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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 conductivityT) with increasing ion dosage is observed at this transition. The low
dosage samples <{(7x10' ions/cnf) have a low temperature insulating conductivityo(T)
~exd —(To/T)”], where y was obtained at 0.74 increasing to 1/4 with increasing dosage. To explain the
unusual valuey=0.74, 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=(10*’ ions/cnf) show a semimetallic conductivityt(T) = oo+ Ac(T), whereA o (T)
is due to electron-electron interaction and weak localization effects with the latter undergoing a dimensional
crossover from three dimensions to two dimensions belo#0—50 K as reported earlier.

I. INTRODUCTION haviors as amorphous carbdh8.Amorphous carbons have
a mixture ofsp® and sp? orbitals. Thesp? carbons have
Carb_onace_ous materials exh_ibit a wide range of transpominpaireds electrons that form a free electron gas in crystal-
properties. Diamond and graphite are two well known matetine graphite. It is proposed that more conducting forms such
rials at opposite ends. Diamond, consisting of crystallineas evaporated or ion beam deposited amorphous carbons
saturateds p> bonding, is an excellent insulator with a room- (0r7~1072 S/cm) have a higher content sf?, while less
i —18 i .
temperature conductivityrgr~10""" S/cm. Graphite, on  conducting ones such as hydrogenated amorphous carbons
the other hand consisting of layers of unsaturated and CYSgr~108 S/cm) have a lower content ef?.* Therefore
talline sp? bonding, is metallic withogr~ 10‘_1_8/‘3”1- Other  ith increasing content o§p? states and ordering, a cross-
carbon materials, disordered or with impurities, have varioug),er proceeds from an insulating phase in less conductive
transport properties in between these two fofnior ex- materials such as amorphous cardons a semimetallic
ample, high-temperature treated glassy carbons ha¥e phase in more conductive ones such as glassy caf®ash
~10* S/cm with a weak temperature dependent conductivy crossover is similar to an insulator-metal transititviT)
ity o(T) and are semimetalli€while most amorphous car- in doped semiconductors as a function of dopant
bons with ogy up to 102 S/cm and hopping or tunneling concentratior.
conductivity In an earlier papéf we reported a comprehensive trans-
port properties of three ion implanted polymers,

To|” p-phenylenebenzobisoxazoléPBO), p-phenylene benzo-
‘T(T):Ulexr{_(T) } (v>0), @D pisthiazole (PBT), and benzimidazobenzophenanthroline
(BBL). The first two are rigid rod polymers and the third is a
are insulators. ladder polymer. The results showed that the three high dos-

Other disordered carbonaceous materials studied in receage implanted samples are semimetallic with unusual trans-
years include high-temperature annealed polymers with siggort properties. Previous studies have shown that the im-
natures of graphitization upon high-temperature treatinentplanted layer of various polymer samples is carbonized to a
and ion implanted polymers showing similar transport be<certain degree depending on the implantation pro€&ss.
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The incident high energy ions damage the original chemical 0 0 /—\ \
structure and expel heteroatoms from the polymer systems as —H I@: /> { O )

revealed by the x-ray photoelectron spectrosc@pyPS N N n

results’ Raman scattering studies on implanted PER@f. 7) .

and other implanted polymeérshave shown similar C-C FIG. 1. Chemical structure of polymer PBO.
bonding similar to that in amorphous carbons, includingjimited by the thickness of the ion implanted layer
graphitelike bonding? (~1500 A) leading to a 3D to 2D crossover for this con-

It was concluded in our previous report that a three-tripution to the conductivity.
dimensional interconnectedp? rich carbon network re-
formed upon ion implantation on the densely packed rigid- Il. EXPERIMENT
rod _and Ia}dder pqumer backbone is re;pqnsible for Fhe The pristine PBO polymer samplsee Fig. 1 was ob-
semimetallic behaviot? The unusual behavior includes a di- tained in the form of biaxial films, free standing and about
mensional crossover in the weak localization effect fr0m50 Mum thick (Supp“ed by the Po|yme|’ Branch, Materials Di-
three to two dimensions with decreasing temperature wherectorate, Air Force Research Lab, Dayton, YORhe syn-
the Thouless length < TP2 (p>1), increasing with de- thesis and processing of these polymers were published
creasing temperature, surpasses the implanted sampbeeviously®® The implantation was performed by a Varian
thickness->* This change in dimensionality of localization Model 400-AR ion implantor at Honeywell Systems and Re-
effect results in an enhanced electron-electron interaction ekearch Center, Minneapolis, MN, using 200 K&¥r* ions
fect at low temperatures, which was observed systematicallft an ion beam current density ofi2A/cm?. Seven ion im-
in other experimental results such as thermoelectric poweglantation dosages, from>710" to 10'® ions/cnf, were
magnetoconductance, and microwave dielectric condfant. used in this study and are listed in Table I. The implantation

In the present part of this systematic study, we traced th@rocess creates a conducting laye0.15wm thick [esti-
insulator-metal transition in the implanted PBO samples as &'ated by scanning electron microscofSEM)] on the film
function of implantation dosage. The temperature depensample su.rfacéf? The dc conductivity measurements utilized
dence ofa(T) shows a dramatic change, becoming weake® con\/_entlonal f_our pro_be planar sample configuration with
and weaker with increased ion dosage, reflecting an Andedold wires and silver paint used and the_data were taken from
son transition. In addition to the Anderson transition, an un? computer controlled current sourtgeithley 220 and a

usual result was observed in the temperature dependengéuItimeter(Keithley 195A. The temperature in this experi-

o(T) of the most insulating sample. The low dosage Samplesment was controlled from 3 to 300 K using liquid helium in

(¢ from 7x10% to 7% 10% ions/cr) have a general hop- a Janis Dewar flask by a LakeShore DRC 82C Temperature

. ductivi / | Controller and LakeShore DT500 thermosensors. XPS ex-
ping conductivityo(T)=exp —(To/T)”] at low temperatures, ,qiiments were conducted on both free standing film and

wherey were obtained from 0.74 to 1/4 with increasing dos-spin coated film samples on a Perkin-Elmer Physical Elec-

age. The unusual result 0f=0.74 of the lowest dosage {ronics Model 550 ESCA system with Mg Kalpha x-ray

sample is explained in terms of a modification of the bandsgyrce at 1253.6 eV. The pressure was kept below? 10
structure due to implantation. Torr.

We conclude that the implantation leads first to smearing
the sharp edge of the valence band. The Fermi level is also in Ill. RESULTS AND DISCUSSION
this smearing region and, therefore, in contrast to traditional
dielectrics, the density of states around the Fermi level is
energy dependent. Taking into consideration of this energy The dc conductivities of the seven implanted PBO
dependence of the density of stat@O0S) near the Fermi samples increase monotonically with increasing ion dosage
energy, we extend the Mott variable range hoppiW&H) TABLE I. The ion dosages and the corresponding values of
model which fits the unusual data. With increasing dosage 0f,=o(T—0), orr, and ratioogr/o 1 of the seven implanted
samples 2 to 4, the reconstruction of DOS is more proPBO samples (R¥290 K, LT=4 K for all samples but sample 1
nounced and the DOS becomes a weaker function of enerdygr which LT=22 K since its resistivity was beyond the measure-
at the Fermi level, leading to the 3D Mott VRH modgl  ment ability of the instruments below this temperajue sample
=1/4. From fitting we estimated the model parameters fofthicknesg =0.15um was used in the conductivi_ty calculation. _Tk_le
the energy dependent density of states and we have fouﬁ’@lues ofoy for the last three samples are obtained from the fitting
them to be well self-consistent. of Bq. (7).

The higher dosage samplese ( from 10 to
10'® jons/cnt) exhibit similar properties to those reported in
Ref. 10. The temperature dependence of the conductivity un- 1 7Xx 10" 0 2.4 1316
dergoes a dramatic change from the insulating hopping con- 2 1x 10'° 0 16.4 393
duction of the lower dosage samples to a semimetallic be- 3 4x 106 0 17.2 7.9
havior o(T) =0+ Ac(T) of these higher dosage samples. 4 7x 10 0 25.8 5.4

5
6

A. dc conductivity and the w plot

Sample No. ¢ (ions/cnf) oq (Slcm  ogr (Slem  orrlot

Thus, an Anderson IMT occurs with increased implantation 1x10Y 93.1 158.6 1.7
dosage. The termho(T) is dominated by the long range 5x 107 112.9 182.1 1.6
electron-electron interaction and weak localization effétts. 1x10% 116.3 194.1 1.6
At lower temperatures the weak localization contribution is
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FIG. 2. The normalized conductivities(T)/c(290 K) of the
seven implanted PBO samples. Note the data for samples 6 and
nearly overlap each other. Sample 1 is least conducting, its resistiv. _q g | samples o
ity was beyond the measurement ability of our instruments below o 5 cch
20 K. . & oze’
N _-o8f 7 oot
¢. The room temperature conductivity resuldst, RT =) %0’
=290 K, of these samples are listed in Table I. The pristine 3§ o
materials are the electrical insulators, chemically stable anc -1 g} gale’
mechanically strong. For PBO the insulator gap is about 2.5 ,558°.°
eV and ogr~10 % S/cm! Figure 2 plots the normalized AAAAgf,Ef’S“w“
P . a 6900° _o

conductivities,o(T)/ ory Of the seven implanted samples. It  _; o] 2282500 ¢ aee®
is obvious that with increased ion dosage from samples 1 tc
7, not only the conductivity increases, the temperature de- 0.5 1.0 15 2.0 2.5
pendence of the conductivity also becomes weaker as rey, log (T)
flected by the decreasing ratio of room temperature conduc- 10
tivity to low temperature valuergr/or, LT=4 K, with FIG. 3. (a) w plot of samples 1 to 4. The solid line on data curve
increasing ion dosag@able ). 1 at low temperatures is a fit to E¢6). The solid lines on data

In order to study the conduction mechanism from the concurves 2-4 at low temperatures are guide to the eye with a slope
ductivity data, we use the sanwe plot scheme as in our —1/4, corresponding/=1/4. The arrows indicat&, which sepa-
earlier papef®®that is, to plot the quantity rating thew plots from negative slopes to positive slopés) w

plots of samples 5 to 7.

d{In[o(T)]}
w(T)=l0gso d[In(T)] 2) Fermi level Eg falling into the strongly localized region as
illustrated by Fig. 4a). In addition, these fouw plots also
versus logy(T). For an insulating behavior which has a gen-reveals an interesting crossoverTat with a negative slope
eral form Eq.(1) the w-log,;o(T) plot yields a straight line below T, to a positive slope abov&, as indicated by the
with a negative slopey. For example, the activation con- arrows in Fig. 8a), suggesting a temperature dependent in-
duction of semiconductors gives=1 and Mott's VRH con-  sulator to metal transition. This behavior and an unugual
duction gives y=1/(1+d), where d is the sample value obtained for curve 1 will be discussed in detail in the
dimensionality:” For a semimetallic behavior with a nonzero following section. For samples 5 to 7, the conductivities are
conductivity at zero temperatut, o(T)=0o+Ao(T), weakly temperature dependent, increasing by less than a fac-
whereAo(T)=aT?, thew plot yields a curve with a posi- tor of 2 from 4 K toroom temperaturé€Table ). In addition,
tive slope witha, 8>0. thew plots of these samples show no negative slope over the
Figure 3 shows thev plots of the seven samples. Even whole temperature range. As we shall see in Sec. Il C, the
though the temperature dependence of the conductivitgonductivity of these samples follows(T)=oy+Aa(T).
changes gradually from curves 1 to 7, theplots can be The nonzero conductivityr, at zero temperature indicates
separated into two groups. The first four curves of lowerthat these samples are not insulators as the first four samples.
dosage samples noticeably have a negative slope at low teritherefore, with increasing ion dosage or degree of carbon-
peratures[Fig. 3(@] and the three higher dosage samplesization, the ion implanted PBO system clearly undergoes an
have no negative slope in the whole temperature r@f@ge ~ Anderson insulator-metal transition.
3(b)]. The negative slope at low temperatures inwhplots
suggests that the first four samples follow the general insu-
lating hopping conduction, Eq1), in this temperature re-
gion, which leads to a zero conductivity at zero temperature. The four low dosage samples exhibited the most interest-
In other words, these samples are Fermi glasses with theg behaviors. They are still insulators but their room-

B. Low dosage samples
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(E)
original band
/ \

band tails
(localized states)

extended into a smooth band tail where the localized states
reside. If the Fermi level is located in the localized region,
the system is a Fermi glagbkig. 4). The four lower dosage
samples are apparently examples of Fermi glasses since their
conductivity follows the general hopping form of E().

For a slightly modified band structure, the DOS is close to
the original unmodified structure that varies rapidly with en-

J ergy in the band tail regiofFig. 4a)]. For a Fermi glass in
4% . E this case, the Mott assumpti"drof a constant DOS nedt
@ B R ‘ " in deriving the VRH conduction cannot be held. This as-
voF sumption is especially of concern for sample 1, since the
N(E) temperature range of interest in this case is finite, thus the

energy intervabE=k ST above and below the Fermi level in
which the localized states are involved in the hopping con-
duction is also finite. As a result, the DOS over this energy
interval cannot be considered as a constant. We employed an
exponentially energy dependent DOS nEar.*°

_ [E-Eyl
N(E)=Nyexp —
Ao

, ()

whereE, is the mobility edge in the valence band akglis

the scale of the decay of the DOS with,—Eg|>A,, i.e.,
FIG. 4. Fermi glass mode(a) Lightly moderated band structure  N.=N(E)<N, . For the states over the energy interd&l

and (b) strongly moderated band structure. participating in the transport near tig:, the average hop-

temperature conductivities are higher than the pristine unP'nY distanceR(JE) is given by

doped sample by a factor of 10— 10" This jump in A -1 g SE
conductivity is assigned to the substantial increases gf [—R3( 5E)} =J N(E)dE= NFAoexl{ —)
bonding with unpairedr orbitals!® These unpairedr elec- 3 Er—dE Ao
trons may be removed by oxidation. As a result there are (4)

acceptor states whose levels are near the top of valence banghi-h yields R(SE)=R; exp(— 6E/3A,), where R
The sign of the thermopower confirms that holes are the:(477NFA0/3)*1’3. The hgpping condlj)ct,ivity determi;ed

charge carriers. , _ . by these states is given then
In crystalline p-doped semiconductors the conductivity

follows the Ahrenius law with activation energy which is the
energy difference between the acceptor level and the valence o(T)ocexp{ T
band edge. Instead, as we mentioned above, four samples

experience a crossover in the slope of thplots from nega-  \here ¢ is the localization length. Following the Mott pro-

tive at high temperatures to positive at low temperatureseedqure of optimizings(T) over SE, we obtain thew func-
This crossover inw plot corresponds in temperature depen-tion of this conductivity

dent conductivity to a transition from weak almost metallic
temperature dependence of conductivity at high temperatures
to strong dielectriclike dependence conductivity at low tem-
peratures. where x=log;,T, p=Ilog;o(3Ay)/logpe, and q=

The linear fit of the low temperatuke plot data of sample  —100;03A,+ (|Ey— Eg|/3Alog;pe.

1 yieldsy=0.74, i.e., Ino(T)x—T~ %74 This appreciable de- The first term in Eq(5) corresponds to merely the Ahr-
viation from the Ahrenius law indicates that the low- enius law and describes the transport of carriers thermally
temperature conductivity is not provided only by extendedactivated at the valence edge. The last term in(Bgrepre-
states above the mobility edge, but hopping between the Issents the difference from the activation law and describes the
calized states below the mobility edge also contributes to theontribution to the conductivity due to hopping between the
charge transport. At the same time the value0.74 is far ~ exponentially disappearing band tail states. Using(Eq we
from the usually observed Mott numbgtsl/2, 1/3, and 1/3. obtain a good fit to thev plot of sample 1 as indicated by the
We note that the Mott conductivity is provided by hopping solid line in Fig. 3a). The optimized fit yieldp=1.93 and
over localized states uniformly distributed over space andl=0.13. Fromp, we obtain 3\,=37 K and using this value
energy. with g, we obtain|Ey—Eg|=145 K.

This unusual temperature dependence can be explained It should be noted that this modification only applies to
with a modification of the Mott VRH model. The ion irra- finite temperatures. At extremely low temperatures, 5.,
diation in the implantation process creates disorder in the—~0, the localized states involved in the hopping conduction
original polymer structure. According to the Anderson local-are those in the close vicinity of the Fermi level, in which
ization theory, such disorder will change the electronic struc€ase the Mott constant DOS assumption can apply and one
ture of a systen}’ The original sharper band edge will be should observey=1/4.

SE R( 5E)} -

w(T)=p—x+log,o(Xx+0), (6)
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210 whereoq,a,b, andc are fitting parameter®. Figure 5 plots
the conductivity results of samples 5 to 7 and the corre-
sponding fitting curvesgsolid lineg of Eq. (7). The param-
eters for these curves obtained from nonlinear fitting of the
conductivity results using Ed7) are listed in Table II.

For T>c, Eq. (7) becomes

170

o(T)=og+mTH2+B' T3 ®)

where o{=0,—BIn(2) and B'=Bc %2 For T<c, the
asymptotic form of Eq(7) is

o (S/cm)

130} %

o(T)=0p+mT2+ 1.8 In(T), 9

90

0 50 100 150 200 250 300 where o= 0y—1.5BIn(c). Equation (8) suggests that at
T (K) high temperatures the conductivity obtains contributions
o o from a WL effect with phonon-electron scattering as the
FIG. 5. The sheet conductivities of samples 5-7. Solid lines arqeading inelastic scattering raté'3(2 term) and an electron-
fits to Eq. 7 using parameteks,,m,B, andc listed in Tables | electron interaction effect -|-(1/2 term), both in a three-
and Il. dimensional cas&?° Equation(9) suggests that at low tem-

For samples 2 to 4, the ion dosages are higher and so Reratures the WL effect is two dimensiorié(T) term],***°
disorder. This will create more localized states into the bandvhile the interaction effect is still three dimensional¢
tail, which flattens the strongly energy dependent DOS neai€rm). The values listed in the last two columns in Table II
Er [Fig. 4b)]. In this situation the constant DOS can be Show that even at RT both WL and electron-electron inter-
assumed at the Fermi level, even at finite temperatures. Thiction effects are still approximately first order corrections to
assertion is supported by the resultyst 1/4 obtained in this o, in accord with the theoretical modét?°
temperature region for these three samples. The solid lines The two asymptotic forms Eq$8) and (9) suggest that
through these three data curves represent linear fittings witthe WL effect undergoes a dimensional crossover between 4
v=1/4[Fig. 3@)]. K and RT whereas the electron-electron interaction effect

Above a characteristic temperatufie, all four w(T) remains 3D over the whole temperature range. This cross-
curves in Fig. 8a) change to a positive slope, correspondingover can be understood by comparing the data with the the-
to a noninsulating phase. Within the Fermi glass model, thiretical predictions. The WL effect for a 3D case is given by
crossover can be explained by definikgT.=|Ey—Eg|.
Therefore, in case of a hole dominated conduction;T at
>T. some electrons will be thermally excited from below
Ey, leaving a population of holes in the extended region of
the valence band that forms a temperature dependent Feriyhere Thouless length is given = (D 7ip) "2 D is the
liquid [Fig. 4(b)]. As indicated by Fig. @), T.~149 K is  diffusion constant and;,«T P, p>1, is the inelastic scat-
obtained for sample 1, which is in an excellent agreementering time. The Thouless length is used to judge the dimen-
with the value|E, — Ef|=145 K obtained above. sionality of the WL effect in a systef.For an electronically

thick of 3D system, one halst,<t (t is the system thick-
C. High dosage samples ness; but if Lt,>t, the system is electronically thin and 2D

Samples 5 to 7 have higher conductivities and weakeFOr the WL effect. For a 2D case,
temperature dependence also becomes weaker as indicated &2
by the smallogt/o 7 ratio (Table ) and the non-negative Ac?P(T)= ap
slopes ofw plots[Fig. 3(b)]. Both these results indicate that 27%h
these three samples are not insulators as are the first four 14 . .
samples. Their conductivity results are very similar to thoseWherea should be unity." The electron-electron interaction

of our earlier report® The data very well fit to the semime- effect for a 3D case is given by

tallic model developed in Ref. 10 Ao o2 134 3,; \/I(B\T .
312 oy ( )_4772ﬁ\/§ 373 D (12

T
sinI—(E +mTY2 (7)
whereF is the screening factdf.

TABLE |I. Fitting parameterssy, m,B, andc of Eq. (7) for By comparing the corresponding temperature dependent

samples 5 to 7. The last two columns are calculated at 300 K. {grms of Egs. 8 and 9 with those (ZKO'ED,AO'ED, and

Aa,3D, a group of parameters are obtained and listed in
Table Il (using sample thickness 0,25 when necessary

2
Ao(T)= ——, 10
L (T T, (10

In(T), (11

o(T)=0y+BIn

Sample m (S/cmk’?) B (Slcm ¢ (K) mTY%q, B'T¥%q)

5 3.01 0.723 40 0.56 0.16 As one can see from the table, the valuexdk very close to
6 3.21 0.742 40 0.50 0.13 the predicted unity. The dimensional crossover occurBgat
7 3.97 0.753 51 0.59 0.088 ~40 K, reasonably close to value ofgiven in Table II, at

which the Thouless length equals the sample thickness,
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TABLE Ill. Values of L1,,Ts,Dy, L., @ obtained from the fitting parameters of Fig. B is the tem-

perature at which the Thouless lendgth, equals the sample thickne$,, is the upper limit for the diffusion

constant calculated froma?D, assuming the screening facter=0. L= (AD,,/kgT)*?is calculated at 3

K.
Sample L+, (M) T (K) D (cn?/s) L3 K) (A) a

5 4.3x10°57°3%7 43.6 0.82 145 1.03

6 4.2x10°57°3%7 42.8 0.72 136 1.05

7 6.0x10 5T 32 54.0 0.47 110 1.07

marking the crossover from 3DTGTg) to 2D (T<T,) for  tron population, electron-phonon scattering is likely to
the WL effect. On the other hand, the critical length to judgedominate electron-electron scattering.
the dimensionality of the electron-electron interaction effect In lower dosage implantation PBO samples, one obtains
L.=(AD/kgT)¥? (Ref. 14 atT=4 Kis less than 200 A for insulating behaviors at low temperatures instead. The ob-
all three samples and much less than the sample thicknesgrved conductivity results of these implanted polymer
(~1500 A). Thus, the interaction effect is 3D over the samples also provide support for the above model, when
whole temperature range. Another result from fitting of Eq.compared with earlier studied ion implanted polymers. Sev-
(7) is p=3, by comparing the temperature dependence oéral groups reported result gf=1/2 in the insulating con-
Eq. (10) and theT®? term of Eq.(8). This value indicates ductivity Eq.(1) and explained it in terms of quasi-1D VRH
that the inelastic scattering rate in these samples is dompr tunneling>®24In this study, in the temperature region that
nated by electron-phonon scatterifiinstead of usually ob- Eq. (1) was observedy=1/4 or y=0.74 were obtained. As
servedp=2 for electron-electron scattering in a clean limit shown in Sec. Il B, the latter behavior was explained in term
or p=3/2 for electron-electron scattering in a dirty limit in of a modified Mott's VRH model. This result, together with
doped semiconductof$-23 This result is consistent with the the observation ofy=1/4, suggests that the structure of
amorphous nature of these implanted polymers. In such these implanted samples is three dimensional in nature.
highly disordered system, one would expect electron-phonoitherefore, these systems are structurally different from the
scattering dominates electron-electron scattering. All thesearly studied implanted polymers which showed either one
results show that the model of E() is self-consistent and dimensional behavior or tunneling behavior. What underlines
the corresponding discussions in our earlier paper on ththis difference is the densely packed pristine polymer
properties of this semimetallic phase applies to thesdackboné&?®in these ladder and rigid rod polymers which
samples. provides a basis for the reformed 3D interconnected carbon
network. At higher dosages, the extended degree of carbon-
ization leads to & p? rich carbon network and a semimetallic
phase in these samples; while at low dosages, a less carbon-
As concluded in our previous paper, the semimetallic beized system with more impuritigén case of implanted PBO,
havior of the high dosage implanted samples is due to &ey are nitrogen and oxygen atommesults in an insulating
reformed 3D interconnected carbon network upon ion im-
plantation on the densely packed pristine samples. This re: 64000
formed carbon network contains quasi-planar patchespbf
rich graphitelike structures and is interrupted three dimen-

sionally by randomly distributedp® sites. The overlap be- - v e
tween adjacent extended wave functions from the neighbor— 10

D. Reformed carbon network, IMT, and XPS results

oxygen nitrogen carbon

ing graphitelike structures is strong enough for the ‘E 480007 A
delocalized 7v electrons to percolate through the entire =

sample. This model explains that at higher temperaturesé

when the Thouless length is smaller than the sample thick-~ \ .
ness, the samples are 3D for the WL effect; while at low & 32000f * \JLL 4x10

temperatures, the samples are electronically thin when the'g
increasing Thouless length surpasses the sample thicknes3
even though the structure is 3D in nature. The smaller &

a3P(T—0) indicates that these carbonized systems are jus 16000 ML 7x10%
over the insulator-metal transition boundary into the metallic

side. In other words, the Fermi ener@¢ just passes the
mobility edgeE,, and locates into the extended state region. _\A‘
As a result, these systems have fewer extended electrons, ¢
a smaller conduction electron density, than the more metallic
systems. This result is consistent with the fitting resulpof
=3 indicating electron-phonon scattering dominating the in-

elastic scattering rate in these materials. For highly disor- FIG. 6. XPS spectra of implanted PBO samples at different ion
dered systems such as these samples with a small free elaivsages.

A ‘JL.\_ prinstine

-500 -400 -300 -200 -100 0
Energy (eV)
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phase. This change in degree of carbonization as a functiog 10'7 jons/cnf), the gy increases further with a dramatic
of implantation dosage, which leads to the IMT, can be seeghange in the temperature dependence which fits to a model
clearly in the XPS results. Figure 6 plots the XPS spectra ofyith weak localization and electron-electron interaction ef-
the implanted PBO samples at different ion dosages. It isects dominating the charge transport. The fitting of the con-
obvious that with increasing dosage, the carbon peak intertuctivity results from this model indicates a dimensional
sifies while nitrogen and oxygen peaks reduce greatly, whiclgrossover for the WL effect at 40-50 K. It is concluded
indicates an increasing degree of carbonization with increaghat a 3D interconnected carbon network reforms upon ion
ing ion dosage. implantation on these densely packed polymer samples. At
higher dosages, the implantation createspa carbon rich

IV. CONCLUSION network which is responsible for the semimetallic behavior;

and at lower dosages, the system still contains noncarbon

In'surr:rrtlaryt, we otbsl,etrved .?n |rr'1pl<'.;1nta.t|on||nc:uged '?‘nder'atoms as shown in the XPS spectra, which results in a more
son insulator to metal transition in ion implanted polymer,,..j;eq state and a 3D hopping conduction in these
PBO as a function of the implantation dosage or degree o amples

carbonization in the system. The lowest dosage sample (
=7x10 ions/cnt) showed an anomalous conductivity at-
tributed to hopping in the tail of the strongly energy depen-
dent DOS. The other low dosage samplesp<(/ This work was supported in part by Air Force OSR Grant
X 10' jons/cnt) display the more usually observed Mott No. F49620-92-C0002, the National Science Foundation
VRH model. For the higher dosage samplesp ( Grant No. DMR-9508723, and the Office of Naval Research.
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