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Transport properties of ion-implanted and chemically doped polyaniline films
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The low-temperature dc conductivity and magnetoconductivity of ion-implatted) and chemically
doped (H,S0O,) polyaniline films have been studied. The metal-insulator transition has been observed for
ion-implanted polyaniline films on increasing the irradiation dosexd @’ ions cni 2. The maximum values
of the room-temperature conductivity reached 800 Stior ion-implanted and 8 S cit for chemically
doped polyaniline films. In both cases, for samples on the insulator side of the metal-insulator transition,
o(T)=0(0)exd —(To/T)™], where m~0.5, whereas for the most heavily ion-implanted polyaniline films
o(T)~T at T>20 K; the minimum in theo(T) occurs atT~20 K and a negative magnetoconductance
Ao(H,T)~H? has been observed. It is shown that electron-electron Coulomb interactions play an important
role in charge-carrier transport in ion-implanted polyaniline films near the metal-insulator transition.
[S0163-18296)03239-0

INTRODUCTION with ammonium peroxydisulfaté-isher, reagent gragén a
hydrochloric acid(Fisher, reagent graglenedium?®’ Free-
Polyaniline is one of the most promising conducting poly-standing polyaniline film$~40 um thick) were prepared by
mers for applications due to its chemical and oxidative staheating a dispersion of polyaniline powder Nrmethyl-2-
bility in both the undoped and doped form&Although rela-  pyrrolidinone (5% weight/volume in a convection oven at
tively high conductivity has been obtained for polyaniline 110 °C for 1-3 h. The base polyaniline films were chemi-
doped with conventional protonic acitihe temperature de- cally doped to form the conducting emeraldine salt by equili-
pendence of the conductivity typically shows activated transprating the films in a 181 H,SO, solution for 3—5 h, result-

port. Recently, the disorder—induced .r_netal—.insulator transiyng in fully protonated imine nitrogens along the polyaniline
tion has been observed in polyaniline films doped bypo-kbone.

camphor sulfonic acidC;gH;60,5).* The conductivity of
polyaniline-camphor sulfonic-acid-doped films reached 40(}a

_l . _
tSiv((:arIn ic?r?dimwalzn?:tiegg itse';]ﬁgtrﬁé?rzf;ggs\?:nfgﬁgﬂntz in- 2%2.5 cnf area. The energy of the beam was maintained at
Y P 90 keV with doses ranging from X10" to 3x10'

crease the conductivity of both conjugated and nonconjus 2 The ion-b t density during irradiati
gated polymer§-8 The effects of ion implantation on the lons cm ~. The ion-béam current density during irradiation

electrical conductivity of polyaniline have recently beenran.ged.frorn 210 lQLA cm 2. The s_ubstrate temperatures
studied® 2 The conductivities measured for ion-implanted 9uring ion implantation for samples irradiated with low and
polyaniline films are comparable to those for polyanilineintérmediate doses remained below 200 °C, which is consid-
doped by conventional acids3~1® However, the transport erably less than the crosslinking temperature for polyaniline
mechanism in ion-implanted polyaniline films, especially onfilms (~240 °Q.*® For two representative samples irradiated
the metal side of the metal-insulator transition, has not beeWith the maximum dose, the substrate temperature during
investigated thoroughly. In the present work, the electricairradiation was raised to 26010 °C and 23610 °C, respec-
properties of ion-implanted and chemically doped poly-tively. The ion distribution and the thickness of the conduc-
aniline films over the temperature range 1.8—300 K and magtive region formed was estimated using a standard transport
netic fields up to 2.7 T are studied in order to better underand range of ions in mattéTRIM) calculation®®
stand the charge-carrier transport mechanism in doped con- Four-probe conductivity was measured by attaching silver
jugated polymers. wires in a planar geometry to the implanted surface using
silver paint. A computer-controlled automated measuring
EXPERIMENT system, containing a helium cryostat with a superconducting
magnet, was used to measure dc conductivity. The power
Polyaniline, in the emeraldine oxidation state, was pre-dissipated into the samples was less than 1 mW. Tempera-
pared via chemical oxidation of anilin@Aldrich, 99.599  tures were measured with a calibrated germanium resistor.

Free-standing polyaniline base films were irradiated by
stering a beam of Arions across one surface covering a
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Irradiation Dose (ions-cm?) a typical chemically doped sample. As can be seen by com-
paring Figs. 3 and 4, the increase in the irradiation dose
FIG. 1. Dose dependences of the sheet resistivity and the roon@lters the temperature dependence of the conductix(iy)
temperature conductivitiinsed of polyaniline films implanted with ~ from activated transport to close to metallic transport,
Ar™ ions. The dotted line is a linear least-squares fit. whereas thex(T) of chemically doped polyaniline films al-
ways has an activated nature. On the insulator side of the
Magpnetic fields up to 2.7 T were applied in a direction par-metal-insulator transitiong(T) of ion-implanted and chemi-
allel to the sample surface. cally doped polyaniline films exhibits a common temperature
dependence characteristic of the variable range hopping

RESULTS AND DISCUSSION mechanisn(Fig. 3):
To\™
- ?) }, @

where for samples investigatedn=0.45-0.66 and
JTo=10°-10'K.
| An analysis of the temperature dependence of the dimen-
sionless activation energg(T)/KT in the range where
e(T)>KkT shows that for ion-implanted polyaniline films,

Figure 1 shows that irradiation of polyaniline films with _
Ar" ions decreases the room-temperature sheet resistivity U(T)_U(O)ex%
from 10'° down to 13 /1. The values of room-temperature
conductivity o(300 K), shown as an inset to Fig. 1, have
been estimated assuming a conducting thickness of 100 n
The depth of the conducting layer was assumed to be equa
to the irradiation length. The inhomogeneity within this Iayer
is not very high especially at low and intermediate irradiation
doses according to the TRIM ion distribution profiles. From
the inset to Fig. 1 it can be seen thgB00 K) increases up
to 800 S cm* as the irradiation dose increases. This conduc- JR— %%%
tivity is over 12 orders of magnitude higher tha300 K) :
before irradiation and roughly twice that of polyaniline- . K
camphor sulfonic-acid-doped filmsThe chemical doping
process using sulfuric acid only increases tH800 K) of
polyaniline films to 8 S cm'. Measurements of the thermo-
electric power at 300 K show that both ion-implanted and
chemically doped polyaniline films exhibf-type conduc-
tion. Figure 2 demonstrates that an increase in the irradiation
dose improves the electrical stability of ion-implanted polya- &
niline layers during exposure to air in comparison with a 107 : . . .
chemically doped sample. The small rise a300 K) for '
chemically doped polyaniline is not unexpected given the Temperature /2 (K-1/2)
propensity for polyaniline to absorb atmospheric water,
which increases the dopant mobility in the fitfn. FIG. 3. Dependences of log conductivity versusT % for
The temperature dependences of the conductivity ofon-implanted(a and ¢) and chemically dopedb) polyaniline

polyaniline films irradiated by Af ions with low, interme-  samples on thensulator side of the metal-insulator transition. Irra-
diate, and high doses are shown in Figs. 3 and 4 along withiation doses(a) 1x10 and(c) 3x10' ions cn™2.
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g wherek is the Boltzmann constang, is the permittivity,« is
the localization radius, and=2.8. According to this model,
variable-range hoppinfwith m~0.5 in Eq.(1)] should be
observed akT<A and the width of the quasigap can be
estimated as

700 1

600 4
A=3(ToT*)%%, ()

500 g m o o O whereT* is the temperature at which the power Ig&g. (1)

oo o N with m=0.5] begins to be satisfied. For example, for the
rﬂﬂ“ﬂw ion-implanted sample& shown in Fig. 3(T,=3.9x10° K,
w00 T*=10? K), the width of the quasigap 8=26.8 meV. Al-
0 50 100 150 200 250 300 though the values obtained fdf andA are rather large, they

are not unusual for ion-implanted semiconductors. These

Temperature (K) large values indicate that the samples are well within

the insulating regime and far away from the metal-insulator

transition.

Conductivity, ¢ (S cm™)

FIG. 4. Conductivityo(T) versus temperature for polyaniline . . . I
samples, on thenetallic side of the metal-insulator transition, ion As mentioned above, the increase in irradiation dose leads

implanted with AF" at irradiation dose of 81017 ions cn2 The  © the observation of the metal-insulator transition in ion-
less metallic polyanilingbottom was ion implanted with a sub- implanted p.o'lyanlllne layers. The temperqture dppendpnces
strate temperature maintained at approximately=2tm°C, while ~ Of conductivity for the two representative highly ion-

the more metallic sampléop) had a substrate temperature of ap- ImMPlanted polyaniline samples on the metallic side of the
proximately 23610 °C during irradiation. metal-insulator transition are shown in Fig. 4. Both samples

were irradiated with the same dos& B0 ions/cnf; how-

, i ever, the substrate temperature during irradiation for the less
Eq. (1) with m=0.66 is followed aff <200 K, whereas for etajic sample was maintained at approximately 200

chemically doped polyaniline films witm=0.45, Eq.(1) is 410 °C, while the more metallic sample had a substrate tem-
followed over thg. entire temperature range. For the ioNperature of approximately 23610 °C. As indicated in Fig.
implanted polyaniline samplec] in Fig. 3 on the insulator 4 the estimated values @300 K) for these samples, as-
side of the metal-insulator transition a weak positive magnesuyming a 100-nm conducting layer thickness, are typically
toresistance is observed from=77 to 300 K; however the 500-800 S cm'. The o(T) dependences are very weak with
very high resistivity of this sample at low temperatures pre-conductivity ratioso(300 K)/o(1.9 K)=1.08—1.17, similar to
vented a more sophisticated analysis. the best polyaniline-camphor sulfonic-acid-doped films on
The observed dose and temperature dependences of tttee metallic side of the metal-insulator transitibfor both
conductivity indicate that in the case of ion-implanted andsamples in the temperature range-20 K, o(T) is nearly
chemically doped polyaniline films on the insulator side oflinear in T: o(T)=0(0)+AT, where A=0.26 ando(0)
the metal-insulator transition, the main transport mechanisn448 (diamond$ and o(0)=740 (squares as shown in Fig.
is charge-carrier hopping between localized stftemalo- 4. However, at lower temperatures, a differeqT) behavior
gous to other conducting polymets’ Recently, aos(T) de- is found for these samples. For the less metallic sample
pendence similar to that in Eql) with m~0.5 has been (squaresatT,,<20 K, o(T) shows only a negative tempera-
attributed to chemically doped polyaniline in the frameworkture coefficient to the resistivity, typical for dirty metdisee
of a quasi-one-dimensional variable-range hopping mddel.Fig. 5b)], while for the more metallic sampleiamonds the
However, it seems very unlikely that both chemically dopedtemperature coefficient of the resistivity changes sign from
and ion-implanted polyaniline samples could be described byegative to positive, like in normal metals, beldy=20 K,
this common model since ion irradiation is expected to in-where a minimum in(T) dependence is observesee Fig.
duce much more disorder. On the other hand, a recent study¥a)]. The increase in conductivity below,, is approxi-
of transport in polypyrrole doped with RRRef. 2) and mately 1-2 % of the room-temperature conductivity. A mag-
ion-implanted polyimidé both indicate three-dimensional netic field of 2.7 T suppresses the positive temperature coef-
variable-range hopping in the presence of the Coulomb gaficient of the resistivity ino(T) for polyaniline, as shown in
at low temperatures for samples on the insulator side of th&ig. 5@). Analogous increases in conductivity at low tem-
metal-insulator transition. This model assumes electron hogperature have been observed in hexafluorophosphate
ping between localized states near the Fermi level with dPR;~)-doped polypyrrole(but only under high pressifr
parabolic quasigap due to the Coulomb electron-electron and in heavily doped semiconductdesg., B-doped S{Ref.
interactions present in the single-particle density of state®4)], which has been attributed to the correlation effects ex-
spectrum, while the noninteracting density of states ipected in the metallic regime near the metal-insulator
finite.2® Under the one-electron transport approximation thetransition?>?® Another explanation of this effect has been
Coulomb gap model results in conductivity obeying E.  given for quasi-two-dimensional intercalated graphitic sys-
with m=0.5. In this case the paramet€p in Eq. (1) be- tems, where the increase in conductivity was attributed to a
comes possible phase transition in these systems at low
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FIG. 5. Top: expanded conductivity versus temperature plot
from Fig. 4 (top) below T=50 K, atH=0 (diamond$, andH=2.7
T (triangles. Bottom: expanded conductivity versus temperature
from Fig. 4 (bottom belowT=50 K, atH =0 (squaresandH=2.7
T (inverted triangles

FIG. 6. Magnetoconductance versus applied figfcat 2.2, 3.2,

and 4.2 K, for the ion-implanted polyaniline samples from Fig. 4,
where the top sample is more metallic and the bottom sample is less
metallic.

observed can be described by E4). The best fit forT>T,
temperature$’ It is possible that such differences iT)  yieldsp=2.03+0.11 andB=0.39+0.10 for the less metallic
dependences between our two metallic samples irradiated aample[Fig. 5 (bottom] and p=2.88+0.14 andB=0.23
different temperatures indicate significant structural differ-=0.18 for the more metallic samp|€&ig. 5 (top)]. The val-
ences due to increasing inhomogeneity inside of the conducttes ofn and o(0) are strongly dependent on magnetic field,
ing layer. Nevertheless, assuming that the three-dimension#hich decreases(0) and suppresses the positive tempera-
localization-interaction model near the metal-insulatorture coefficient of resistivity for the sample in Fig(ah
transition is appropriate for ion-implanted polyaniline films, @halogous to the case of doped polypyrrole fifhghe ex-

we consider that the low-temperature conductivity of the in-Ponentp=2.88 of the localization correction term in Ef)
vestigated layers is given By implies that abov@ =T, inelastic electron-phonon scatter-

ing is dominant®
_ _ 5 0.5p The low field magnetoconductance ddfgs. 6a) and
o(T)=0(0)+A0y(T) + Aoy (T) =0 (0) +nT**+ BT (4y  6(b)] show that for both metallic polyaniline samples at
T<4.2 K the magnetoconductance is negative and linear in
where the second tertho, (T) arises from electron-electron H? independent of the sign of the temperature coefficient of
interactiond®2% and the third term\ o (T) is the correction the resistivity. This can be explained by assuming that the
to the zero-temperature conductivity due to localizationcontributions to magnetoconductance that arise from
effects®® The temperature dependence of the localizatiorelectron-electron interactions and “antilocalization” are of
correction is determined by the temperature dependence dfie same sign and additiv&?® Usually in disordered sys-
the inelastic-scattering rate,'=TP of the dominant dephas- tems the localization effects lead to positive magnetoconduc-
ing mechanism. For electron-phonon scatteripg;2.5—3; tance due to inelastic scattering processes. However, accord-
for inelastic electron-electron scatteriqg=2 and 1.5inthe ing to the theory of weak localization negative
clean and dirty limits, respectivefy. A recent calculation magnetoconductance can take place when the spin-orbit scat-
givesp=1 very near the metal-insulator transitih. tering is strong® whereas electron-electron interactions al-
An analysis of the low-temperature dependences of conways lead to negative magnetoconductance proportional to
ductivity, for both polyaniline samples, in the metallic re- H22° In this case the total low-fieldgluH<kT) magneto-
gime [Figs. 5 (top) and 5 (bottom] shows that the curves conductance is given by
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AS(H,T)=A3,(H,T)+A3 (H,T)= electron interaction is probably dominant in comparison to
) the weak localization term in this temperature range. How-
_004]37(9_,&) vF T1-5|—|2—(i 772) ever, the influence of the weak localization contribution

: d o 48 could become more apparent at lower temperatures, suggest-

ing that further transport studies in the lower-temperature
3142 range are needed to get a more complete understanding of
GolLin)"H™. ®  the trans in ion-i li
port phenomena in ion-implanted polyaniline.

2
X

h

The first term on the right-hand side is the contribution due
to electron-electron interactions, the second term is the con-

CONCLUSIONS

tribution due to antilocalizationy and yF,, are the interac- The metal-insulator transition has been observed in polya-
tion parameter8} Go=(e’/#), and L, is the inelastic- njline films irradiated with AF ions. The maximum value of
scattering length. the room-temperature conductivity of ion-implanted polya-

Similar magnetoconductance behavior has been observegine films reaches 800 S cm, at an irradiation dose of
in doped semiconductdisand conducting polymers both 35 10'7 jons cm2 and a substrate temperature of 230 °C.
chemically dopetiand ion implanted” In our case the sepa- | ower doses give rise to lower conductivities. The effects of
ration of contributions from electron-electron interactionselectron-electron Coulomb interactions play an important
usual temperature dependences of the conductivities of th@ms on both the insulator and the metallic sides of the
metallic samples. On theoretical grounds, spin-orbit effectgnetal-insulator transition.
in conducting polymers should be rather weak in comparison
to electron-electron interactions. So the observed strong de-
pendences afi anda(0) in Eqg. (4) on the magnetic field and
strong negative magnetoconductance proportional taal- This work was partially supported by the U.S. Office of
lows us to assume that the contribution from the electronNaval Research Grant No. NO0014-93-1-1307.
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