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ABSTRACT 

Control of the surface conductivity of insulators can be accomplished by high dose ion 

implantation of conductive species. The use of C + as the implant species is particularly 

interesting because C can either form electrically insulating sp 3 bonds or electrically con

ducting sp 2 bonds. In the present work, fused quartz plates have been irradiated with 100 

keV C + ions to doses up to 1 x 10 1 7 ions/cm 2 at room temperature and at 200°C. The 

ion beam induced conductivity was monitored in-situ and was found to increase by up to 8 

orders of magnitude for the ion dose range studied. Xe implantations over a similar range 

did not induce any changes in the conductivity showing that the increase L< conductivity 
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is caused by the presence of the C in the fused quartz matrix and not by damage. The 

conductivity, a is found to vary with dose D as log«r oc D - 1 / 3 over a wide dose range, 

strongly supporting a hopping model for the conduction mechanism. The dependence of 

the conductivity on implantation temperature and on post implantation annealing sheds 

light on the clustering of the C implants. The temperature dependence of the conductivity 

for the highest doses employed (1 x 10 1 7 C + / c m 2 ) can be described very well by ln<r ex 

T. This is a peculiar dependence which does not comply with any of the standard models 

for conduction. 

INTRODUCTION 

Control of the surface conductivity of insulators can be accomplished by the high dose im

plantation of conductive species. It is found that above a certain critical implant dose, the 

conductivity of the insulator dramatically increases [1]. This is due to the close proximity 

of the conducting clusters or atoms in the insulating matrix reached at this particular dose. 

This increase should scale with the distance between atoms and this distance is in turn a 

function of the ion dose. 

In addition, post implantation measurements of the temperature dependence of the electri

cal conductivity for a given dose yields information about the conduction mechanism [2,3]. 

Such measurements usually show that the functional dependence <r(T) is characterized by 

loga oc T - 1 / " where n is 1 for nearest neighbour hopping (activated behaviour) and 4 for 

variable range hopping [2], Other values of n have also been observed [3]. 

A particularly interesting insulator (or very wide band gap semiconductor) is diamond. 

In contrast with other insulators diamond undergoes an irreversible phase transition when 

sufficiently damaged [4,5]. This transition involves the transformation of the carbon bond

ing from insulating sp 3 type bonds to conducting (graphitic) sp 2 bonds. Indeed this ion 

beam induced diamond to graphite transition has been extensively studied using C and 
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other conducting and inert ions [5]. However, the contribution of the implant ion itself has 

been neglected up till now, the reason being the overwhelming contribution of the recoil 

carbon atoms associated with each implanted ion. Hence, apart from the fundamental 

interest in the study of the conduction mechanism for isolated conducting centres in in

sulating matrices, a motivation of the present study was to assess the contribution to the 

electrical conductivity of the primary C ions in C implanted diamond, C being itself a 

conducting species when sp 2 bonded to other carbon atoms. 

In the present work we show that the conductivity of fused quartz can be increased by 

up to 8 orders of magnitude by C ion implantation. The ion beam induced conductivity 

is shown to be not only a function of ion dose but also a sensitive function of implant 

temperature. The results suggest that even at moderate temperatures clustering of the 

C implants occurs. Furthermore, a very peculiar, and, to the best of our knowledge 

yet unreported, temperature dependence of the conductivity was observed for high dose 

implanted fused quartz. 

E X P E R I M E N T A L 

The substrates used in the experiments were optical grade fused quartz plates 1 mm thick 

onto which Mo strip contacts approximately 300 nm thick were evaporated. The gap 

between the contacts was 2 mm and the ion beam irradiated the gap between the strips 

as well as the strips themselves. The dose dependence of the conductivity was measured 

in-situ using an experimental arrangement very similar to that previously described for 

irradiation of a-C:H films [6]. Implantation of C at 100 keV (R p ± AR P = 280 ± 70 nm) 

and, as controls Xe at 320 keV (R p ± AR P = 112 ± 20 nm) was performed using beam 

currents which did not exceed 1 fiA/cm2 in order to minimize beam-induced heating of 

the sample. The Xe implants were included so as to verify that the observed increase in 

conductivity is attributable to the presence of the C implants rather than any damage 
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effect. The in-situ resistivity measurements were carried out at implant temperatures of 

20° C and 200° C. The resistance was measured in-situ using a two-point technique with a 

Keithley 619 electrometer capable of measuring resistances up to 1 x 10 1 2 ohms. A double 

aperture system as previously described [6] was used to determine the ion dose so that 

the current used to heat the sample stage and the resistivity measurement itself did not 

interfere with the determination of the ion dose which is accurate to ± 20%. For the in-situ 

measurements the conductivity was measured at the temperature at which the irradiation 

was carried out. 

Once the implanted samples were removed from the chamber a further series of tests were 

performed. Swelling of the ion beam irradiated area was monitored using a DEKTAK sur

face profilometer. The temperature dependence of the conductivity was measured using a 

simple two point technique in a liquid nitrogen cryostat. SIMS measurements to determine 

the C profile were performed in a quadrapole-type ion microprobe (Riber MIQ 256) using 

a 12 keV A r + beam. Due to charging of the sample, it was necessary to employ electron 

flooding during SIMS profiling, and, whilst this technique proved successful for the speci

mens implanted at elevated temperatures, it was not possible to measure the SIMS profile 

of the samples implanted at room temperature, possibly due to the lower conductivity of 

these samples. Nevertheless, if significant redistribution of the C implant due to diffusion 

were to occur it should be most pronounced for the 200°C implant. 

In order to check for clustering effects, one sample was irradiated to a dose of 5 x 10 1 6 

C + / c m 2 at 100K and the change in the room temperature conductivity was monitored as 

a function of isochronal (1 hour) annealing temperature. 

RESULTS 

Figure 1 displays the dose dependence of the sheet conductivity for fused quartz implanted 

with similar doses of Xe (320 keV) at room temperature and with C (100 keV) at room 
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temperature and at 200°C. The Xe implantation does not induce any conductivity in the 

sample. (The slight irregular increase at the very highest Xe doses is most likely due to 

some sputter products from the apertures being deposited on the sample during the im

plantation). By contrast the C implantation has caused a dramatic increase in conductivity 

covering almost eight orders of magnitude for the 200°C implant. This increase is not due 

to any damage effect. This conclusion can be deduced from the Xe control experiments; if 

the ir. crease in conductivity was due to damage it should be more pronounced for the Xe 

than the C implants since Xe is so much heavier than C and hence it causes considerably 

more damage. However, it is clear from Figure 1 that the conductivity of fused quartz is 

not effected by Xe implantation. Therefore damage effects can be eliminated as the cause 

of the conductivity. Any change in the conductivity following C implantation can thus be 

wholly attributed to the presence of the C impurities in the fused quartz matrix. 

After the in-situ conductivity measurements further tests were performed on the samples 

irradiated with the highest doses shown in figure 1. The SIMS profile of C for the sample 

implanted with 1 x 10 1 T C + / c m 2 at 200°C is shown in figure 2. The depth scale was 

calibrated by measuring the depth of the sputter crater. Also shown on the same depth 

scale is the C profile as predicted by the computer code TRIM [7]. The agreement between 

these two profiles verifies that there has been no diffusion or segregation of the C to the 

surface or into a concentrated buried layer; clustering, if it occurs, is on a scale below the 

spatial depth resolution of the SIMS technique. 

Figure 3 shows the temperature dependence of the conductivity for the samples irradiated 

with 1 x 10 1 7 C + / c m 2 at 20°C and 200°C plotted as log a vs (1/T)" for n = l and 4. 

Strangely, the data do not fit this functional form either of these values of n, nor does a 

value of n=2 (not shown) provide an adequate fit. Instead, both curves fit a function of 

the form a = <r0exp(aT) (Fig 4) remarkably well, a point discussed further below. 
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The conductivity of the sample irradiated with 5 x 10 1 6 C + / c m 2 at 100K and subjected 

to isochronal annealing at different temperatures for 1 hour is shown in Figure 5. 

The implantation also causes considerable swelling in the fused quartz. The results of the 

step height measurements are summarized in Table I. As can be seen from the table, a 

swelling of about 25nm occurs for both 200°C and 20°C C + implants. The swelling due 

to Xe is about four times as large, which is understandable in terms of the larger atomic 

radius of this ion. 

DISCUSSION 

The data which need to be explained for both the hot (200°C) and room temperature 

(20°C) carbon implantations into fused quartz are: 

(a) The dependence of the conductivity on dose and on implantation temperature. 

(b) The temperature dependence of the conductivity of the high dose implanted specimens 

and 

(c) The change in conductivity as a function of post-implantation annealing. 

The dependence of conductivity on ion dose, shown in Fig 1 exhibit a gradual rise once 

a dose of 2 x 10 1 5 C + / c m 2 is exceeded. Unfortunately, due to the high resistivity of the 

specimens, which may well have exceeded the measuring limit of the electrometer used, 

it is not clear whether the onset of the conductivity at this particular dose is real or is 

an artifact of the measurement. (The higher pre-implantation conductivity of the hot 

implanted specimen is due to the elevated temperature at which the measurements were 

carried out.) Nevertheless it is interesting to note that this particular dose (2 x 10 1 5 

C + / c m 2 ) , whether accidental or not, is the same at which the conductivity of C implanted 

diamond [4], amorphous hydrogenated carbon [6], and glassy carbon [8] start to show 
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changes in the conductivity. This is aoproximately also the dose at which each surface 

target atom, has, on average, been hit at least once by an impinging ion. Above the onset 

dose of 2 x 10 1 5 C + / c m 2 the conductivity gradually rises, approaching saturation for the 

room temperature, but not for the hot implant. 

A simple model for the observed conductivity in fused quartz is one which assumes that 

hopping conduction occurs between isolated conducting clusters [2]. If this valid for the 

present results then the conductivity should depend on the average interatomic spacing 

between atoms or clusters. This spacing varies as N - 1 ' 3 , where N is the concentration of 

hopping centres. The expected functional dependence is [9] 

< r « e x p ( 7 N - , / 3 a - , ) 7 - (1) 

where 7 is a numerical co-efficient of the order of unity and a is the characteristic di

mension of a localized state on a hopping centre. Equation (1) simply means that the 

concentration dependence of a is governed by the tunnelling probability 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. For implantation doping, N is proportional to D, where D is the 

ion dose. Therefore, for equation (1) to hold a plot of log a versus D - 1 ' 3 should yield a 

straight line. Such plots are shown in Fig 6. It is clear that for the 200° C implant the fit 

is outstanding, extending over nearly two decades of ion dose, confirming the validity of 

the nearest neighbour hopping picture. The curve for 20°C implantation shows the same 

initial slope, which suggests that at least at the lower doses the characteristic dimension 

of localized states is the same as for the 200°C implant. However, at higher doses the 

dependence of a on dose for the room temperature implant deviates from equation 1 and, 

as can be seen in Figure 1, a appears to saturate at the highest doses. This saturation 

suggests that the hopping centres are now sufficiently close so that variable range, rather 

than nearest neighbour hopping may become the dominant conduction mechanism. The 
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former depends on the availability of empty electronic states and not just on the hopping 

probability between nearest neighbour centres. Thus variable range hopping is expected 

to display a more gradual dependence of 0 on D than nearest neighbour hopping, as is 

indeed observed. 

An estimate of the characteristic dimension, a, of the localized state may be obtained 

from the slope of the log a vs D - 1 / 3 curves. Assuming that 7 is of the order of unity, 

the slopes in figure 6 yield a value for a of the order of 0.2 nm for both the hot and cold 

implantations. This is of the order of the size of isolated C atoms or very small clusters. 

Hence it seems that the measured conductivity is due to hopping between individual carbon 

atoms or agglomerates of only a few atoms, embedded in the insulating quartz matrix. 

Support for this proposition is obtained from the swelling data of Table I. By dividing 

the swollen volume by the ion dose, the average volume occupied by each implanted atom 

can be obtained. An estimate from this simple calculation yields a valu." of 2.5 x 1 0 - 2 3 

crn 3/implanted ion or a radius of about 0.3 nm for both the room temperature and 200°C 

implants, in agreement with the radius of the hopping centre obtained from the fit to 

equation (1). 

The above estimates for a suggests that a possible explanation for the difference in be

haviour between the room temperature and 200° C implantations may be related to clus

tering of the C implants. At the highest doses, in the absence of clustering, the TRIM 

[7] calculations predict a peak C concentration of 10 at%, and an average C-C spacing 

of only 0.5 nm. Thus the wavefunctions corresponding to the localized states would tend 

to overlap .t the highest doses and variable range hopping would dominate, as is seen 

for the room temperature implantation. For the 200°C implantation clustering of the C 

atoms seems to occur. If it is assumed that the C-C spacing in the clusters is close to 

that of graphite (0.14nm), then the average distance between clusters for a given ion dose 

will be greater than the average distance between isolated C atoms. Hence the nearest 
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neighbour hopping mechanism will hold even at these high doses for the hot implants since 

the overlap of the cluster wavefunctions will b*» smaller. 

Further evidence for clustering of the C atoms at 200°C was provided by examining the 

effect of annealing a fused quartz sample implanted with 5 x 10 1 6 C + / c m 2 at 100K (see 

Fig. 5). The irreversible increase in conductivity of about half a decade following moderate 

annealing can well be attributed to clustering of the implanted C atoms [l]. Even though 

at the relatively low temperatures employed here the mobility of the C atoms is expected 

to be low, the small spacing between the C atoms at these high doses does not require 

large diffusion lengths. Clearly, however, the process is self limiting because as the clusters 

grow the spacing between them increases. 

Finally, reference is made to the strange temperature dependence of the conductivity shown 

in Fig 4. If the simple hopping model is correct then a loga versus 1/T dependence should 

hold, whilst if variable range hopping is the dominant mechanism one expects In a to 

vary as ( 1 / T ) 1 / 4 [2]. As is clear frorr Fig 3 neither of these functional forms adequately 

describe the data even over the very limited temperature range investigated. This may be 

due to different conduction mechanisms being operative in different temperature regimes 

as is observed for conduction in amorphous semiconductors [2]. However, as is clear from 

Fig 4 the functional form logcr oc T describes the data exceptionally well, yielding the 

same slope for both the room temperature and 200°C implantations. This suggests that 

this linear dependence has real physical significance rather than being the result of a 

fortuitous superposition of different functional forms. However, at present we have no 

physical explanation for this unusual dependence. We speculate that it may be connected 

with the fact that the clusters probably contain a complicated mixture of sp 2 and sp 3 

bonds. Progress in understanding will have to await further measurements, particularly in 

the low temperature regime. 
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CONCLUSION. 

The results of the present study clearly show that the near surface conductivity of fused 

quartz can be controllably and radically increased by C ion implantation when implanted 

above a certain critical dose. The control experiments with comparable Xe implantation 

show that this result is not related to damage effects in the quartz. Hence the present 

results should also be applicable to other insulators which do not undergo insulator-to-

conductor phase transitions upon ion impact. Diamond is a notable exception from this 

group, since its response to ion beam damage is to liberate carbon recoils in the damage 

cascade, which in turn by themselves can contribute to the conductivity [4j. This dose 

dependence of the conductivity for diamond has been extensively studied [5]; however the 

contribution of the implanted species itself has not, in the past, been taken into account. 

In view of the results of the present work this contribution should not be ignored. A 

comparison of the conductivity in quartz and in diamond for the same C ion dose will be 

the subject of a forthcoming paper. 

The findings of the present work may also apply to the implantation of conducting species 

other than C. A comparison of dependence of the conductivity on dose and on implantation 

temperature could reveal interesting information about the nature of the C-C bond inside 

the implanted insulator once agglomeration takes place. 

Finally, the temperature dependence of the post implantation conductivity found here (In 

a being proportional to T) is most unusual and requires further experimental confirmation. 
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TABLE I - STEP HEIGHT MEASUREMENTS 

ION DOSE IMPLANT TEMPERATURE STEP HEIGHT 

ions/cm2 (°C; (nm) 

lx 10 1 7 

C 1.1 x 10 1 7 

Xe lx 10 17 

20 

200 

20 

28±5 

25±5 

96±5 
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FIGURES 

Figure 1. Sheet conductivity of fused quartz as a function of ion dose for Xe implantation 

(320 keV) at 20°C (squares) and C implantation (100 keV) at 20°C (triangles) and 200°C 

(circles). 

Figure 2. SIMS profile of the C content of fused quartz irradiated at 200°C to a dose ot 

1 x 10 1 7 C + / c m 2 at 100 keV (solid line). The dotted line gives the C profile predicted by 

TRIM[7]. 

Figure 3. The conductivity as a function of temperature for fused quartz samples irradi

ated with 1 x 10 1 7 C + / c m 2 at 20°C (triangles) and 200°C (circles). In (a) the data have 

been plotted versus 1/T whereas in (b) the same data appears plotted versus ( 1 / T ) 1 / 4 . 

Figure 4. The data of Figure 3 plotted versus temperature. Note the straight line fit for 

both irradiation temperatures. 

Figure 5. The conductivity of fused quartz irradiated with 5 x 10 1 6 C + / c m 2 at 100K 

versus post-implantation annealing temperature. 

Figure 6. The conductivity data of figure 1 plotted as log a vs ( d o s e ) - 1 / 3 , for 100 keV C 

implantation at 200°C (circles) and 20°C (triangles). 
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