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Abstract :Thc optical absorption analysis on synthetic diamond irradiated by molecular hydrogen ions 
(H2

+) with 40 kcV, 101S-1017 H/cm2, at 100 K, showed that the absorption coefficient (a) of modified 
layer in UV-VIS range was increased with the implanted dose and decreased with thermal annealing. 
While its relative optical band gap (EIi0pl) was decreased with ion fluence and proportional to the 
annealing temperalure. The possible microstructurc of atomic coordination for as-implanted and 
subsequent annealing samples was discussed tentatively. In addition the optical inhomogencity of the 
type lb diamond lias been revealed by absorption topograph at ^=430 nm. 

INTRODUCTION 

The potential use of diamond in many areas is 
now well appreciated and is reflected by the 
growing interest in diamond by materials 
researchers. This lias been Hie result of a long 
time study of diamond over the past few decades. 
As such, many properties of diamond are well 
established. However, there are also many 
questions which remain to be answered, both on 
the growth and on the characterization of 
diamond. A simple example is the understanding 
of the broad luminescence bands and absorption 
bands centered around infrared and UV-VIS 
regions in type-lb diamond (Nazare and Neves 
1987, Collios ct al 1989). Besides this, the 
systematic studies of radiation damage in 
diamond and the extensive optical and 
paramagnetic resonance studies have produced a 
considerable amount of information on the 
radiation damage centers (Clark et al 1992). 

In this paper, we ere concerned primarily with 
the radiation effect by ion bombardment.. A typc-
Ib diamond has been irradiated with H2

+ ions and 
examined by means of optical transmission 
spectrum in order to get comprehensive 
understanding of the damaging process of ion 
irradiated layer and the effect of implanted 
species, especially for dose dependent hydrogen. 

EXPERIMENTAL DETAILS 

The type-lb diamond samples with volume of 
3.5x3.5x0.5 mm3 had a (100) surface. The 
transmission intensity imaging ( topology ) at 
430 nm was used to survey the distribution of 
nitrogen concentration because the considerable 
variations of nitrogen impurity in the different 
growth sectors in submicromcter scale affected 
the corrected quotient value in very sensitive 
ultraviolet-visible region during optical 
transmission measurement. All of the diamonds 
were irradiated with 40 keV H2

+ ions at 100 K 
except two of them at room temperature. 
Implanted doses ranged from lxl0 l s to lxlO17 

H/cm2 and, each sample was covered one half 
area of surface along a diagonal line for tile 
comparison between virgin and implanted areas. 

The projected ranges and longitudinal 
straggling of the implanted H2

+ and the other 
collision damage distribution were calculated 
with TRIM program with surface binding energy 
of 4.5 eV (Smith and Webb 1991). The 
maximum range of the possible damage caused 
by projectiles in diamond is approximate 140 
nm, which means any change of atomic structure 
and electronic states distinguished from 
originals. The optical absorption measurements 
were performed at room temperature using a 
micro-spectrophotometer. 

RESULTS AND DISCUSSION 
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Fig.l Near visible (X=430 nm) absorption topograph of a synthetic diamond plate, (a) the un-
implanted sample, (b) the sample as (a) but implanted with 40 keV H2* and a dose of 1.3x10" 
. . . 7 H/cm'. 

Diamond are notorious for their optical 
inhomogeneity, which is caused by a non
uniform distribution of point defects ( van 
Enckevort and Visser 1990, Burns et al 1990) . 
To select a more transparent position for 
standard spectrum measurement, an optical 
absorption topography, which employs the 
enhanced near UV-VIS absorption by the single-
substitutional nitrogen centers, is capable of 
imaging the distribution of this impurity in the 
diamond. Figure 1 (a and b) shows a typical 
micrograph of one of the synthetic diamond 
specimens, before and after implantation with 
H2

+ ions, respectively. The each area measured 
by a directly incident focused light of which the 
diameter is about 20 p during automatic 
surface scanning carefully chosen to be 
1800x1800 u.m2. 

The topographies were obtained by 
photographing the specimen plates via an optical 
transmission microscope fitted with a 
monochromatic VIS (X=430 nm) light source. In 
Fig.l a, the optical absorption is gradually 
increased at different positions from A to C. So 
that the distribution of morphotropy of the 
nitrogen concentration in diamond crystal can be 
reflected in this 2-dimension diagram. The 
variation of absorption of diamond processed by 
ion implantation was showed in Fig.lb. The 
virgin and implanted areas were marked by 
AEFD and BCFE respectively. From the stiff 
change of absorption between implanted and un-
implanted regions in this topography, it can be 
inferred that the optical absorption of ion-
processed diamond is not only associated with 
the nitrogen impurity but also with the new 
defects induced by ions, and the latter might play 
an important role. 

During ion implantation, especially at low 
temperature, many defects are produced by ion 
collision cascades with target atom and recoils. 

The radiation damage profile induced by 
energetic ion in solids (de Souza et al 1994 and 
Shwe et al 1993) and in diamond (Spits 1992) 
were determined by some techniques as well as 
predicting calculation with TRIM program. 
Presently, TRIM-91 with a surface binding 
energy of 4.5 eV, mass density of 3.52 g/cm3 and 
atomic displacement energy of 45 eV was used to 
indicate the distribution of the vacancies, ion and 
final target atom recoil ranges. Because 
diamond possesses a very low diffusivity at 
normal conditions the extension of damage 
profile should be neglected during optical 
measurement. Thus an approximately 1400 A 
damaged layer from the diamond surface to the 
end of the range was used in the following 
optical band gap calculations. 

The spectra shown in Figure 2 were the ion 
fluence dependence of the absorption coefficient 
of the damaged layer mentioned-flbove in 
wavelength ranging 250 - 800 nm. The 
approximate absorption coefficient a was 
calculated from formula 

a = (l/t) In [ I,(X)/I,(X) ] (1) 

where the t was a effective thickness of that 
modified layer of diamond, and the transmission 
spectra I,(X) and I,(X) were always obtained at a 
positioned virgin point and another fixed point in 
implanted region, respectively. In Fig.2 we can 
see that the absorption coefficient increases with 
the dose implanted from 101S to 10" H/cm2 in 
whole wavelength, except the difference between 
the doses of 5xl015 and 6.3xl016/cm2 in 
ultraviolet region. The reason caused this 
difference is that the inhomogeneity of nit-ogen 
concentration among the different diamond 
wafers, because the single-substitutional nitrogen 
donor defects demonstrated a strong absorption 
property in this region. 
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Fig.3 Absorbance (O.D) vs photon energy for type lb diamond irradiated with 6.3xl016 H/cm2 

following warm up to R.T, and anneals at 300 and 500°C. 
and 

In the same way, the optical densities in fig.3 
were also converted into the estimation of the 
optical band gap as shown in fig.4b , and the 
approximate values of 1.88, 1.96 and 2.05 eV, 
corresponding to as-implanted, 300°C and 
500°C, were obtained at room temperature, 
respectively. The plot, marked with virgin and 
represented a value of 2.4 eV, was a reference for 
comparison with those optical band gap values 
taken after implantation and following 
annealing. Hence its amount should be not 
identical for any two points on the same sample 
and/or for different samples, and its actual 
meaning is a reflection of the distribution of 
nitrogen concentration in type lb diamond. 

In fig.4b, we found an obvious annealing effect 
of E,i0pt at relative low temperature. The relative 
optical band gap of the damaged layer increases 
with annealing temperature. Referring to the 
recently experimental results obtained by others 
(Kushita et al 1992 and Niwase 1994) with 
EELS and Raman spectra, the C-H bonds were 
formed during D and H2

+ implantation at room 
temperature. Thus, if the hydrogen atom is still 
exist in diamond in subsequent annealing 
process, the bonding between carbon and 
implanted hydrogen should occur after thermal 
annealing, because the increase of optical band 
gap with temperature and very low diffusivity for 
impurity in diamond support this possibility. In 
addition the production of C-H bonds is helpful 
for getting more tctrahedral coordination 
structure (sp3) network and decreasing the 

graphitic structure (sp2) or the likely carbon 
chain (sp1) of small clusters in this modified 
mixing layer, and the larger optical gap is 
associated with the high concentration of sp3 

state. 

Figure 5 is a plot of the annealing temperature 
dependence of relative optical gap of the 
damaged layer. The fact that the relative optical 
gap increases with annealing temperature is just 
contrary to the result of annealing-experiment by 
(Smith 1984) using a-C:H film. This means the 
behavior of amorphous layer in diamond 
obtained here by implantation of H2

+ is different 
from that of plasma depositioned a-C:H film. 
Probably, the modified diamond layer by H2

+ ions 
at low temperature possesses both properties of i -
C (ion-beam deposition carbon) and a-C:H if the 
hydrogen present, basing on the evolution of 
optical band gap. 

Interestingly, we can get an derived correlation 
from the relative optical gap (EIi0pt) and 
annealing temperature (Ta) as follows 

E,,opt = S T a + £ (3) 

where the parameters % and t, have been fitted to 
the value of 3.45x10^ eV/°C and 1.87 eV, 
respectively. Replacing the E,i0pt with referential 
value of 2.4 eV as relative optical gap measured 
before implantation in formula (3), a derived 
temperature of about 1550°C is obtained. 
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Fig.2 Absorption spectra recorded with the samples at room temperature for as-implanted diamond by 
H2

+ ( 40 keV, 5xl015, 6.3xl016, and 1.3x10" H/cm2, respectively). 

However, a regular change of absorption 
dependent on ion fluences in visible region was 
obtained in all of the experiments. A typical 
result for the optical density (O.D) , defined as 
logio(l/Transmittance), as a function of the 
photon energy from 1.55 to 4.96 eV , was shown 
in Figure 3 for the sample implanted with a dose 
of 6xl016/cm2, and a subsequent thermal 
annealing process at 300°C and 500°C for two 
hours was performed. The curve (a) in this 
illustration, corresponding to the inhomogeneous 
distribution of the single-substitutional nitrogen 
impurity contained in the synthetic diamond 
crystals, was obtained before ion implantation. 
The curve (b) was a much more increase in the 
absorbance for the same sample and the exactly 
identical positions for I,(X) and I,(X.) 
measurements as (a), but it was derived from the 
transmittance after implantation under 100K and 
naturally warm up to room temperature. The 
variation of absorbance after thermal annealing 
at 300°C and 500°C was shown as (c) and (d) 
respectively, and the (e) was a representation of 
the difference of (b) from (a). It is apparent that 
an enhancement of absorption in ion-irradiated 
layer has been produced in whole wavelength, 
and the absorbance was reduced by subsequently 
thermal annealing, even if the annealing 
temperature was not high enough. The results 
manifested that the electronic density of state as 
well as the atomic structure in diamond has been 
changed by ion irradiation because the optical 
density is sensitively associated with the 
variation. In order to elucidate the microscopic 
atomic structure characteristic of varying in 
absorption, a very useful parameter, optical band 
gap suitable to absorption edge, has been used for 

plotting (aE)1/2 , in Fig.4a, as a function of 
photon energy (Savvides 1986) 

(aE),/2 = G(E-E,,opt) (2) 

where E is the photon energy, G is a constant, 
and E,,opl is the optical band gap obtained by 
extrapolation of the linear part of the curves to 
a=0. Owing to the different background arise 
from the distribution of the nitrogen 
concentration in different diamond wafer a cross 
point at 455 nm (2.71 eV) in figs.2 and 4a was 
present between two samples for doses of 5xl015 

and 6.3xl016H/cm2, respectively. However, a 
regular decrease of optical band gap with 
increase of ion fluencc was obtained in fig.4a 
using formula (2). But this result 
contradicted to the optical band gap 
measurement by (Robertson and O Reilly 19S7 
and Yoshikawa et al 1988) for the hydrogenated 
amorphous diamond like film (a-C:H), in which 
the decrease of the optical band gap was 
correlative to the decrease of hydrogen content in 
a-C:H film. The concentration of C-H bonding 
was considered as an advantage for forming the 
fourfold coordination (sp3) state. Therefore, in 
the present the hydrogen -hybridized carbides in 
those damaged layers of diamond through 
molecular hydrogen ion implantation were 
actually different from a-C:H film in structure. 
The optical band gap of these layers was 
dominantly determined by some kinds of stable 
defects at room temperature induced by 
ionization, excitation and displacement of target 
atom during implantation. Furthermore, this 
means that there is no more bonding of carbon 
and hydrogen atom as well as chemical effect. 
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Fig.4 Tauc plots of the photon energy dependence of the optical absorption coefficient (a) for : (a) 
three different doses (H/cm2) of 40 keV H2

+, and the sample temperature during implantation was kept 
at about 100 K; (b) naturally warm up to room temperature and subsequent annealing at 300 and 
500°C. 

It is just the temperature at which the isolate-
substitutional nitrogen atom starts moving in 
irradiated type lb diamond (Collios 1980). 
Therefore, the temperature dependence of 
relative optical gap in Fig.5 shows a relationship 
of some optical absorption components and 
atomic structure development in subsequently 
thermal annealing. A possible explanation for 

this Ihermodynamical process in microscope is 
that the clustered size of sp3 or sp2 sites has been 
changed upon temperature driving, but the 
identification of different kind of the optical 
components contributing to the broaden 
absorption band is still remained foi 
investigation. 
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Fig.5 Relative optical band gap (E„opt) of modified layer in diamond by H2
+ (40 keV, 6.3xl0:6 H/cm2) 

vs annealing temperature T„(°C). 

CONCLUSIONS 

The implantation of hydrogen in type-lb 
diamond by H2

+ ion at low temperature with 
several dose levels lias been carried out and 
characterized through optical absorption spectra 
in UV-VIS wavelength range at room 
temperature. The enhancement of absorption 
density in whole wavelength indicated that the 
surface implanted layer was amorphized by 
displacement damage. The dose and temperature 
dependence of relative optical band gap Ert0p, in 
absorption edge showed that the atomic structure 
in the amorphized layer was ascribed to the 
mixing site network of fourfold (sp3) and 
threefold (sp2) states, and the thermal evolution 
of E,,opt was much different from that of a-C:H 

(DLC) films made by plasma deposition. 
However, the presence of C-H bonds and 
chemical effect during subsequent thermal 
annealing might be possible resulting from the 
increase of E(|0pt if the hydrogen composition was 
still remained in that buried layer till to 500°C or 
more. But the further confirmation of absorption 
components as well as defects associated with 
color center, combing with other approaches, is 
necessary in future. 
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