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Anomalous Anderson transition in carbonized ion-implanted polymerp-phenylenebenzobisoxazole
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We report a charge transport study which revealed an unusual insulator-metal transition in ion implanted
polymerp-phenylenebenzobisoxazole. Upon ion implantation, a carbonized layer forms on film sample surface
and becomes increasingly conductive with increasing ion implantation dosage. A drastic change in the tem-
perature dependence of conductivitys(T) with increasing ion dosage is observed at this transition. The low
dosage samples (<731016 ions/cm2) have a low temperature insulating conductivity:s(T)
;exp@2(T0 /T)g#, whereg was obtained at 0.74 increasing to 1/4 with increasing dosage. To explain the
unusual valueg50.74, we extend Mott’s variable range hopping model by including in the consideration of an
energy dependence of density of states near the Fermi level. This model also explains a temperature dependent
conductivity near the insulator-metal transition in these low dosage dielectric samples. On the other hand, the
high dosage samples (>1017 ions/cm2) show a semimetallic conductivity:s(T)5s01Ds(T), whereDs(T)
is due to electron-electron interaction and weak localization effects with the latter undergoing a dimensional
crossover from three dimensions to two dimensions below;40–50 K as reported earlier.
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I. INTRODUCTION

Carbonaceous materials exhibit a wide range of trans
properties. Diamond and graphite are two well known ma
rials at opposite ends. Diamond, consisting of crystall
saturatedsp3 bonding, is an excellent insulator with a room
temperature conductivitysRT;10218 S/cm. Graphite, on
the other hand consisting of layers of unsaturated and c
talline sp2 bonding, is metallic withsRT;104 S/cm. Other
carbon materials, disordered or with impurities, have vari
transport properties in between these two forms.1 For ex-
ample, high-temperature treated glassy carbons havesRT
;102 S/cm with a weak temperature dependent conduc
ity s(T) and are semimetallic,2 while most amorphous car
bons withsRT up to 1022 S/cm and hopping or tunnelin
conductivity

s~T!5s1expF2S T0

T D gG ~g.0!, ~1!

are insulators.1

Other disordered carbonaceous materials studied in re
years include high-temperature annealed polymers with
natures of graphitization upon high-temperature treatm3

and ion implanted polymers showing similar transport b
PRB 610163-1829/2000/61~15!/10142~7!/$15.00
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haviors as amorphous carbons.4–8 Amorphous carbons hav
a mixture of sp3 and sp2 orbitals. Thesp2 carbons have
unpairedp electrons that form a free electron gas in cryst
line graphite. It is proposed that more conducting forms su
as evaporated or ion beam deposited amorphous car
(sRT;1022 S/cm) have a higher content ofsp2, while less
conducting ones such as hydrogenated amorphous car
(sRT;1026 S/cm) have a lower content ofsp2.1 Therefore,
with increasing content ofsp2 states and ordering, a cros
over proceeds from an insulating phase in less conduc
materials such as amorphous carbons1 to a semimetallic
phase in more conductive ones such as glassy carbons.2 Such
a crossover is similar to an insulator-metal transition~IMT !
in doped semiconductors as a function of dopa
concentration.9

In an earlier paper10 we reported a comprehensive tran
port properties of three ion implanted polymer
p-phenylenebenzobisoxazole~PBO!, p-phenylene benzo-
bisthiazole ~PBT!, and benzimidazobenzophenanthroli
~BBL!. The first two are rigid rod polymers and the third is
ladder polymer. The results showed that the three high d
age implanted samples are semimetallic with unusual tra
port properties. Previous studies have shown that the
planted layer of various polymer samples is carbonized t
certain degree depending on the implantation process.7,8,11
10 142 ©2000 The American Physical Society
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The incident high energy ions damage the original chem
structure and expel heteroatoms from the polymer system
revealed by the x-ray photoelectron spectroscopy~XPS!
results.7 Raman scattering studies on implanted PBO~Ref. 7!
and other implanted polymers5 have shown similar C-C
bonding similar to that in amorphous carbons, includi
graphitelike bonding.12

It was concluded in our previous report that a thre
dimensional interconnectedsp2 rich carbon network re-
formed upon ion implantation on the densely packed rig
rod and ladder polymer backbone is responsible for
semimetallic behavior.10 The unusual behavior includes a d
mensional crossover in the weak localization effect fro
three to two dimensions with decreasing temperature w
the Thouless lengthLTh}Tp/2 (p.1), increasing with de-
creasing temperature, surpasses the implanted sa
thickness.13,14 This change in dimensionality of localizatio
effect results in an enhanced electron-electron interaction
fect at low temperatures, which was observed systematic
in other experimental results such as thermoelectric pow
magnetoconductance, and microwave dielectric constant10

In the present part of this systematic study, we traced
insulator-metal transition in the implanted PBO samples a
function of implantation dosage. The temperature dep
dence ofs(T) shows a dramatic change, becoming wea
and weaker with increased ion dosage, reflecting an An
son transition. In addition to the Anderson transition, an
usual result was observed in the temperature depend
s(T) of the most insulating sample. The low dosage samp
(w from 731015 to 731016 ions/cm2) have a general hop
ping conductivitys(T)}exp@2(T0 /T)g# at low temperatures
whereg were obtained from 0.74 to 1/4 with increasing do
age. The unusual result ofg50.74 of the lowest dosag
sample is explained in terms of a modification of the ba
structure due to implantation.

We conclude that the implantation leads first to smear
the sharp edge of the valence band. The Fermi level is als
this smearing region and, therefore, in contrast to traditio
dielectrics, the density of states around the Fermi leve
energy dependent. Taking into consideration of this ene
dependence of the density of states~DOS! near the Fermi
energy, we extend the Mott variable range hopping~VRH!
model which fits the unusual data. With increasing dosag
samples 2 to 4, the reconstruction of DOS is more p
nounced and the DOS becomes a weaker function of en
at the Fermi level, leading to the 3D Mott VRH modelg
51/4. From fitting we estimated the model parameters
the energy dependent density of states and we have fo
them to be well self-consistent.

The higher dosage samples (w from 1017 to
1018 ions/cm2) exhibit similar properties to those reported
Ref. 10. The temperature dependence of the conductivity
dergoes a dramatic change from the insulating hopping c
duction of the lower dosage samples to a semimetallic
havior s(T)5s01Ds(T) of these higher dosage sample
Thus, an Anderson IMT occurs with increased implantat
dosage. The termDs(T) is dominated by the long rang
electron-electron interaction and weak localization effect14

At lower temperatures the weak localization contribution
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limited by the thickness of the ion implanted lay
(;1500 Å ) leading to a 3D to 2D crossover for this co
tribution to the conductivity.

II. EXPERIMENT

The pristine PBO polymer sample~see Fig. 1! was ob-
tained in the form of biaxial films, free standing and abo
50mm thick ~supplied by the Polymer Branch, Materials D
rectorate, Air Force Research Lab, Dayton, OH!. The syn-
thesis and processing of these polymers were publis
previously.15 The implantation was performed by a Varia
Model 400-AR ion implantor at Honeywell Systems and R
search Center, Minneapolis, MN, using 200 KeV84Kr1 ions
at an ion beam current density of 2mA/cm2. Seven ion im-
plantation dosages, from 731015 to 1018 ions/cm2, were
used in this study and are listed in Table I. The implantat
process creates a conducting layer;0.15mm thick @esti-
mated by scanning electron microscopy~SEM!# on the film
sample surface.10 The dc conductivity measurements utilize
a conventional four probe planar sample configuration w
gold wires and silver paint used and the data were taken f
a computer controlled current source~Keithley 220! and a
multimeter~Keithley 195A!. The temperature in this exper
ment was controlled from 3 to 300 K using liquid helium
a Janis Dewar flask by a LakeShore DRC 82C Tempera
Controller and LakeShore DT500 thermosensors. XPS
periments were conducted on both free standing film a
spin coated film samples on a Perkin-Elmer Physical El
tronics Model 550 ESCA system with Mg Kalpha x-ra
source at 1253.6 eV. The pressure was kept below 128

Torr.

III. RESULTS AND DISCUSSION

A. dc conductivity and the w plot

The dc conductivities of the seven implanted PB
samples increase monotonically with increasing ion dos

TABLE I. The ion dosagesw and the corresponding values o
s05s(T→0), sRT , and ratiosRT /sLT of the seven implanted
PBO samples (RT5290 K, LT54 K for all samples but sample 1
for which LT522 K since its resistivity was beyond the measu
ment ability of the instruments below this temperature!. A sample
thicknesst50.15mm was used in the conductivity calculation. Th
values ofs0 for the last three samples are obtained from the fitt
of Eq. ~7!.

Sample No. w (ions/cm2) s0 ~S/cm! sRT ~S/cm! sRT /sLT

1 731015 0 2.4 1316
2 131016 0 16.4 393
3 431016 0 17.2 7.9
4 731016 0 25.8 5.4
5 131017 93.1 158.6 1.7
6 531017 112.9 182.1 1.6

131018 116.3 194.1 1.6

FIG. 1. Chemical structure of polymer PBO.
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w. The room temperature conductivity resultssRT, RT
5290 K, of these samples are listed in Table I. The prist
materials are the electrical insulators, chemically stable
mechanically strong. For PBO the insulator gap is about
eV and sRT;10212 S/cm.7 Figure 2 plots the normalized
conductivities,s(T)/sRT of the seven implanted samples.
is obvious that with increased ion dosage from samples
7, not only the conductivity increases, the temperature
pendence of the conductivity also becomes weaker as
flected by the decreasing ratio of room temperature cond
tivity to low temperature valuesRT/sLT , LT54 K, with
increasing ion dosage~Table I!.

In order to study the conduction mechanism from the c
ductivity data, we use the samew plot scheme as in ou
earlier paper,10,16 that is, to plot the quantity

w~T!5 log10S d$ ln@s~T!#%

d@ ln~T!# D ~2!

versus log10(T). For an insulating behavior which has a ge
eral form Eq.~1! the w-log10(T) plot yields a straight line
with a negative slope -g. For example, the activation con
duction of semiconductors givesg51 and Mott’s VRH con-
duction gives g51/(11d), where d is the sample
dimensionality.17 For a semimetallic behavior with a nonze
conductivity at zero temperature,14 s(T)5s01Ds(T),
whereDs(T)5aTb, the w plot yields a curve with a posi
tive slope witha,b.0.

Figure 3 shows thew plots of the seven samples. Eve
though the temperature dependence of the conduct
changes gradually from curves 1 to 7, thew plots can be
separated into two groups. The first four curves of low
dosage samples noticeably have a negative slope at low
peratures@Fig. 3~a!# and the three higher dosage samp
have no negative slope in the whole temperature range@Fig.
3~b!#. The negative slope at low temperatures in thew plots
suggests that the first four samples follow the general in
lating hopping conduction, Eq.~1!, in this temperature re
gion, which leads to a zero conductivity at zero temperatu
In other words, these samples are Fermi glasses with

FIG. 2. The normalized conductivitiess(T)/s(290 K) of the
seven implanted PBO samples. Note the data for samples 6 a
nearly overlap each other. Sample 1 is least conducting, its resi
ity was beyond the measurement ability of our instruments be
20 K.
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Fermi levelEF falling into the strongly localized region a
illustrated by Fig. 4~a!. In addition, these fourw plots also
reveals an interesting crossover atTc with a negative slope
below Tc to a positive slope aboveTc as indicated by the
arrows in Fig. 3~a!, suggesting a temperature dependent
sulator to metal transition. This behavior and an unusuag
value obtained for curve 1 will be discussed in detail in t
following section. For samples 5 to 7, the conductivities a
weakly temperature dependent, increasing by less than a
tor of 2 from 4 K toroom temperature~Table I!. In addition,
thew plots of these samples show no negative slope over
whole temperature range. As we shall see in Sec. III C,
conductivity of these samples followss(T)5s01Ds(T).
The nonzero conductivitys0 at zero temperature indicate
that these samples are not insulators as the first four sam
Therefore, with increasing ion dosage or degree of carb
ization, the ion implanted PBO system clearly undergoes
Anderson insulator-metal transition.

B. Low dosage samples

The four low dosage samples exhibited the most inter
ing behaviors. They are still insulators but their room

7
iv-
w

FIG. 3. ~a! w plot of samples 1 to 4. The solid line on data cur
1 at low temperatures is a fit to Eq.~6!. The solid lines on data
curves 2–4 at low temperatures are guide to the eye with a slo
21/4, correspondingg51/4. The arrows indicateTc which sepa-
rating thew plots from negative slopes to positive slopes.~b! w
plots of samples 5 to 7.
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temperature conductivities are higher than the pristine
doped sample by a factor of;101221013. This jump in
conductivity is assigned to the substantial increase ofsp2

bonding with unpairedp orbitals.18 These unpairedp elec-
trons may be removed by oxidation. As a result there
acceptor states whose levels are near the top of valence b
The sign of the thermopower confirms that holes are
charge carriers.

In crystalline p-doped semiconductors the conductivi
follows the Ahrenius law with activation energy which is th
energy difference between the acceptor level and the vale
band edge. Instead, as we mentioned above, four sam
experience a crossover in the slope of thew plots from nega-
tive at high temperatures to positive at low temperatur
This crossover inw plot corresponds in temperature depe
dent conductivity to a transition from weak almost metal
temperature dependence of conductivity at high temperat
to strong dielectriclike dependence conductivity at low te
peratures.

The linear fit of the low temperaturew plot data of sample
1 yieldsg50.74, i.e., lns(T)}2T20.74. This appreciable de
viation from the Ahrenius law indicates that the low
temperature conductivity is not provided only by extend
states above the mobility edge, but hopping between the
calized states below the mobility edge also contributes to
charge transport. At the same time the valueg50.74 is far
from the usually observed Mott numbers17: 1/2, 1/3, and 1/3.
We note that the Mott conductivity is provided by hoppin
over localized states uniformly distributed over space a
energy.

This unusual temperature dependence can be expla
with a modification of the Mott VRH model. The ion irra
diation in the implantation process creates disorder in
original polymer structure. According to the Anderson loc
ization theory, such disorder will change the electronic str
ture of a system.17 The original sharper band edge will b

FIG. 4. Fermi glass model.~a! Lightly moderated band structur
and ~b! strongly moderated band structure.
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extended into a smooth band tail where the localized st
reside. If the Fermi level is located in the localized regio
the system is a Fermi glass~Fig. 4!. The four lower dosage
samples are apparently examples of Fermi glasses since
conductivity follows the general hopping form of Eq.~1!.
For a slightly modified band structure, the DOS is close
the original unmodified structure that varies rapidly with e
ergy in the band tail region@Fig. 4~a!#. For a Fermi glass in
this case, the Mott assumption17 of a constant DOS nearEF
in deriving the VRH conduction cannot be held. This a
sumption is especially of concern for sample 1, since
temperature range of interest in this case is finite, thus
energy intervaldE5kdT above and below the Fermi level i
which the localized states are involved in the hopping c
duction is also finite. As a result, the DOS over this ene
interval cannot be considered as a constant. We employe
exponentially energy dependent DOS nearEF :19

N~E!5NV expS 2
uE2EVu

D0
D , ~3!

whereEV is the mobility edge in the valence band andD0 is
the scale of the decay of the DOS withuEV2EFu.D0, i.e.,
NF[N(EF)!NV . For the states over the energy intervaldE
participating in the transport near theEF , the average hop-
ping distanceR(dE) is given by

F4p

3
R3~dE!G21

5E
EF2dE

EF
N~E!dE>NFD0expS dE

D0
D ,

~4!

which yields R(dE)5RF exp(2dE/3D0), where RF
5(4pNFD0/3)21/3. The hopping conductivity determine
by these states is given then

s~T!}expF2
dE

T
2

R~dE!

j G , ~5!

wherej is the localization length. Following the Mott pro
cedure of optimizings(T) over dE, we obtain thew func-
tion of this conductivity

w~T!5p2x1 log10~x1q!, ~6!

where x5 log10T, p5 log10(3D0)/log10e, and q5
2 log103D01(uEV2EFu/3D0log10e.

The first term in Eq.~5! corresponds to merely the Ahr
enius law and describes the transport of carriers therm
activated at the valence edge. The last term in Eq.~5! repre-
sents the difference from the activation law and describes
contribution to the conductivity due to hopping between t
exponentially disappearing band tail states. Using Eq.~6!, we
obtain a good fit to thew plot of sample 1 as indicated by th
solid line in Fig. 3~a!. The optimized fit yieldsp51.93 and
q50.13. Fromp, we obtain 3D0537 K and using this value
with q, we obtainuEV2EFu5145 K.

It should be noted that this modification only applies
finite temperatures. At extremely low temperatures, i.e.,dT
→0, the localized states involved in the hopping conduct
are those in the close vicinity of the Fermi level, in whic
case the Mott constant DOS assumption can apply and
should observeg51/4.
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For samples 2 to 4, the ion dosages are higher and s
disorder. This will create more localized states into the ba
tail, which flattens the strongly energy dependent DOS n
EF @Fig. 4~b!#. In this situation the constant DOS can b
assumed at the Fermi level, even at finite temperatures.
assertion is supported by the result ofg>1/4 obtained in this
temperature region for these three samples. The solid l
through these three data curves represent linear fittings
g51/4 @Fig. 3~a!#.

Above a characteristic temperatureTc , all four w(T)
curves in Fig. 3~a! change to a positive slope, correspondi
to a noninsulating phase. Within the Fermi glass model,
crossover can be explained by definingkBTc5uEV2EFu.
Therefore, in case of a hole dominated conduction, aT
.Tc some electrons will be thermally excited from belo
EV , leaving a population of holes in the extended region
the valence band that forms a temperature dependent F
liquid @Fig. 4~b!#. As indicated by Fig. 3~a!, Tc;149 K is
obtained for sample 1, which is in an excellent agreem
with the valueuEV2EFu5145 K obtained above.

C. High dosage samples

Samples 5 to 7 have higher conductivities and wea
temperature dependence also becomes weaker as indi
by the smallsRT/sLT ratio ~Table I! and the non-negative
slopes ofw plots @Fig. 3~b!#. Both these results indicate tha
these three samples are not insulators as are the first
samples. Their conductivity results are very similar to tho
of our earlier report.10 The data very well fit to the semime
tallic model developed in Ref. 10

s~T!5s01BlnFsinhS T

c D 3/2G1mT1/2, ~7!

TABLE II. Fitting parameterss0 , m,B, and c of Eq. ~7! for
samples 5 to 7. The last two columns are calculated at 300 K.

Sample m (S/cmK1/2) B ~S/cm! c ~K! mT1/2/s08 B8T3/2/s08

5 3.01 0.723 40 0.56 0.16
6 3.21 0.742 40 0.50 0.13
7 3.97 0.753 51 0.59 0.088

FIG. 5. The sheet conductivities of samples 5–7. Solid lines
fits to Eq. 7 using parameterss0 ,m,B, and c listed in Tables I
and II.
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wheres0 ,a,b, andc are fitting parameters.10 Figure 5 plots
the conductivity results of samples 5 to 7 and the cor
sponding fitting curves~solid lines! of Eq. ~7!. The param-
eters for these curves obtained from nonlinear fitting of
conductivity results using Eq.~7! are listed in Table II.

For T@c, Eq. ~7! becomes

s~T!5s081mT1/21B8T3/2, ~8!

where s085s02B ln(2) and B85Bc23/2. For T!c, the
asymptotic form of Eq.~7! is

s~T!5s091mT1/211.5B ln~T!, ~9!

where s095s021.5B ln(c). Equation ~8! suggests that a
high temperatures the conductivity obtains contributio
from a WL effect with phonon-electron scattering as t
leading inelastic scattering rate (T3/2 term! and an electron-
electron interaction effect (T1/2 term!, both in a three-
dimensional case.14,20 Equation~9! suggests that at low tem
peratures the WL effect is two dimensional@ ln(T) term#,14,20

while the interaction effect is still three dimensional (T1/2

term!. The values listed in the last two columns in Table
show that even at RT both WL and electron-electron int
action effects are still approximately first order corrections
s08 , in accord with the theoretical model.14,20

The two asymptotic forms Eqs.~8! and ~9! suggest that
the WL effect undergoes a dimensional crossover betwee
K and RT whereas the electron-electron interaction eff
remains 3D over the whole temperature range. This cro
over can be understood by comparing the data with the
oretical predictions. The WL effect for a 3D case is given

DsL
3D~T!5

e2

2p2\LTh

, ~10!

where Thouless length is given byLTh5(Dt in)1/2, D is the
diffusion constant andt in}T2p, p.1, is the inelastic scat-
tering time. The Thouless length is used to judge the dim
sionality of the WL effect in a system.14 For an electronically
thick of 3D system, one hasLTh,t (t is the system thick-
ness!; but if LTh.t, the system is electronically thin and 2
for the WL effect. For a 2D case,

DsL
2D~T!5

ape2

2p2\
ln~T!, ~11!

wherea should be unity.14 The electron-electron interactio
effect for a 3D case is given by

Ds I
3D~T!5

e2

4p2\

1.3

A2
S 4

3
2

3

2
F DAkBT

\D
, ~12!

whereF is the screening factor.14

By comparing the corresponding temperature depend
terms of Eqs. 8 and 9 with those ofDsL

3D ,DsL
2D , and

Ds I
3D , a group of parameters are obtained and listed

Table III ~using sample thickness 0.15mm when necessary!.
As one can see from the table, the value ofa is very close to
the predicted unity. The dimensional crossover occurs aTs
;40 K, reasonably close to value ofc given in Table II, at
which the Thouless length equals the sample thickne

e
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TABLE III. Values of LTh ,Ts ,Dm ,Lc ,a obtained from the fitting parameters of Fig. 4.Ts is the tem-
perature at which the Thouless lengthLTh equals the sample thickness.Dm is the upper limit for the diffusion
constant calculated fromDs I

3D , assuming the screening factorF50. Lc5(\Dm /kBT)1/2 is calculated at 3
K.

Sample LTh ~m! Ts ~K! Dm(cm2/s) Lc(3 K) ~Å! a

5 4.3 31025T23/2 43.6 0.82 145 1.03
6 4.2 31025T23/2 42.8 0.72 136 1.05
7 6.0 31025T23/2 54.0 0.47 110 1.07
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marking the crossover from 3D (T.Ts) to 2D (T,Ts) for
the WL effect. On the other hand, the critical length to jud
the dimensionality of the electron-electron interaction eff
Lc5(\D/kBT)1/2 ~Ref. 14! at T54 K is less than 200 Å for
all three samples and much less than the sample thick
(;1500 Å ). Thus, the interaction effect is 3D over th
whole temperature range. Another result from fitting of E
~7! is p53, by comparing the temperature dependence
Eq. ~10! and theT3/2 term of Eq.~8!. This value indicates
that the inelastic scattering rate in these samples is do
nated by electron-phonon scattering14 instead of usually ob-
servedp52 for electron-electron scattering in a clean lim
or p53/2 for electron-electron scattering in a dirty limit i
doped semiconductors.21–23This result is consistent with th
amorphous nature of these implanted polymers. In suc
highly disordered system, one would expect electron-pho
scattering dominates electron-electron scattering. All th
results show that the model of Eq.~7! is self-consistent and
the corresponding discussions in our earlier paper on
properties of this semimetallic phase applies to th
samples.

D. Reformed carbon network, IMT, and XPS results

As concluded in our previous paper, the semimetallic
havior of the high dosage implanted samples is due t
reformed 3D interconnected carbon network upon ion
plantation on the densely packed pristine samples. This
formed carbon network contains quasi-planar patches ofsp2

rich graphitelike structures and is interrupted three dim
sionally by randomly distributedsp3 sites. The overlap be
tween adjacent extended wave functions from the neigh
ing graphitelike structures is strong enough for t
delocalized p electrons to percolate through the ent
sample. This model explains that at higher temperatu
when the Thouless length is smaller than the sample th
ness, the samples are 3D for the WL effect; while at l
temperatures, the samples are electronically thin when
increasing Thouless length surpasses the sample thick
even though the structure is 3D in nature. The sma
s3D(T→0) indicates that these carbonized systems are
over the insulator-metal transition boundary into the meta
side. In other words, the Fermi energyEF just passes the
mobility edgeEV and locates into the extended state regi
As a result, these systems have fewer extended electron
a smaller conduction electron density, than the more meta
systems. This result is consistent with the fitting result op
53 indicating electron-phonon scattering dominating the
elastic scattering rate in these materials. For highly dis
dered systems such as these samples with a small free
t
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tron population, electron-phonon scattering is likely
dominate electron-electron scattering.

In lower dosage implantation PBO samples, one obta
insulating behaviors at low temperatures instead. The
served conductivity results of these implanted polym
samples also provide support for the above model, w
compared with earlier studied ion implanted polymers. S
eral groups reported result ofg51/2 in the insulating con-
ductivity Eq. ~1! and explained it in terms of quasi-1D VRH
or tunneling.5,6,24In this study, in the temperature region th
Eq. ~1! was observed,g51/4 or g50.74 were obtained. As
shown in Sec. III B, the latter behavior was explained in te
of a modified Mott’s VRH model. This result, together wit
the observation ofg51/4, suggests that the structure
these implanted samples is three dimensional in nat
Therefore, these systems are structurally different from
early studied implanted polymers which showed either o
dimensional behavior or tunneling behavior. What underlin
this difference is the densely packed pristine polym
backbone25,26 in these ladder and rigid rod polymers whic
provides a basis for the reformed 3D interconnected car
network. At higher dosages, the extended degree of carb
ization leads to asp2 rich carbon network and a semimetall
phase in these samples; while at low dosages, a less car
ized system with more impurities~in case of implanted PBO
they are nitrogen and oxygen atoms! results in an insulating

FIG. 6. XPS spectra of implanted PBO samples at different
dosages.
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phase. This change in degree of carbonization as a func
of implantation dosage, which leads to the IMT, can be s
clearly in the XPS results. Figure 6 plots the XPS spectra
the implanted PBO samples at different ion dosages. I
obvious that with increasing dosage, the carbon peak in
sifies while nitrogen and oxygen peaks reduce greatly, wh
indicates an increasing degree of carbonization with incre
ing ion dosage.

IV. CONCLUSION

In summary, we observed an implantation induced And
son insulator to metal transition in ion implanted polym
PBO as a function of the implantation dosage or degree
carbonization in the system. The lowest dosage samplew
5731015 ions/cm2) showed an anomalous conductivity a
tributed to hopping in the tail of the strongly energy depe
dent DOS. The other low dosage samples (w<7
31016 ions/cm2) display the more usually observed Mo
VRH model. For the higher dosage samplesw
r

e

.

,

A

s

a

.

on
n
f

is
n-
h
s-

r-
r
of

-

>1017 ions/cm2), thesRT increases further with a dramatic
change in the temperature dependence which fits to a mo
with weak localization and electron-electron interaction e
fects dominating the charge transport. The fitting of the co
ductivity results from this model indicates a dimension
crossover for the WL effect at;40–50 K. It is concluded
that a 3D interconnected carbon network reforms upon
implantation on these densely packed polymer samples.
higher dosages, the implantation creates asp2 carbon rich
network which is responsible for the semimetallic behavio
and at lower dosages, the system still contains noncar
atoms as shown in the XPS spectra, which results in a m
localized state and a 3D hopping conduction in the
samples.
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