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A B S T R A C T 

The changes in resistivity of fullerene (Ceo) films subjected to 320 keV Xe ion irradiation 

arc investigated as a function of ion dose. From a comparison of this dependence with 

similar da ta on other Xe irradiated C containing insulating materials and with da t a on 

C implanted fused quartz, it is concluded that upon ion impact C'6o clusters completely 

disintegrate. This disintegration releases about 60 C atoms which disperse amongst the 

remaining intact C«o spheres giving rise to hopping conductivity between isolated C a toms. 
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The most abundant fullerene cluster is C 6 o, which has a closed "soccer ball" type s t ructure 

similar to a geodesic dome in which each atom is s p 2 bonded to its neighbours [1]. In the 

solid form (single crystalline or amorphous) the Ceo clusters are well separated and are 

only weakly bonded to each other by Van der Waals forces, and the material as a whole is 

electrically insulating [2]. 

In the present work we supply evidence that under ion impact, Ceo breaks up into individual 

C atoms which disperse between the remaining Ceo spheres, with the dispersed C atoms 

serving as centres for hopping conductivity. This conclusion is based on a comparison 

between the dose dependence of the electrical conductivity induced in C ion-implanted 

fused quartz and that induced in Xe bombarded Ceo- We show tha t these two systems 

are remarkably similar in two respects. Firstly both exhibit the same functional form for 

the dependence of the induced conductivity on ion dose, a dependence which is consistent 

with a model of hopping conduction between isolated centres; and secondly the size of 

these centres is similar for both cases and is of the order of 0.1 nm. This shows that for 

both systems the conduction is due to hopping between isolated C atoms dispersed in an 

insulating medium. Furthermore, we show that the onset of conductivity for Xe irradiated 

C'eo occurs at a dose about 60 times lower than for other comparable Xe irradiated C 

containing systems. This can only happen if each fullerene ball '"explodes" when struck by 

the Xc ion or by the products of the collision cascade releasing all of its 60 carbon atoms 

and making them available for hopping conduction. 

In our experiments the C<;n films were prepared by evaporation of commercially obtained 

[3] CRO/C'TO powder, containing more than 90% Ceo. onto fused quartz substrates. Raman 

measurements using a DILOR spectrometer with the 514.5 nm line of an Ar ion laser, 

displayed peaks consistent with those reported for a film containing a mixti- of Ceo and 

C;o [4]. Typical film thicknesses were 300-500 nm, as determined by surface profilometry. 
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Contacts for the electrical measurement were produced with Ag paint as two strips sepa

rated by a distance of about 0.5 mm. Samples were subjected to Xe ion irradiation at 320 

keV ( R p ± ARP = 120 ± 18 nm) at room temperature and at 200°C. 

The Xe ion dose dependence of the resistivity was measured in-situ in the evacuated cham

ber used for the ion irradiation employing an experimental arrangement very similar to 

that previously described for irradiation of amorphous hydrogenated carbon (a-C:H) films 

and fused quartz [5]. This arrangement avoids the interference of the current integration 

and tempera ture control with the electrical measurements. A two point measurement was 

employed using an electrometer capable of measuring up to 2 x 1 0 1 2 ohms. The dose range 

covered was 10 2 - 1 0 1 6 X e / c m 2 , which spans the range over which major modifications in

duced by heavy ion implantation have been observed in related materials such as diamond 

and diamond thin films [6], and amorphous hydrogenated carbon (a:C-H) [5]. For the 

irradiation at 200°C the resistance measurements were taken at this elevated temperature . 

For ex-situ measurements a set of samples were implanted at selected doses of 5 x 1 0 n , 5 

x 1 0 1 3 (at room temperature) , and 1 x 101*' (at 200°C) X e / c m 2 and their resistance versus 

tempera ture was measured covering the range 60-600K. This range was limited at the lower 

temperatures by the resistance exceeding the measurement limit of the electrometer, and 

at the higher end by the irreversible thermal transformation of the material . 

The resistance, R, versus Xe irradiation nose, D, for films irradiated a t room temperature 

(RT) and 200"C is shown in Figure 1. The onset of conductivity occurs at a relatively 

low dose as compared to other carbon systems such as a-C:H [5] and polymers [7]. The 

resistance displays a gradual decrease as a function of dose spanning four decades of ion 

dose. The effect of increasing the temperature of the sample during the implantation is 

small with the major difference being a lower saturation resistivity a t high doses, being 
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about a factor of 100 lower for the 200°C implant than for the RT implant. Figure 1 also 

shows data for 100 keV C irradiation of fused quartz taken under similar experimental 

conditions [S]. Note the close similarity of the features described above for Xe irradiated 

Cf>o to those of C implanted quartz, except that the dose of C required to produce a given 

resistivity is about 1000 times higher in fused quartz than the dose of Xe required to 

produce the same resistivity in Cgo-

Iu order to determine the nature of the conductivity in the irradiated films ex-situ mea

surements of the resistance (R) as a function of temperature (T) were performed. The 

results of such a measurement for a Ceo fi'm damaged by a dose of 5 x 1 0 1 3 X e / c m 2 

are plotted in Fig. 2 as log(R) vs. ( 1 / T ) 1 ' 4 . The fact that all the data points follow a 

straight line in this presentation show that the conduction for the damaged film is well 

described by variable range hopping which predicts [9] the functional dependence of R(T) 

to be P = Ro e x p ( T o / T ) ' / 4 . (Similar measurements for a sample irradiated with 5 x 1 0 1 2 

X e / c m 2 were not possible due to its high resistance which exceeded the measurement limit 

of the electrometer as the temperature was lowered.) For the sample irradiated with 1 x 

1 0 1 6 X e / c m 2 at 200°C the resistivity displays an almost flat dependence on temperature , 

typical of graphite metallic-like conduction, and is similar to that obtained in heavily ion 

implanted diamond [10]. 

Having verified that the conduction mechanism is hopping we now examine the dose de

pendence of the resistivity with a view to estimating the size of the hopping centres. In 

systems in which the conduction occurs by hopping between isolated conducting centres, 

the conductivity should depend on the average interatomic spacing between these centres. 

The concentration dependence of the conductivity, a, is governed by the tunnelling proba

bility between a pair of states separated by a typical distance of the order of N - 1 / 3 , which 

is the average distance between hopping centres whose volume concentration is N. The 
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expected functional dependence [11] is then 

R oc 1/CT oc e x p l - y N - ' / ' A - 1 ) . -(1) 

where 7 is a numerical co-efficient of the order of unity, and the parameter A is the char

acteristic dimension of a localized state on a hopping centre. For conducting centres 

introduced by ion implantation, then N is proportional to the ion dose, and follows the 

simple relation 

N=/ i x D / W -(2) 

where D is the dose (in ions /cm 2 ) . W is the thickness of the implanted region (in cm) and 

3 is a numerical factor equal to the number of hopping centres created by each incident 

ion. Clearly, for C > nplantat ion into fused quartz, (1 ~ 1 as each implanted carbon atom 

contributes at most one hopping centre. By combining equations 1 and 2 it is evident that 

for hopping conduction a plot of log(R) vs D - 1 / 3 should yield a straight line. 

In order to check whether the present data indeed follow the above dependence, we have 

replotted the da ta of Figure 1 for the 200°C implantations as log (R.) vs D - 1 ' 3 for both 

Xe implanted Cfio and C implanted fused quartz (Fig 3). The fit to this functional form 

for both these systems is remarkable and extends over several decades of ion dose. The fit 

over such a wide dose range offers further evidence for the hopping model for conduction 

in both these systems. 

Information about the size of the centres responsible for the hopping conduction is con

tained in the parameter A in equation 1. A quantitative est imate of this parameter may 

be obtained via the slope, S, of the curves in Figure 3 which, from Equations 1 and 2 is 
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given by 

S = -> x ( J / W ) - ' / ^ - 1 -(3) 

For the case of C implanted fused quartz, S = 3.2 x 10 6 c m 2 ' 3 . Assuming -> to be of the 

order of unity. 3 = 1 . and W = 140 nm (i.e the width of the implant distribution), the 

parameter A is found to be 0.76 A . This value is comparable to the size of a single carbon 

a tom, and is not surprising as, especially at low doses, the implanted C a toms are isolated 

from one another since diffusion is negligible at these temperatures. For Xe implantation 

into Ceo, 3 is not known a priori. However the da ta in Figure 1 show that the onset of the 

conductivity for Xe implanted C*6o occurs at a dose 1000 times lower than tha t required 

to induce the same conductivity in C implanted quartz, meaning that 3 ~ 1000 for Xe 

irradiated C f io- Using the value for S of 2.9 x 10 5 c m 2 / 3 obtained from the Xe irradiated 

CV,o da ta shown in Figure 3, 3 — 1000 and W = 140 nm (i.e the thickness of the ion beam 

modified region), an estimate for the size of the conducting centres, A, in Xe implanted Ceo 

can be deduced. This quantity is found to be 0.83 A [12], indicating that also in this case of 

Xe implanted Ceo the centre responsible for the hopping conduction is most likely a single 

C atom. The small size of A shows that the Ceo clusters have completely disintegrated 

upon ion impact with no large sized fragments surviving to act as conducting centres. One 

would therefore expect 60 carbon atoms to be made available for conductivity upon each 

C«o cluster disintegration. 

This expectation can be tested by comparing the dose dependence of the conductivity 

of Xe irradiated Ceo with similar published data on the conductivity induced in other C 

containing insulators upon Xe ion impact. If indeed each C'eo cluster, when struck by a Xe 

ion or by a energetic carbon recoil, contributes 60 carbon atoms for conduction, then the 

onset of conductivity in Xe irradiated Ceo should occur at a dose of the order of 60 times 
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lower than in other insulating carbon containing systems in which each carbon a tom when 

dislodged would be expected to contribute at most only one hopping centre. As is shown 

below this indeed proves to be the case. Two systems suitable for comparison to t he present 

case and for which da ta is available in the literature are Xe and S b irradiated diamond 

[6,11] and amorphous hydrogenated carbon (a-C:H) [5]. For room tempera ture heavy ion 

implantations ( I 3 1 X e , , 2 1 S b ) into diamond, the R vs. D curves exhibit t he functional form 

given by equation (1) [11] over a limited dose range, indicating hopping conduction. Sim

ilarly, amorphous hydrogenated carbon (a-C:H) (which consists of a n amorphous network 

of mainly s p 3 bonded carbon atoms with about 30% hydrogen a toms terminating dangling 

bonds) transforms upon ion impact [5]. As a result many of the C-H and C-C bonds break 

and H is lost, with a concomitant transformation of s p 3 to s p 2 bonds, again giving rise 

to hopping conductivity as confirmed by the temperature dependence of the ion beam in

duced conductivity which obeys a linear log(R) versus ( 1 / T ) 1 / 4 depenatnce [13]. In both 

the diamond [6.11] and a-C:H [5] Xe irradiated systems the onset of conductivity occurs at 

a dose of about 1.5 x 1 0 1 4 X e / c m 2 . This is to be compared with the onset of conductivity 

for Xe irradiated Ceo which is found in the present work to be about 2.5 x 1 0 ! 2 X e / c m 2 . 

Thus the dose required for the onset of conductivity in Xe irradiated diamond and a-C:H 

is indeed a factor of about 60 higher than that required for the onset of conductivity in 

Xe irradiated Cr,o: exactly as expected if indeed the Ceo cluster disintegrates when h k by 

either an incident Xe ion or an energetic C recoil, releasing all of its 60 carbon a toms . 

Once free, the carbon atoms most likely diffuse into the spaces between the remaining 

C'fjo spheres thus contributing to the conductivity as individual hopping centres randomly 

dispersed in the insulating environment of non damaged Ceo spheres. 

Our results arc consistent with those recently reported for the case of proton irradiated 

Ci,o films [14]. In that work the FTIR signals typical of CRO was found to decrease with 

ion dose without significant changes in peak positions or peak width as would be expected 
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if fragments were formed. Based on this evidence the authors of ref [14] suggest that 

each Ceo cluster is destroyed in a catastrophic event, ra ther t han by a gradual process. 

In the present work we confirm this hypothesis and have identified the remnants of these 

"explosions" to be isolated C atoms. 

Apart from the intrinsic interest of the response of Ceo molecules to collisions with ener

getic particles, the results reported herein may have relevance to a t t empts to dope Ceo 

films using ion implantation. When alkali metal dopants are introduced into fullerenes [15] 

either during deposition or by post deposition intercalation they occupy interstitial sites 

which may result in superconductivity with, for example, T c = 18K for K 3 Ceo [^5]. One 

method for the non-equilibrium introduction of dopant atoms into solids is ion implanta

tion. However, being a violent process, ion implantation is always accompanied by damage 

to the target, which, as is clear from the results of the present work on Ceo- may over

shadow the modification of the electrical properties induced by the presence of the dopant. 

Previous work [16] on K implantation into Ceo may r.ot have fully taken into account the 

effect of damage. Clearly, any future at tempt to dope fullerenes by ion implantation will 

have to take into account the contribution to the electrical conductivity of the "loose" 

carbon atoms which are liberated by the ion impact. 

A C K N O W L E D G E M E N T S 

We are very grateful to Prof. A.J. Klein for many useful suggestions on this manuscript. 

8 



R E F E R E N C E S 

[lj. HAY. Kioto. J.R. Heath, S.C. Obrien. R.F . Curl, and R.E. Smalley. Nature, 318 , 162. 

(19S5) 

[2]. R.C. Haddon. Arc. Chem. Res.. 2 5 , 127. (1992). 

[3]. Supplied by MER Corporation. 

[4]. K.A. Wang. V. Wang, P.Zhou. J .M. Houlden. S. Ren, G.T. Hager, and H.F . Ni, P.C. 

Eklund. G. Dresselhaus. and M.S. Dresselhaus. Phys. Rev. B., 4 5 , 1955, (1992). 

[5]. S. Prawer. R. Kali.sh, M. Adel. and V. Richter, J. Appl. Phys. 6 1 , 4492, (1987). 

[6j. S. Prawer. A. Hoffman, and R. Kalish. Appl. Phys. Lett., 57 , 2187. (1990). 

[7]. S.R. Forrest. M.L. Kaplan, P.H. Schmidt. T. Venkatcsan, and A.J. Lovinger, Appl. 

Phys. Lett. 4 1 . 70S, (1982). 

[Sj. S.Prawer. A. Hoffman, M. Petravic, and R. Kalish, J. Appl. Phys. 7 3 , (1993). 

[9]. N.F. Mott. and E.A. Davis. "Electronic Processes in Non-Crystalline Materials", 

Clarendon Press. Oxford. (1979). 

[10]. J..I Hauser, J.R. Patel . J.N. Rogers, Appl. Phys. Lett. 30 , 129, (1977) 

[11]. R. Kalish. T. Bernstein, B. Shapiro, and A. Talmi. Radiation Effects, 52 , 153, (1980) 

[12]. It should be noted that the estimated value for A i.s not sensitively dependent on the 

value chosen for ii as the lat ter appears only to the one third power in equation 3. 

[13]. M. S. Dresselhaus and R. Kali.sh, "Ion Implantation in Diamond, Graphi te and 

Related Materials", Springer, (1992), page 164. 

[14]. R.G. Musket, R.A. Hawley-Fedder. and W.L. Bell, Radiation Effects, 118, 225, 

11991) 

[15]. A.F. Hebard. M.J. Rosseinsky. R.C. Haddon, D.W. Murphy, S.H. Glarum, T.T.M. 

Palstra. A.P. Ramirez. A.R. Kortan. Nature. 350 . GOO. (1991). 

[16]. J. Kasfner, H. Kuzmany, L. Palmetshofei. P. Bauer, and G. Stingeder, Nucl. Inst. 

Mctli. Phys. Res B. (1993). 

9 



F I G U R E S 

Figure 1. Resistance vs dose for 320 keV Xe irradiation of Ceo »t room tempera ture (filled 

circles) and at 200°C (open circles) and for 100 keV C irradiation of fused quartz a t room 

temperature (filled triangles) and at 200°C (open triangles) 

Figure 2. Resistance vs temperature for Ceo irradiated with 5 x 1 0 1 3 X e / c m 2 (320 keV) 

at room temperature. The straight line is a least square fit to the da ta . 

Figure 3. The da ta of figvire 1 replotted as log(Resistance) vs ( D o s e ) - 1 / 3 for 100 keV C 

implanted fused quartz (circles) and 320 keV Xe implanted Ceo (squares). Both implan

tations were performed at 200°C. The straight lines are least square fits t o the da ta . 
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