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Single crystal diamond has been implanted at 1 MeV with 2xlO20 Ar/m:. Rutherford
backscattering spectrometry in a channeled geometry revealed a broad amorphized region
underlying a thin, partially crystalline layer. Raman spectroscopy disclosed modifications in
the bonding characteristic of the appearance of non-diamond carbon. The complementary
nature of the two analysis techniques is demonstrated. The Knoop hardness, of the implanted
diamond was reduced by implantation.

Introduction

Diamond and diamond-like materials have garnered significant attention due to manifold
optical, electronic and tribological applications [1-3]. Although hindered by a lack of depth
specificity, Raman spectroscopy is widely accepted as the benchmark analytical technique for
detecting the diamond crystal structure in fabricated thin films or modified bulk material [1].
The retention of the Raman scattering peak characteristic of the single crystal state in diamond
amorphized by ion implantation has been attributed to underlying undamaged material [4,5].
Although unable to indicate direct bonding information, Rutherford backscattering spectrometry
in a channeled geometry, or RBS/channeling, can provide a depth profile of disorder in initially
single crystal material [6]. RBS/channeling studies of diamond amorphized by implantation
have conjectured on the nature of the resulting carbon bonding [7,3]. We demonstrate the
complementary nature of Raman scattering and RBS/channeling for the characterization of
initially single crystal diamond disordered by the implantation at 1 MeV of 2xl020 Ar/m2.

Experimental Methods

A Type Ila natural diamond crystal with a (111) orientation was implanted with 40Ar+

at 1 MeV to a dcse of 2xlO20 m' . Thermocouples attached to the sample holder indicated a
rise of less than 25 °C above room temperature during bombardment. RBS/channeling analyses
of the sample before and after implantation were performed with 2.0 MeV 4He+. Energy
spectra were acquired for orientation of the ion beam relative to the U l O axis and in a
random-equivalent geometry. Scattered ions were collected by a collimated, surface-barrier
detector stationed at a laboratory scattering angle of 155°. Raman spectra were measured at
room temperature on an Instruments SA Ramanor U-1000 spectrometer. Excitation was by the



541.5 nm line of an argon laser with an output power of - 100 mW. Power at the sample was
estimated to be - 2 0 % of the initial laser power. Knoop hardness was sampled by standard
techniques. The diamond indentor tip was driven into the material by a normal load of 1 N
and a dwell time ot 15 sec was employed.

Results and Discussion

Theoretical profiles of Ar concentration and displacement damage for the implantation
at 1.0 MeV of 2xlO20 Ar/rrr in diamond are displayed in Fig. 1. Calculated with the
implantation simulation code TRIM [9], displacement damage was estimated by application of
a modified Kinchin-Pease model [10.11] to every recoiling host atom. A displacement energy
of 80 eV for C in diamond [12] was used in the calculation. The magnitude of the calculated
displacement damage varies approximately inversely with the displacement energy. Predicted
values for the mean projected range It, and range straggle ap were 0.47 ^m and 0.06
respectively. Three-fourth's of the total energy loss of a typical incident Ar ion is electronic,
with a maximum value of — 2400 eV/nm occurring at the surface.

Fig. 1. Theoretical depth
profiles of displacement
damage and Ar concentration,
as predicted by TRIM, for
diamond implanted at 1 MeV
with 2X1O20 Ar/m2.
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RBS/channeling spectra for the {111) axis and a random geometry of diamond implanted
with 2X1020 Ar/m: at 1.0 MeV are shown in Fig. 2. Depth scales for C and Ar were
established [131 fr°m t n e energy spectra subject to experimental conditions and using
appropriate energy loss parameters [14]. A sub-surface profile of Ar is evident near 0.85 MeV
in the energy spectrum. From this the profile, Rp, af and peak concentration were defined tobe
0.45 nm, 0.15 pm and 0.82 at. %, respectively. Disagreement with the calculated ap probably
arises from diffusion processes. Other possible contributing factors could be changes in the
40Ar1" and 4He+ stopping powers due to implantation-induced density changes in the damaged
layer or inaccuracies in TRIM for this particular ion/target combination.

The backscattering signal from C. shown in Fig. 2. is isolated in Fig. 3. Displaced
host atoms are indicated by elevation of the scattering yield. Ion channeling senses host atoms
displaced greater than approximately the Thomas-Fermi screening length ( -0 .02 nm) from
normal lattice sites. Although damaged, a thin layer at the surface has retained partial
crystallinity. The rise in the scattering yield in this layer with increasing depth indicates



Fig. 2. Backscattenng spectra
for the (111) axis and a
rotating random geometry
acquired for 2 MeV 4He ;

inc ident on diamond
implanted at 1 MeV with
2xlO20 Ar/m2. Depth scales
are given on the upper
horizontal axis.
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Fig. 3. Exploded view from
F i g . 2 i s o l a t i n g t h e
backscattering signal for C.
A spectrum for (111)
alignment in unimplanted
diamond is also shown. A
depth scale is given on the
upper horizontal axis.
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increasing disorder. However, the dechanneling rate seems smaller than suggested by the
gradually changing displacement damage calculated in Fig. 1 from the surface to —0.2 pm.
Two possible factors preserving near-surface crystallinity are defect annealing due to the large
electronic energy loss of the 40Ar+ ions at shallow depths and the action of the free surface as
a vacancy sink.

A scattering yield near the random level begins near a depth of 0.15 ^m in Fig. 3. The
upper thickness limit of this "amorphized" zone could not be discerned due to experimental
limitations, but it exceeded 0.55 nm. The thickness of an amorphous layer formed in single
crystal diamond implanted with lxlO20 Ar/m2 at 150 keV extended to a depth 1.8 times as large
as Rp [15]. Although unverified, this would predict a maximum depth for the amorphous layer
in this study of -0 .81 /*m. Initiating near R,,, the amorphous layer broadens by accumulation
of displacement damage.
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Fig. 4. Raman spectra of diamond
a.) preceding and b.) following
implantation at 1 MeV with 2xlO20

Ar/m2. Note changes in axis scaling.
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Raman spectra for implanted and virgin diamond are shown in Fig. 4. Characteristic
of single crystal diamond, a single sharp peak appears near 1334 cm1 in Fig. 4a. Other
notable background features are absent. In Fig. 4b, the Raman spectrum of Ar-implanted
diamond contains a broad peak centered about 1550 cm' characteristic of non-diamond
carbon [16]. Although broadened and attenuated, the apparent peak near 1320 cm' in Fig. 4b
suggests that some diamond (sp3) bonding is retained in the implanted layer. The position of
this peak is similar to that observed by Sato et ai. [4] in diamond implanted with a high dose
of Ar. The shift from 1334 cm1 in single crystal diamond probably occurs due to internal
stresses in the implanted layer [16]. However, this peak could originate from either the
underlying undamaged material or the thin, partially crystalline layer near the surface since the
sampled depth of Raman scattering depends on photon absorption.

Smith et al. [5] noted a a broad continuum of Raman scattering almost identical to that
of amorphous graphite following the implantation of single crystal diamond. However, a sharp
peak characteristic of single crystal diamond was retained due to the thinness of their damaged
layer. Since details of their implantation were not given and direct measurements of the
crystalline disorder were not made, the actual state of the modified layer is unknown. Raman
spectroscopy is limited in the detection of single crystal diamond in the presence of other types
of carbon [16]. In particular, the Raman scattering efficiency for single crystal diamond is 50
times smaller than for graphite. For self-ion implanted single crystal diamond, Sato et al. [4]
observed the disappearance of the 1334 cm"1 peak with increasing ion dose in Raman spectra
similar to those of Smith et al. [5].

Figure 5 shows the Knoop indentations in bombarded and pristine regions of the
irradiated diamond. No evidence of cracking was observed. Calculations based on the length
of the indentation diagonal indicate an implantation-induced reduction in hardness of a factor



oi 6. The decrease can be attributed to an increase in bond breaking and disorder. Other
studies have found that diamond retains significant hardness following high-dose irradiations
with self-ions [17].

F i 2 . K n o o
indentations in diamond
preceding and following
implantation at 1 MeV
with 2x1020 Ar/nr.
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The pyramidal geometry of the irdenter tip produces a penetration depth that is
approximately one-thirtieth of the diagonal width. For this study, the estimated penetration
depth in the implanted diamond is -0 .63 urn. ii is weil-known that hardness measurements
sense the properties of layers beneath the indentor tip that are within 10 times the indent depth.
Therefore, the hardness measured following implantation is a composite value of the partially
crystalline surrace lover, the amorphized region and underlying single crystal diamond.

Conclusions

Raman scattering and Rutherford backscattenng spectrometry in a channeled geometry
provide complementary information for correct interpretation of the disordering of single
crystal diamond by ion implantation. In the present case, Raman spectroscopy indicated a
drastic change in the bonding characteristics of single crystal diamond impianted with 2X1O20

Ar/nr. The depth perception of RBS/channeling indicated the production of a broad
amorphized layer underlying a thin partially-crystalline zone at the surface. Suggestive of bond
breakage, the Knoop hardness of the implanted diamond was reduced by implantation.
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