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Temperature dependence of electron spin resonance and electrical
conductivity in P ¿-implanted C 60 films and their derivatives

N. F. Fahim,a) N. Kojima, M. Yamaguchi, and Y. Ohshita
Semiconductor Laboratory, Toyota Technological Institute, 2-12-1 Hisakata, Tempaku, Nagoya, Japan

B. N. Barsoum
Department of Chemistry, Cairo University, Giza, Egypt

A. E. Eid
Department of Inorganic Chemistry, National Research Center, Dokki, Giza, Egypt

~Received 1 April 2002; accepted 10 December 2002!

The temperature dependence of electron spin resonance~ESR! has been measured to clarify the
origin and nature of paramagnetic states responsible for the observed ESR signal in P1-implanted
C60 films. Also, the temperature dependence of electrical conductivity was made and compared with
ESR linewidths to detect the transport mechanism in these films. The ESR experiments were
performed at 9.4 GHz in a wide temperature range from 3.7 to 300 K. The temperature dependence
of the ESR signal intensity and spin susceptibility revealed that the unpaired spin follows the Curie
law at T,20 K, while a clear deviation was observed atT.20 K. The Curie behavior of the spin
susceptibility results from localized dangling bond electrons, while a deviation occurs due to
delocalization and excitation of electrons into states as the temperature increases. The temperature
dependence of linewidths indicates that the spin mobility occurs by hopping, taking into account
that the electron–phonon interaction as spin relaxation mechanism atT.Tmin . The observed
minimum in linewidths can be attributed to a decrease in the narrowing effects as the temperature
decreases. Finally, the temperature dependence of the electrical conductivity and ESR resonance
signal linewidth suggests that the transport mechanism occurs by hopping motion and the unpaired
spins are partially localized. ©2003 American Institute of Physics.@DOI: 10.1063/1.1543243#
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I. INTRODUCTION

Defect states in P1-implanted C60 films are of great in-
terest because not only do they remain elusive, but they
affect some electronic and optical properties of the mate
as illustrated by its poor performance as the active laye
thin film solar cells.1 Overall, the nature of the paramagne
defects in the carbon-based materials is still far from cle
These could be boths- andp-type defects but as Robertso
and O’Reilly2 have reported,p defects are expected to pre
dominate due to their lower creation energy.

It is well known that the analysis of the temperatu
dependence of the electron spin resonance~ESR! signal
gives useful information on the nature of the electro
states, their interactions with the lattice, and their mut
interactions. On the other hand, besides the nature of
defects, it is crucial to understand their behavior in t
framework of the transport properties. Since the ESR li
widths are related with the spin relaxation times, the te
perature trends of ESR linewidth are powerful tools to inv
tigate the mobility processes of the unpaired electro
Indeed, if the signals are hopping or motional narrowed,
linewidths decrease with temperature.

In addition, a study of the electrical conductivity as
function of temperature can yield valuable information
garding the electronic states and transport mechanism. H
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ever, insight on the structure of such a system can be g
by the analysis of the conductivity, since thesp3 phase is
highly resistive and thesp2 phase has energy levels near t
Fermi level. Although, uncertainties still remain regardi
the conduction mechanism ina-C:H anda-C materials there
were some transport models that have been proposed,
as activated conductivity in delocalized states, hopping
band-tail states and at the Fermi level, multiphonon tunn
ing processes, and combination of these.3 Furthermore, many
authors reported that electrical conductivity is well fitted
the variable-range hopping,4–6 s5so exp(To /T)1/4, at low
temperatures, however, a better fit of experimental points
multiphonon tunneling was also demonstrated7 in a-C.

In our previous ESR studies, the fundamental inform
tion about paramagnetic center in P1-implanted C60 films
was clarified.8,9 The results showed that these films have
single Lorentzian line shape withg value 2.003660.0004.
We could not detect hyperfine splitting due to P1 nucleus
and therefore, we cannot claim its presence in the vicinity
the observed center. The spin density in the order
1021 cm23, which was attributed to dangling bonds in a
amorphous carbon layer introduced by P1 implantation of
C60 films at a sufficient phosphorus ion dose. This means
P1 ions gradually transform crystalline C60 films into amor-
phous carbon at a sufficient ion dose and ion energy.10,11

However, up to now, no low-temperature ESR measurem
on P1-implanted C60 films have been reported.
1 © 2003 American Institute of Physics
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In this article, we report low-temperature electron sp
resonance~ESR! studies in P1-implanted C60 films to clarify
the origin and nature of paramagnetic spin, which is resp
sible for the observed ESR signal. Also, related variations
ESR parameters~signal intensity, linewidths, and ESR su
ceptibility! were detected and analyzed. Finally, the d
were correlated with electrical conductivity measureme
and from their analysis, the nature of the resonance and
spin transport mechanism were determined.

II. EXPERIMENTAL DETAILS

A. Sample preparation

C60 thin films were grown on Corning glass 7059 a
quartz substrates by molecular beam epitaxy~MBE! under a
base pressure of 231029 Torr using high purity C60 powder
~99.98%!. During the film deposition, the substrate tempe
ture was maintained at about 150 °C. The film thickness w
measured using a Sloan Dektak surface profilmeter and
found about 200 nm. The mass analyzed beam of pos
phosphorus ions from a low energy Varian Extrion implan
was used for the implantation experiments. Thin films of C60

were implanted at room temperature with P1 ions of mul-
tiple energies~20–100 keV! and ion doses ranging from 1
31012 to 531015 P1 ions cm22. The maximum energy af
fects the C60 films to a depth of about 200 nm so that th
substrate remains unaffected by the ion beam.

B. ESR characterization

ESR measurements were made in the temperature r
from 3.7 to 300 K. Low temperature measurements w
done in a controlled flow of liquid helium in ESR 900 cry
ostat under vacuum of 1025 Torr. The ESR measuremen
were performed using Bruker EMX Spectrometer operat
in the X-band~9.4 GHz!, 100 kHz field modulation. The
spin-lattice (T1) and spin–spin (T2) relaxation times were
estimated from the linewidth and saturation behavior.12 Mag-
netic susceptibility is proportional to the area under the E
absorption curve, and determined by double integration
the experimental ESR signal. For conductivity measu
ments, evaporated gold electrodes were used in a gap
configuration and silver paste was used as a point contac
gold electrodes. The electrical conductivity of the films w
measured, as a function of temperature from 20 to 350 K
helium gas atmosphere with flow of liquid helium in spe
trostat CF. Ohmic behavior was controlled by measur
current–voltage characteristics at ambient temperature an
higher temperature as well. ForT,20 K the conductivity
was below our detection limit. For low doses films, as t
temperature decreases the conductivity becomes below
detection limit.

III. RESULTS AND DISCUSSION

A. Signal intensity and spin susceptibility

The temperature dependence of the ESR signal and
susceptibility are shown in Figs. 1 and 2, respectively. Fig
1 shows that the ESR signal intensity, for films in the do
range from 131012 to 531015 P1 ions cm22, abruptly in-
Downloaded 20 Jun 2005 to 133.1.211.99. Redistribution subject to AIP
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creases at lower temperatures (T,20 K). Figure 2 shows
that, from one hand, the spin susceptibility obeys a Cur
Weiss law13 at sufficiently low temperatures (T,20 K) ac-
cording to

xCurie5
n.mo .mB

2

kT
, ~1!

wheren is the density of the paramagnetic centers,mB the
Bohr magneton,mo the permeability of the vacuum,k the
Boltzmann constant, andT the absolute temperature. Th
behavior of spin susceptibility at low temperatures can
attributed to the electrons of localized dangling bond def

FIG. 1. Variation of ESR signal intensity as a function of temperature
P1-implanted C60 films of doses from 131012 to 531015 ions/cm2 and
multiple energies.

FIG. 2. Spin susceptibility of P1-implanted C60 film implanted with dose of
531015 ions/cm2 and multiple energies.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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states. On the other hand, a clear deviation from the Cu
like behavior was observed at higher temperaturesT
.20 K). Indeed, for localized noninteracting spins a Cur
like behavior is expected, while for delocalized free~conduc-
tion! electrons the temperature independent Pauli param
netism should be observed. Therefore, the measuremen
the temperature dependence of spin susceptibility should
able us to distinguish between localized and delocali
electrons. Obviously, from the analysis of the data in Figs
and 2, we can distinguish between two regimes in the te
perature dependence of spin susceptibility. At lower tempe
tures (T,20 K), the films exhibit a 1/T behavior~i.e., Curie-
like!, which results from dangling bond electrons. At high
temperatures (T.20 K), the spin susceptibility deviate
from Curie-law, and this trend can be understood in terms
excitation of the electrons into states either to band tails
extended states as those electrons become delocalized~over-
lap of spins wave function!. The analysis of the spin susce
tibility data shows that spin susceptibility in P1-implanted
C60 films consists of two components: Curie-like behav
(T,20 K)1non-Curie behavior (T.20 K). The non-Curie
behavior can be understood in terms of rising tempera
leads to an increasing number of electrons excited into sta
This indicates the excitation of electrons into states lead
to a deviation from 1/T behavior. However, at the prese
time additional information about spin susceptibility at hi
temperature cannot be totally ruled out on the basis of
data available. Since the electrons contributing in the re
nance did not form free electron, we could not expect Pa
like susceptibility. This interpretation is consistent with co
ductivity measurements, which show a sharp increase
conductivity with temperature. However, Golzan14 observed
Curie behavior for temperature from 100 to 150 K fort a-C
films.

B. ESR linewidths

Figure 3 shows the temperature dependence of the
linewidths of P1-implanted C60 films of doses 131012, 1
31013, 131014, 131015, and 531015 P1 ions cm22. In all
films, except for low dose (131012 P1 ions cm22), the line-
width of resonance narrows with raising temperature up
Tmin , which is the temperature at narrowest linewidth.
most films the temperature of the minimum is around 20
while in intermediate dose (131013 P1 ions cm22) it is
around 100–120 K. This minimum was mostly explained
averaging interaction either through exchange or motion
the electrons from one site to another~hopping conduction!,
which becomes less effective with decreasing temperat
The absence of the minimum in low dose film (
31012 P1 ions cm22) can be understood in terms of sp
density. This film has low spin density and consequently
distance between interacting spins becomes too large to
low for sufficiently rapid hopping motion or effective ex
change interaction. On the other hand, the decrease of
width with increasing temperature (T,Tmin) was interpreted
as a change in the correlation frequency of the excha
interaction due to the reduction of hopping rate of electro
between neighboring dangling bonds at lower temperatu
Downloaded 20 Jun 2005 to 133.1.211.99. Redistribution subject to AIP
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Interestingly, Yokomichi and Morigaki15 explained the line
broadening at low temperatures in fluorinated amorph
carbon films by the same reason. Also, Mu¨ller et al.16 re-
ported that as one goes to very low temperatures, the nar
ing effect becomes weaker resulting in an overall increas
linewidth and leading to the observed minimum. A decrea
in linewidth with increasing temperature (T,Tmin) has been
observed for donors in III–V semiconductors, e.g., P in
As in Ge.17–19 While, the increase in linewidth at highe
temperatures with doping is consistent with the decreas
spin-lattice relaxation times as implantation dose increa
as clear from Fig. 4.

FIG. 3. Variation of ESR linewidths as a function of temperature
P1-implanted C60 films of doses from 131012 to 531015 ions/cm2 of mul-
tiple energies.

FIG. 4. Variation of spin-lattice (T1) and spin–spin (T2) relaxation times
with phosphorus implantation dose~implantation condition: dose from 1
31013 to 531015 ions/cm2 of multiple energies!.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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In other words, to qualitatively report for the data of Fi
3, we need to discuss spin–spin relaxation mechanis
which determine the magnitude of the linewidth (DHpp). We
believe that additional spin–spin relaxation mechani
comes to play at low temperatures. One relevant relaxa
mechanism at low temperatures is the hopping of dang
bonds electrons from one site to another. Such a process
observed to be the dominant line broadening mechanism
low temperatures in heavily dopedn-type silicon.20 Our con-
ductivity data have indicated hopping conduction in the
vestigated films, which will be discussed. In the case of h
ping motion of electrons, the linewidth is inverse
proportional to the probability ‘‘p’’ of the phonon-assisted
transition from one center to another (DHpp}1/P). This
probability depends on temperature by the followi
relation:21,22

p}@exp~«3 /kT!21#21. ~2!

Therefore, at low temperatures, where hopping is the do
nant broadening mechanism, one should observe an incr
in the linewidth as the temperature decreases, as sugg
by our experimental results atT,20 K. On the contrary, a
higher temperatures (T.Tmin), the dominant spin relaxation
mechanism is the electron–phonon interaction and co
quently the spin mobility is reduced due to scatteri
effects.23 Since the linewidth is inversely proportional wit
the mobility, then we can expect broadening of the linewid
at higher temperatures (T.Tmin). However, Giorgis and
Tagliaferro24 reported that the increase of linewidth wi
temperature in ‘‘sp a-C’’ is connected with extended state
mobility.

C. Conductivity

Arrhenius plot (logs }1000/T) for the conductivity of
three of the investigated films of doses 131014, 131015,
and 531015 P1 ions cm22 are shown in Fig. 5. Clearly, the

FIG. 5. Temperature dependence of dc electrical conductivity in (T)21 scale
for P1-implanted C60 films of different doses and multiple energies.
Downloaded 20 Jun 2005 to 133.1.211.99. Redistribution subject to AIP
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measured data curves continuously in the whole tempera
range, and the curvature is dependent on the dose of
film. In fact, if these films follow the Arrhenius function:

sdc~T!5s0 exp~2Es /kBT!, ~3!

they should give a linear dependence in this plot, and
activation energy (Es) can be determined from the slope
that linear part. Consequently, P1-implanted C60 films do not
exhibit Arrhenius-type behavior in the temperature ran
from 20 to 300 K. This means the conduction does not ob
activated behavior.

The data in Fig. 5 are replotted onT21/4 temperature
scale as shown in Fig. 6. The data are quite well fitted
tween 20 and 300 K by the relation:

sdc~T!5s0 exp@2~T0 /T!1/4#. ~4!

This trend suggests a hopping conductivity similar to th
found in other amorphous semiconductors~Ge, Si, and Sb!.25

Previous articles have thrown some light on the mechani
of conduction ina-C at low temperatures26 and a-C and
a-C:H above 270 K.27 These studies have shown that at ve
low temperatures (T,20 K) variable-range hopping is
dominant in graphite-like amorphous carbon,26 while the
proposed mechanism at room temperature was conductio
band tails for low Tauc gap~less than 0.8 eV!.

Now, we discuss the transport mechanism in terms
temperature dependence of ESR linewidths. Indeed, in
presence of a hopping mechanism for conductivity, the te
perature dependence of the linewidth can be related to
hopping frequency as follows:

DHpp~T!}y21
hop. ~5!

Sinceyhop is activated, a decrease of linewidth as tempe
ture increases is expected. This is in good agreement
our experimental results at low temperatures regionT
,20 K), while in disagreement with results obtained
higher temperatures (T.20 K). To explain this behavior, a

FIG. 6. Temperature dependence of dc electrical conductivity in (T)21/4 plot
for P1-implanted C60 films of different doses and multiple energies~solid
lines referred to the linear fitting!.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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higher temperature, from susceptibility data we can und
stand that aboveT.20 K the electrons are not localized
which due to the strong overlap between states. Accordin
we expect the conduction occurs by hopping of carriers
band tails and/or extended states atT.Tmin . However, from
the susceptibility data and the temperature dependence o
ESR linewidth, we can expect that the apparent tempera
dependence of the conductivity does not relate to conduc
by variable range hopping of carriers in localized band n
the Fermi level rather it is probably due to conduction
hopping of carriers in band tails and /or extended states.23,28

Demichelis et al.23 referred the decrease in the linewid
with temperature in the case ofa-C:H to conduction by hop-
ping mechanism in the whole temperature range. Also,
reported that the increase in the linewidth with the tempe
ture, in the case ofa-C films, is attributed to conduction b
extended states, or at least overlapping states. However
trends of temperature dependence of linewidth and cond
tivity at T.20 K are consistent with the high spin densi
which causes overlap of paramagnetic spins wave functi
However, the decrease of the conductivity with a lowering
temperature was ascribed both to the decrease in the nu
of electrons excited into states and to the reduction in
hopping rates between dangling bond electrons as the
tance increases between hopping sites. Clearly, from
above discussion, the temperature dependence of condu
ity and ESR linewidth data indicates a hopping rather th
activated conduction.

IV. CONCLUSIONS

The temperature dependence of the ESR signal and
electrical conductivity in a series of P1-implanted C60 films
has been thoroughly studied and analyzed. The results a
us to identify the origin and the nature of the ESR signal,
well as establish a relation between ESR and transport d
At low temperatures (T,20 K), the electrons giving rise to
the ESR signal are localized at dangling bond center, lead
to Curie-like behavior of the spin susceptibility. While
high temperatures (T.20 K), a deviation from Curie law
can be attributed to excitation of electrons into conduct
band tails and/or extended states as those electrons be
delocalized. However, the temperature dependence of
ESR resonance linewidth can be explained as follows: at
temperature (T,Tmin), the linewidth narrows as temperatu
increases, which consistent with hopping motion of dangl
bond electrons. While, at higher temperatures (T.Tmin) the
linewidth broadens due to electron–phonon interactions
dominant spin-relaxation mechanism. The observed m
mum in linewidth for most of the films is ascribed to th
decrease in the narrowing effects as one goes to low t
peratures. Obviously, from spin relaxation times measu
ments, the narrowing effects exist for films of dose>1
31013 P1 ions cm22. Furthermore, the comparison of th
temperature dependence of the electrical conductivity
Downloaded 20 Jun 2005 to 133.1.211.99. Redistribution subject to AIP
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the ESR resonance signal linewidth indicates the followi
~a! at low temperature (T,20 K), the transport mechanism
is due to hopping of dangling bond electrons,~b! at higher
temperatures (T.20 K), the spin mobility is probably attrib-
uted to hopping of carriers in delocalized conduction ba
tails and /or extended states, besides this consideration
electron–phonon interaction as a dominant spin relaxa
mechanism in this temperature range, as suggested by
spin susceptibility and ESR linewidth data.
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