-

i

D-A261 401
WRRARIRRL

Form Apps oy ey

]
)CUMENTATION PAGE g

CAed o PIUS Ltés
PR

5oeiO gLy R

Bt .3 = o 3% 4
e el e

EEEELE SEE E
S ima Py ..“.r,,,,:‘,

i' *; REPOAT DATE
} October 1992

¥
NS Al e

{3 REPORT T1PE
Final

A#ND DATES COVERED
Report 9/1/99 - ,073./9% !

4 TITLE AND SUBTITLE

Electrical Conductivity of
and Semi-lLadder Polymers

fS FUNDING NUMBERS i

lon Implanted Ladder

62i04F i&

6. AUTHOR(S)

Arthur J. Epstein

Ohfio State University
1314 Kinnear Road
Columbus,

7. PERFORMING ORGANIZATION HAME(S) A

Ol 43212-119%4

B PRI OFPANG CROANITATION !
REPORT HUMBER

H
$ O]
genn Y 5

AFOSR/NC

20332-6448

9. SPONSORIMG / MONITORING AGENCY M

Building 410, Bolling AFB DC-~

710 SPONSCHING  MONIT ORING
AGENCY REPORT NUMBLR

ok > oy, e e ..«1:

FuQ62¢.90

1. SUPPLEMENTARY NOTES

93--04306

12a. DISTRIBUTION ' AVAILABIUTY

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION IS UNLIMITED.

T TG

AN TE AT

STATEMENT

e

e -

Aromatic
{including BBL,
have carried out
chemical,

13. ABSTRACY {Maxmum 200 words)

heterocyclic
PBO,
with excellent mechanical properties as well as environemntal stability.

optical and electrical properties of ion implanted rigid rod,
and semi-ladder polymers,

ordered f&gial';od “Tadder and semi- 1adder §0; ymers
and BBB) combine exceptional high temperatures stability

[, S OV

We

of the morphological,
ladder

XPS data of films revesl significant reduction in

systemic coordinatd investigarion

the heteroatoms. An increase carbon content after {mplantation together with
the scanning electron microscopy and Raman studies indicate that the implanted
material is no longer polymeric but perhaps better described as a carbon
network. The implanted polymers have a featureless broad optical absorption
from the lufrared ro the UV. They have a very weakly temperature-dependent
conductivity (typically -100 S/em at room temperature). The initial
conductivity, thermoelectric power and magnetotransport studies suggest that
these implanted polymers behave as "disordered merals.” Further studies on
are necessary to elucidate the role of implant ion beam energy and current as |
well as to determine the microscoplc charge conduction mechanism. L
{74 SUBJECT Terms i5 Nufgséin OF PAGES r

16 PRICE CODt

O N S L

17, SECURITY CLASSIFICATION 118 SECURITY CLASSIFICATION | 19, SECURITY CLASSIFICATION {20 LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE i OF ABSTRALT
UNCLASSIFIED UNCLASSIFIED i UNCLASSIFIED

Stardard Soem 298 (Rey .85
Trasr g Dy AN 3@ 3088

2718w

NSN 7580-01'-280-5500 93 3 1 () 7 6 V‘




« SENT BY:BLCKEYE RESEARCH

a)

b}

c)

Suarisrical Rapart for AFOSR Coauwract No. F49620-90-C0072

Arthur J. Epatein
Princtpal Invesdgator

.. Publications 1o Reviewed lgurnals

L. A Burns, LI Wang, G. Iu, | Joo, AJ. Epstetn, J.4 Osahem, SA
fenekhe and C.S. Wang, loa implananon of Canducting Laader
and Rigld-Rod Polymers, Procesdings of the Materials
Research Sociaty 147, Sympostum N on Hectrical,
Materials 247, 2.6 December 1991, (Boston, Massachusetis)
73$-740, eds. LY. Chiang, AG. Garnito, and D.J. Sandman
{(pudlished by Marterialy Research Soctery, Butshurgh, PA,
1992).

2. J. A Ouaheni, SA Jenekhe, A Bums, G. Dy, J. loo, I H. Wang, AJ.
Epstain, H Song, and C.S. Wang, Specunwoplc and
Morphoiogical Studies of Hughly Conducting jon-implanted
Rigid-Rod and {adder Polymers, Macromolsculse 28,

5828-5838(1992).

Accesion For

4. Submiized Fublicacions NTIS
1. G. Du, 7.H. Wang, J. Joo A Surns, §. Jagty. P. Zaou, A }. Epatain, | DTIC

CRA&|
TAB

J.A Osabeni, S.A. 'enckhe, € S. Wang, Weak Locailzstion, Unannounced
Electron-13ectrun interuction, and Metal-Insulator Transiuan | Justification

in lon-Implanted Molymers. Synthetic Metals xx, xxx (1992).

d

2 G.Du, Z.H. Wang, A Burns, J.Joo, ] A. Otahent, S.A. fcnekhe, and | By

and A J. Epstetn, Coulamd Gap and Mew)-Insulator [ransition In sttr:gt.:tb;o;‘/*m

jon-tmplanted Polymers, Phys. Rev. Lett. xog xxx (1992}

Beaks

Avaiability Coges

S.A. jenekhe, ed.. Macromolecular Host-Guest Complexes: Disy

Optical, Optoelectronic, and Photorefractive Properties

and Applications (gubllshed by Matertals Research Society, B /
) -

usburgh, PA 199

Avail andjor

>

Goadudse Students

1. Cang Du (Dept. of Physics, The Chio State University, Columbus, Ohio)
- 50%

2. Jinsoo loo {Dept. of Paysics, The Ohio State Unuversvity, Columbus,
Ohio) - $0%

IRt R §

A‘r’:}}"o'}[}d fgr a':)‘l ]' a

dz.,,rzbuLioJ; widimi

releage,
ted,




SENT BY :BLCKEYE RESEARCH

10 6-93 - 3 46PY . OSLRF €13 29743;3-

-t

3. Randy Kohlman (Dept. of Physics, The Chio Staze Ungversily,
Columbus, Ohio} - $0%

4. John A OQsaheni (Dopartment of Chemisiry. University of Rochester
Rochaester, NY) - S0P

Poatdacs

1. Andrew Bumas - (Wright Patter3on Air borce Base, Dayton, Ohig) -
10096

2. KS. Narayan {Wright Patterson Air Force Basc, Dayton, Ohin) - 100%
Bxiscaal Bonors
Inusn

1. Yellow, American Physicai Society

2. Dastinguished Scholar, The Ohlo Swate University, 1991

3. A Epstein, New Fronticrs in Bectronic and Magpetc Polymoers, US-
India Workshop on Fronticrs of Research in Polymers and Advancod
Materials. Groa, India, January 5-10, 1992,

lanshke

2. invited Lecture 2t the China-U.S. Binational Workshop on
Photoinduced Charge [ransfer tn Pnlymers, Betjing, China, August
30-Sepiemnbar 3, 1992,

4} PBxzsaniations

1. G. Du, A Burns, LH. Wang, A ] Epstein, D.B. Swanson, N. Theophilov,
E.M. Scherr, A.G. MacDiarmid, £. Amold. C.Y.C. Lee, R. Spry, and CS.
Wang, Anisouopic AC Traniport of Orienced, Undoped Polymers,
American Physical Socisty 1991 March Mecting, Cincinnstl,
Chio, 18-22 March 1991 (Bulletn of the American Physical Society 38,
427-428 (1991}

2 L.H. wang, A. Bums, 1.8 Too, A §. Epstewn, £.S. Wang. J.A. Osaheni, and
S.A. Jenekhe, Transport Properties of lon-implanted ladder and
Rigid Rod Conducting Molymers, Materials Research Society Pall
Meeting, Boston, Massachusetts, 2-6 NDecember 1991 {Paper N11.36).

3. A Burns, R P. McCall, G, Du, [. joo, A.J. Epstein, C.S. Wang. Infrared
and fhatoinduced Infrared Studies of Rigid Rod and Ladder Priviers,
Ametican Physical Soclety 1992 March Meering,

Indianapolls, Indiana, 16-20 March 14992,

(%3]
(o

8



LY DT -BDLUKEYE RESEARCH

12 6-35 . 34TPY . OSLRF 613 29793 5-

wang, Charge Transport in lon-implanred Polymers, Ametican
Physical Sociery 1992 March Meedng. Indianapolis, Indians,
16-20 March 1992

.} Joo, LH Wang, G. Du, A Burns, A]. Epstetn, J.A. Osahent, S.A
Jenekhe, C.S. Wang, High Microwave Meieciric Constan!y of fos-
implanted Polymers, American Physical Soclety 1992 March
Maueting, Indlanapolls, indiana, 16-20 March 1992

. G.Du, | Joo, A, Burns, 2. Wang, S. Jasti, P. Lhou, SA. Jenekhe, j.A
Osaheni, C.5. Wang. and A J. tpawin, Weak Localizatcn, Flectron-
Blecuron intersction. and Meral-Inswlator Transitioa tn lon-
implanted Polymers, loternationsl Conference on Scieace
and Techoology of Synthetic Metals, Coteborg, Sweden, 1£-18
August 1992,

. 1.A. Osahen!, S.A. Jenexhe, A. Burns, G. Dy, J. Joo. Z.H. wang, A.].
Efszcm, C-S Wang, Spectroscopic and Morphological Studies of
i

ghly Conductiveing loa-Implanted Rigid-Rod and Ladder Polymers,

Macramolecules 28, 5328.583%(1992).

(1)




SENT' BY :BLCKEYE RESEARCH ©1-6-93

092502 (1. %8 Bic: 187 961 VIR, e

- 347PM . OSLRF 613 2924313~

i e m we Y Nmmmaa o e Ak tine e a om—— t a t tn  A % e b man e G L S il Sy i
Frrm 2oaee
L 'l"'i'-“,‘ﬂ." TS B o N - N R cabatad
TR A0 B DOV b TNt R
. Y
——— . s S T R e v —— - e a8 o ;
o R L LI LPIPEN IS R A S A L e e+ .
[ B Rl T 2 TR T 2 e R IR D R S e R L o .
e cmoan e e aag [ R b T A il it Ll R ICRE IR PN R LSS AUARCL S TS BE A

. r. Loy WD A - o
R el g # TUEE VA [TESFIRY -7 N FrEIT P 6 MLt we sl B s ko, Lo g TRV sy EINTTREY a2 e

LAY TR TY A ft."ii:i-:'@‘s";’:’rQ{fu‘ﬂ.f’a;f oaTg ;“":‘ "y aCram TIT AT DRI TG
N Uctuler &, 15§
s TS e T T TOTTT TR TUSRG AowAta ——

Electrical Conductivity of lor [splanted Lacuer enc
Semt-Lacdder Po!lymers

AT )T T T T e T e .
8 821620 2619 00
Arthur J. Epszeln {
T SEAROM 6 DRCLHITATBN KariTs, Tho KECAETINY) e T E e Sl CATAR AT

TAPSRAY NUmas

3ohlo Stake Univarsity
1314 Kinnear Reag
cColumbus, OH 43312.1164

v TARSLNAG NORITORITS TG AT a0 KBTI T T T T Y S Y b e R TGS T

!

1 : AQLHLY MPOIT nuwttd
AZO3R/NC i

) B\s!ldin‘ 210, B8o0lling ATY )€ i Fu9820-90-C.0072

» 20332-6448 ‘

§ T e W I s tnai, o P - D 5L 4 o Wi — - i G s ‘-_/u-‘..a-a-—._mw-—..._..- [ yo—

F 1 surrlenaNTARY NOTES

5

o

;-r,‘ 01 ‘_:: l;m‘t}“-‘.‘:ﬂ\;:?;lm.ﬁ ".1.7 ‘:%- - iy, AR . g et = o 4 W il s ¥ Flm;m.:w"ﬂ

M .
*

ia.namn FOR PUMLIC RELEASE. DISTRISUTION 18 \MLIFITED.

3
'

” AAEY Sy T v a0 I % T o . O seetaathc BVt Wasr Srinst, SN, W oy S

;‘s‘i’flbﬁﬁm'iﬁ.‘;mﬁéf' ' e
Aromatic heterocyclic ordered rig'd rod, ladder and scoi-ladder polymers
. {lacluding BBL, PEO. and BBB) combine cxceptional high temperatures stability with
«  exceilent mechanical propertics as well 15 environmental stabtifty. We have carried
out systemic coordinated investigation of the morphological, chemical, oprical and
electrical properties of ton implanied rigid rod, 1adder and semi-ladder polymers, XPS
data of films reveal stpnificant reduction in the heicroatoms. An increase carbon
content after implantation together with the scanning electron microscopy and
¢ Raman studice indicate that the implanted matcrial is no longer polymeric but
perhaps better described as a carbon network. The lmplanted polymars have &
featureless broad optical absorptive from ihe infrared to the UV. They havc a very
weakly temperaturs-dependent conductivity (typically ~100 S/cm at room
' temperature}). The mitial conductivity, thermoelectric power and magnetotranspon
i studics suggest that these implanted palymers behave as "disordcred metals.® Further
studies on are neccssury (0 elucidate the role of implant 1on beam encrg and
CUrTCent as well as (o determine the microscapic charge conduction mechanism.

kl;r‘sﬁa’”:’ﬁ?{“ﬂ?’-i‘d L S ey T s 7. 4 & Wroee O S AW P O ;.T’ rrTITEY O‘ vigTt

3 iu AL COD T
IO RTY soiismdation I AT A AR T TR T A TTATIO S35 ek T et oF asi 7Y
. 0F wsoal Lt T PR&: OF ze5TAAC I Unclassified

¢ _UNCLASSIFIED ' LNCLASSTPIED UNCLASSIFIRL

2k ~¢_-;-‘1 :r.;’;:?;'::- B e oz ~—.~-\.i»; -y - - X‘;'.:_';.:: P+ .‘:-.’..: ?4:"-.

202 304 7951




SENT, BY :BUCKEYE RESEARCH

© 1= 6-93 1 3°47PM . OSLRF 611 2923313~

TABLE OF CONTENTS

Secoon

Cover Page

Table of Contents

1, introduction

2. Results of Contract {Sep: 1990 - 31 Oct 1991)

3.0 References

4 ‘Transition of Accoraplistments to industry and Aur Farce
S.  Graduate Students and Postdocs Sponsored by Contract

6. Cumulative Ust of Publications, Prepared, Submitted and
Published

7. External Honors

10

4

28

29

30

K}

o
<3

L)

404 793}

-
i



SENT BY:BLCKEYE RESEARCH + 1-6-93 : 3:48P¥ . OSLRF 613 2924313~ 202 3014 791 = 3B

-

FINAL TECHNICAL REPORT FOR
AFOSR CONTRACT F49620-90-C-0072
1 SEPTEMBER 1990 - 31 OCTOBER 1991

1. INTRODUCTION

1.1  Background

Aromatic heterocyelic ordered rigid rod, ladder. and sami-ladder polymers,
exemplified by poly(1,4-phenylece-2, 6-benzobisthiazale) (PBT). poly(l,4-phenylene-
2. 8-benzobdisoxasole) (PBO), poly:2,5.-dihydroxy-1.4-phenylene-2, 8 benzobisthistole)
(DHPBT), poly (2,8-dlhydroxy-1, 4-phenylene-2, 8-benzobiscaazols) (DHPBO).
benzimidezobenzophenanthroline-type ladder (BBL) and semi-ladder (EBB)
polymers. combine exceptional high temperature stability (500-700°C) with exeellent
mechanical properties and environmental (chemicsl and photochemmical) resistance
(1-121. This combination of propertiss makes these polymers suitable for many
applications, includiog aircraft and aerospace, high strength {lbers, molecular
composites, engineering structures, and heat-resistance coatings (8-11). This class of
bigh performance organic materials has emerged from meay years of work under the

Alr Force Ordered Polymer research program /8.9),

Recently, interesting electrical properties have been discovered in the same
ordered rigid rod and ladder polymers [13-17), suggesting their potential for further
development as electronic materials for solid state devices [18]. Both p-type and n-
type chemicaldopingof BBB and BBL to high conductivity (~2 S/cm) has been reported
{13.16]. Electrochemical p-type and n-type doping o conductivities as high as 5-20
S/cmn was achieved in uniaxially criented BBL films [16]. An equally high (~20 S/cm)
electronic conductivity was found in an electrachemically n-type doped PBT (17]. Ion
implantation of boron, argen. and krypton in BBL films at moderate ion energies (200
keV) and flyences (4x1076 ions/cm?2) was found to increass the room tamperature

conductivity of the ladder polymer to as high as 220 S/em {151,

3
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The resuits of these initial studies 113-17] of the slectrical properues of ordered
rigid rod and ladder polymers suggest that thig class of polymers reprasents s
promising cew direction for research in synthetic metals. The successful
combination of high electronic conductivity with the high thermal stability snd
excellent machanlcal properties of ardered rigid red and ladder poiymers could result
in tachnologically useful high teroperatiure electronic materials. However, among
the fundamental questicns thal must first be addressed is the nature of slectronic

transport in the materials.

There are many Mecbaniyms for charge conduction pregent in electrenic polymers
(19-21]. The strong electron-phonon interaction in polymers often leads to the
formstion of polarons, bipolarons or solitons which have a major effsct on the
electronic states accessible Lo electrons traversing & sample. The details of the charge
wansport are very much dependent upon crystallinity, coherence length, and local
order determining the degree of lacalization of the electrons In a solid. Conductivities
less than 10 S/em at room temperature may be representative of thermal activation
10 extended states, thermally activated hoppiag in energy band tails, polaros
hopping, variable range hopping (with 1-, -, or 3 dimenslonal preferred hops) or
more exotic mechanisms. For example, mchile neutral solitons have been proposed o
have a centra] role in trans-(CH)x [22), while variable range hopping is proposed to
be the transport mechanism for lodine doped Shirskawa polyacetylene [23]). Mare
highly conducting samples {up w the range of 106 S/em) may ba representative of true
metallic eonduction with conductivity limitad by barriers. The conductivity may
then be detormined by the relative size of the metallic islands and the exact
mechanisms for tunneling through or activation across the barriers between the
mewallic regions. For example, the metallic regions are large for highly conducting

Naarmann polyacetylene (24] and smail for emeraldine hydrochloride [25].
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1t is necessary o carry out & correlated array of probes to distinguish among these
charge conduction mechanisms. In addition t the temperature dependence of de
conductivity to low temperatures, the electric {ield dependence of the conductivity,
roagnetoresistance, and thermoelactric power give direct insight into the conduction
mechaniem. A measure of the deniity of states at the Fermi energy is ohtained
through magnetic suscoptibility and/or electron spin resonance. Measurements of the
frequency dependence of the conductivity are particularly useful for the less
conductive samples, while Kramers-Kronig analysis of reflectance for the highiy

conducting systems give insight into the conductivity for that case.

The high conductivity o, up to 224 chm-l am-1, with lon implantation of BBL is gt
first sight gurprising. Implantation of polyacetylene (28} and poly(p-phenylens
sulfide) [27) with similar fluences yielded very much lower increases ia o and
saturated o of only 10-5 ohm-! cm-? or less. These saturated o's are many orders of
magnitude below that which doping yields {n those materials. One may speculate
that the ladder structure is much more favorable for getting high conductivity
through ion {mplaatation. If bonds are broken in one strand of the ladder there would
still be a complete conduction path in the other strand. The BBL structure may be
particularly favorable in this regard because there are two adjacent rings or more
transverse to the chain direction in portions af the monomer. Also, the more rigd
strycture of the iadder palymers would be helpful in reducing scattaring of electrons

due to osclilations of the rings.

It is also striking that ion implantution produces o in BBL an crder of magnitude
larger than obtained by electrochemical doping of that material. The most likely
explanation of this ocbservation is thet the carrier concentration resulting from ion

implantation is larger. It may not he possibie to get a stable phase chemically or
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electrochemicaily with the ions as close as required w0 achieve such high carrier
conceatration. For thecase of Az~ implantation with a fluence of 4.0x101¢/cmZ and a
range of 0.36 pm [151, if every ion accepts an electran from the polymer chain the
pumber of holes would be 12102l/em3. [t is noteworthy that this is of the arder of the
concentration of electrons added to pelyacetylene chains due to the marimum doping
seen with K+ ions, 18.87% (28], Of course not all of these holes may contributs to
conduction; some of them may be trapped. On the other band. if such high doping
wipes out the gap presantin undoped material, as is found in polyacetylene (29], the
conduction slectron density could be higher than 1x1021/em3. Ancther possible
reason why o in implantsed BBL is greater than o of slectrochemically or chemically
doped BBL is thst the ordered structure of the implanted polymer is probably
different, a8 pointed out by Jenokhe and Tibbettg [15], the ordered structure resuiting

from implantation may favor higher electron mobility,

It {s significant that, ia addition to baving high conductivity, the Ar+ and Kr+
implanted BBL have a slow decreass of o with decreasing tempaerature T, the former
losing only ~halfof this conduetivity between 300X and low temperature. These two
features are ulso observed for high-quality polyacetylene beavily doped with K, T,
AsFs or several other dopants. The combinatian of these two features suggests that,
rather than be semiconducting, the material consists of metallic regions separated by
barriers, consisting of less conducting regions, through which the electrons can
tunnel [30). In the case of ion-implanted material the barriers are ijikely to be
disocdered regions. To verify that the Ar+ implanted material (and perhaps also the
Kr+ implanted matecial) consists of metallic regions separated by barriers it would
be important 1o measure o v T to lower temperatures, 4K at least. Both o for a metal
and the tunneling probability should be independent of T in the low temperature

limit, Above that ¢ may incresse with T due to therma) fluctuations, specifically due
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to the decrease of the effective batrier width due W increased thermal mouion of the
carriers from the metaliic regions [30], or to phonon.assisied tunneling. The
explanation for the increase {p ¢ with T has not yet been established for high
conduyctivity polyacetylene. More careful studies should also be done for tbe B+
implanted material to probe the origin of its lower conductivity. In all cases, surface
chemical compasition studies are necessary ta verify that the fon-implanted regions

are not simply graphitized.

In sum, the rigid rod nature and essentially planar conformation of conjugated
ladder polymers, such as BBL, suggest that higher electronic charge mobllities may
be achievable compered to the more structurally disordered single-stranded quasi-
one.dimensiona! conjugated polymers such as polyacetylene, poly p-phenylens, or
polypyrrale. The conductivities achieved to date in BBL and BBB by electrochemical
and chemical doping are however, far lesg than in polyacetylene. It is also of critical
importance t0 determine the true maximum conductivity achievable in these

polymers by ion implantation.
1.2 lon Implantation of Poiymers

The ganeral subject of lon Implaatation of polymers is covared in a recent review
paper [31]. Our focus here is on ion implantation as a means of enhancing the
electrical conductivity of polymars and the nature of electronic charge transpe-t in
such ion-implanted materiela. The technique of ion implantation which is widely
used in the electronic industry {32-36), has been used to produce conducting
materials from both conjugated and nonconjugated polymers (31, 37-45]. Starting
with nonconjugated polymers, conductivities as high as 103 S/¢cm have been

demonstrated (40, 41]. Nearly oll the conjugated polymers that have previcusly been
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made conductive by chemical and electrochemicsl doping methods have alia been
rendered highly conduetive (~10-4 10 10 S/em) by ien implantation, including {19, 26,
37-39. 42-45): polyacetylene, poly(sulfurnitride), poly(p-phenylena), poiyip-
phenylenesulfide), polythiophenes, polydiace.ylenes, polyquinolines, and
polyphthalocyanines. Of particular relevancs is the recent study of the eloctrical
properties of ion.implanted BBL filma {14, 15). The room temperature saturation
conductivity of such irradiated BBL fllms was found to be as high as 220 8/cm and to

depend on the beam current density (Jy, pA/cm?),

The growing interest in the electrical properties of ion-implanted polymers is a
recognition of the many attractive features of ion implantation as a method of
enhancing the glectrical conductivity uf organic polymers. lon-implanted conducting
polymers are gonerally mare stable in air compared to gimllar chemically and
electrochemically doped materials. lon impiantation alluws the pracise control of the
concentration of “dopants” and hence electrical and physical properties.
Furthermore, virtually any element of the periodlc table can be implantsd. The high
spatiul resolution of ion Implantation techniques, when combined with
photalithographic tachniques allow high resolution vpatially selective enhancementof
the conductivity of polymar thin films that is very difficult to achieve by chemical and
electrochemical doping methods. In fact, the approach of high reaslution selective
implantation “doping” of conjugated polymer thin lilms has already been
demonstrated and used o fabricate microelectronic device structures (14, 18, 45).
Thus. ion implantation :s an idea! technique for fabricating microalectronic and

elactro-optic devices from semiconducting and metallic polymer thin filma.

Unfortunately the nature <f electronic conduction in jon-implanted polymers is

not yetunderstood. A number of appirently vonflicting models have baen proposed ta




sxplain the nigh conductivity of whamplanted poiymery .aciudiag s concucting
grein model (40, 41 ohedimensional Vifiable rangs hopp ng muds. I, and an
applicauon of fracia, concepts (44, The prebiem ol coucidalleg ¢evtran.c Wansport
inion-umplanted polymers il compounded By he poor underaanding of e mulecular
structure and morpholagy of the materals. Amocg the many implaniaucn «nduces
changes in molecuiur structuse Ind MOrpho.ogy ©f pulyMmers that neve been
documented .nthe ilersture [J1)are ncreuse .o the n.mber of du.bie bonds and the
degres of conjugaiiun, iacreass of the cardon cuntent, lots of (ow moistuier weligny
volatiles such es H: H30. 03 . CO . CO, e, incresse in the amount of free radicals «f
sumber of spins: increate (o ine extenl 3f icnigaton, change in degree of
ceystallinity. chain cress-in&ing of chan scission, sné deasfication It foiicws,
therefore, the: any atlemptl 8t ¢ compiete upderstanding of the ccoduction
mechanism in ionmplanied po.yMmers must be desed 3o o detailed picture Jf Lhe

molecular aad morphologica strustures of the mater:als

Ay described below in mors detw]. we have addroed these bawr ivsucs of e
raolecular siriciyre. marphniogy, elecironic siructure and cectescal tramsport

mschanism in ton-impilanted polymers
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2. RESULTS OF CONTRACT (SEPT 19950 - 31 OCT 1981}

‘The objective behind this ladder and semi-ladder polymer project project is
the charactarization of highly conducting ion implanted ladder polymers that are
both mechanically and environmentaily stadble and dewermination of ther
conduction mechaniam Such ian unplanted polymers have previsualy reported
to bave conductivitics as high ae¢ 220 S/cm {15]. The results of the current
contract are described below.

The strategy of understanding the conducting mechanism involves 8 process of
obtaining a broad base of informetion. The [irst step is 1o develop insight into the
electronic structure of the pristine polymers. This is done through spectroscopy
(infrared into the uliraviciet!, phowinduced speciroscopy (infrared into the
ultraviolet), and transport studies. With these techoiques, the basis for
determination of structure property relationships is accomplished, The second
phase involves ion implantation of selectad polymars under controlied conditions,
Knowing the conditions eswuablishes the dossge and bombarding energies to be used
when formulating models snd conductivity valuss. Afier implantation, the
assessment (n change ib chernical and elécironic structure is o be accomplished, as
well as conduclivities and related transpert properties. This is done in order W
understand the materis! and (ts physical and structural charactoristics. Mathods of
chemical and physical characterization include SEM, XPS, Raman, diffuse and
specular (when possible} reflectance, voptical sbsorption, conductivity, magneto-
transport, thermopawer and cthers. With the gathering of all this information, &
model % understand the conductivity and predict methods o control and improve it

can be developed and continuously refined
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The results {or the pristine materials wili be discussed first, dus W their place
with respect W our strategy. Optical absorption studies of BBL, PBT, PBO, DPBT.
DPBO, and DPBI films in the (nirared were carred out using KBr peliets: the data
agree with the published data (3.48). Two represantative iofrared absorption spectra
are shown in Fig. 1. The UV.VIS-Near IR abscrption spectrum of spin coated BBL
was reported {Fig. 2), and agrees with the published dats {47]. After the optical
studies were complated, pbotoinduced absorption studies were undertaken. BBL,
PBT, PBQ, DPBT, DPBO, and DPBI were atudied in the infrared and BBL was
studied in the UV-VIS-Ngar IR regicn. The results showed that only the rigid rod
samples shew any photoinduced absorption. This agrees with the model of Ginder
and Epstein (48] develcped through the study of polysniliae and poly,..enylene-
sulflde of the essential role of ring cotations in stabilizing loag lived photoinduced
charges, since of the polymere studies, only In the rigid rod systems do the rings have
an ability o rotate {6], PBT's photwinsduced spectrum is shown in Fig. 3 a1 2
representative of the rigld rod polymers. The broad electronic transitions contersd at

about 1100cm-Y and > 2300 cm-! are :ndicative of self-Jocalization of charge [48).

Transport data were also obtained. No DC or thermopower studies were possible
on the pristine fiims due to the high resistivities (ppc >10-10 ochm-em; with sample
resistance > 100 GR for the conflguration used). AC transport studies were poesible
and performed on BBL, DPBT, and PBO aggregate (ilm samples. The results
indicate a variable range hopping conductivity and provide estimates of room
temperature DC conductivity values of approximately 10-10 S/cmn. Some results are
shown in Figs. 4-6.

We now focus on the results of the ion Implanted samnpies. All samples waere

implanted at Honeywel! Corp. (Minneapolis, MN) under Professor Jenekhe's

11
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direction using 200 keV krypton beam st 2 dosuge of 4 x 10'¢ joneem? and & dose

rate of 2 pAsem .

In order wo investigate the physical propertiss and probe the conducting
mechanism, temperature dependent DC conductivity, microwave frequency
conductivity, magnetoresistance, and thermopower studies were performed. BBL,
PBO, FMPBT, PBT, and DPBT aggregate free standing Alms implanted at
Honeywell were studied 23 well as the UES implanted aggregate BBL sample. Room
temperature conductivities as high ae 180 S/em were obtsined based on ag assumed
implanced layer thicknesses of 0.35 x 10-4 cm. The implantad layer thicknesses were
determined from SEM measurements performed at Wrght Palterson Air Force
Base. The conductivity and measured thickness are shown in Table L. Resistances
up to 230 Q/square were determined. The temperature dependence for the Honeywell
implanted films from 4 K %0 300 K is weak and i reminiscent of that of s disordered
metal (49,50). Resultsof al! free standing films implanted at Honeywell ars shown in
Figs. 7-8. Microwave conductivities and dlelectric runstant measurements were
made on PBO, PBT. and DPBT. including temperature dependences. The results
agree with the DC conductivity measurements, showing u weak temperature
dependance, as shown in Figs. 9-10. In addition, besed on an snalysis using the
slopes of the DC and microwave conductivity vs temperaiure curves, some
localization features are present. Magnetoresistance measurements were performed
with current parallel/pendicular o the magnetic field on on implanted PBO at 4.2K
using magnetic flelds as high as 8 Tesla. The data, Figs. 11.12, show a positive
magnetorgsistance, typical of 3-D metallic behavior. Preliminary thermopower
measurenients show a smull thermopower, which indlcated the material is metatl.

like, and positive, ndicating hole-like cacriers.

15
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Table I

Films impianted st Honeywell

Films PBT DPBT PBO FMPBT
pepm  ypTpis gpYpx  exruded

wickness 70 17-21 13 10

x 106 mxters

thickness of

implanted ayer 0.3-0.4 0304 0.3-04 0.3-0.5
x 104 meters

pristine surface rough rough rough smooth
implanied surface  network holes aetwork setwork
oom IW

?);iucu'wry 724 0.38 £0.6 0.98

16
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To determine the chemical structure and content of the implanted samples, XPS
was performed. XP8 is a surface technique, investigating the cornposition to a depth
of appraximataly 100 A, The XPS apparatus is an OSU Chemistry Department
shared analytical instrument. The samples studied were spin coated BBL and BBB,
snd aggregate BBL, PBO, PBT, and DPBT films. All fllms show a depletion of Sand
N after ion implantation., However, all films {mplanted at Honeywell show
{impurities, most notably fluorine. The BBL sample implanted by UES showed no
fluorine, but iv did show & smell impurity consisting of tantslum. Highlights of the
XPS results are summarized in Table [I. After discovering this fluorine anomaly,
both Professor Jenekhe and Honeywell were contacted to try and deduce its origin.
At OSU, the pristine samples and nonimplanted sides of the implented samples were
studied to understand the origin of the contamination, Though fluorine was absent
from the pristine aggregate and spin coawed BBL Mlms, DPBT, PBT, and PBO
aggregate fllms showed a presence of flucrine, A recent paper by Nawal (51] on XPS
work on pristine BBL shows data which agrees with our results having F and other
impurities. His interpretation is that the F, P and Si impurities sre due to con-
tamination by the polyphosphoric acid solvent or the glass substrate (for the case of
spin coated samples). In addition, Nawal's work describes the lineshape analysis of
the carbon and nitrogen peaks, showipg 3 and 2 inequivalent C and N atoms,
respectively, We have begun a similar lineshape analysis, and our results agree with
those of Nawal. In addition, we are examining the implanted C and N lineshapes in

order to deduce the eftect of implantation on structure.

Optical studies on the implanted samples have taken place both at the University
of Rochester and at OSU. Professor Jenekhe has studied the spin coated BBL and
BBB samples in both the pristine and implanted forms in the UV-VIS-Near IR. He

20
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has observed a broad metsl-iike absorption for the implanted forms. Our results at
OSU agree with Professor Jenekha's results. In addition, at OSU wo have performed
diffuse and specular (where possible} reflectance infrared and Raman speclroscopies
on selected samples. Using 8 Chemiatry Department infrared spectrometer we
collaborated with Professar McCreery of the Chemisiry Dopartment for the Raman
work. Results fram the diffuse reflectance experiments are shown in Figs. 13-14 for
tha pristine and implunted sides of PBT, respectively. The results indicate a lossof H
and shows speciral broadening, Implying a disordered matesial. Raman results for
both pristine and ion implanted PBO show fluorescence in the blue and green gpectral
regions and that no graphitic structure is prosent, as indicated by no absorption
hands at 1360 ar 1580 cmv!. To reduce or eliminate fluvrescence, work is planned
with Professor McCreery using an infrared diode leser, In addition, one sample was
sent to Perkin Eliner (free of charge) to be examined by their new FT-Raman system,

again operating with a diade (ncar [R) laser.

Present activities are concentrating on repreducing and confirming our
preliminary results, as well as initiating experiments using other techniques such
as EPR and electric and magnetic field dependent conductivity. Given the base of
information developed during the first year of the contract, we have begun to
consider the mechanigm for conduetivity in a thin disordered carbon film generated
on a surface of the ladder, pseudoladder, and rigid-rod pelymers by the ion
implantation process. The full development of a microacopic model for the cherge
conduction in ion implanted polymers is a goal to follow during the second contract
Yogr.
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Table 11

Highlights of the XPS DATA

Polymer sample number selaction dominate
clemens
PBT PSO1018/A90701A  implanted side B.C
PBT PSO1018/A90701A nonimplantedsida F. C, N, §
PBT PS02028 prisdne C.S8. N
DPBT 2501004/A00607 implanted side F.C
DPBT PSOI004/A00607  nonimplastedside C, N, §
DPBT PSCI0 pristine CGNS
PBO PSO1018A/A00525  implanted side F,C
PBO PSO1018A/A00523 nonimplantedside F, C, O, N
PBO PSO1018A pristine C.ON
BBL spin coated 2.8 implanted C.F, Na
BBL spin coared 8.2 prisdne CNQ
BBL aggregate implanted side C
BBL agpregaie nonimplaned side C. N, QO
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4. TRANSITION OF ACCOMPLISHMENTS TO INDUSTRY AND AIR SORCE

The Principal Investigator, Arthur 1. Epsieln of The Ohio State University
and Samson Jenchke of the University of Rochester have worked closely with
researchers at Wright Patterson Air Force Base work as wcil as closely with the
researchers of the University of Dayton Research Institute associated with the
Wright Patterson Air Force Base to share openly all the information gained in
this research. This technology iransfer is fadlicated by the presence of an Ohjo
State University postdoctoral fellow, Dr. Andrew Burns, In residence ac wright-
Patterson Air Force Base. Also Drs. lenehke and Epatein have worked closcly
with scientists at Xerox Webster Research Center in Webster, New York
(especially M. Abkowitz and E. Conwell respectively) to transfer information 1o
that company.

28




SENT BY :BLCKEYE RESEARCH . 1- 6-93 : 3:53P% :  OSLRF 614 2324315~ 202 304 7931:=34

5. GRADUATE STUDENTS AND POSTDOCTORAL FELLOWS SPONSORED
BY AIR FORCE CONTRACT

Ihe Qhlo State University
Postdoctoral Fellow
Andrew Burns (Fulltime at Wright Patterson Air Force Base)

Graduare Students
Gang Du (50%)
Jinsoo Joo (3096)

) ity of R
Graduate Students

John A. Osaheni (5096)
Micheal . Roberts (~S0%)

29



SENT BY:BUCKEYE RESEARCH ©1- 6-93 ¢ 3:53P¥ :  OSLRF 611 2924315~

6. CUMULATIVE LIST OF PAPERS PREPARED, SUBMITTED, AND
PUBLISHED
None published for 1990-1991

30

202 104 7951:235




]

SENT BY :BLCKEYE RESEARCH © 1- 6-93 : 3:55PM :  OSLRF 613 2924315~ 202 104 7951:236

7. EXTERNAL HONORS
1. Fellow, American Physical Society, 1981,

2. Distnguished Scholar, The Ohio Smte Unjversity,
1991.

31




