, Het and H+ Mi-

crobeam Damage, Swelling and Het and H+ Microbeamn Damage, Swelling and Annealing

in Diamond.
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