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Polyacetylene, (CH) : n-Type and p-Type Doping and Compensation

C. K. Chiangt , S. C. Gaut, C. R. Fincher, Jr. t , Y. W. Parke,
A. G. MacDiarmid~, and A. .7. Heegert

Laborato ry for Research on the Structure of Matter
University of Pennsylvania

Philadelphia, PA 19104

Abstract

A series of experiments are reported wbich dernonstrate that

donors or acceptors can dope polyacetylene to n-type or p-type respectively,

and that the two kinds of dopants can compensate one another. The

formation of a rectif ying p-n junction is demonstrated. These results

suggest the possibility of utilizing doped polyacetylene in a variety of

potential semiconductor device applications. -_ _______________  
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We have recently reported that when fle3dble , c rystalline film s

of the covalent polymer, polyacetylene . (CH)
~ , are doped , their conductivity

can be systematically and cont rollably varied ove r a range of mo re than
1-3eleven orders of magnitude. The most highly conducting films exhibited

a conductivity at room temperatu re of order 10’ ohm4 -cm 1, by far the

highest observed for any covalent organic polymer. The electronic prop-

erties are simila r to those of a simple classical semiconductor with thermally

activated conductivity at low dopant levels and a t ransition to metallic p rop-

ezties at high levels. 2 The dopant can be either an accepto r such as b romine,

iodine or AsP5;” 2 or the dopant can be a dono r such as lithium, sodium

and potassium. We repo rt in thi s paper on a series of experiments which

demonstrate that both donors and acceptors can dope polyacetylene to n-type

or p-type material respectively, and that the two kinds of dopants can

compensate one another. The demonstration of successful n-type and

p-type doping together with compensation indicates the possibility of utilizing

doped polyacetylene in a variety of potential semiconductor device applications.

The (CH)
~ 

polymer films were prepared using refinements of the

techniques developed by Shi rakawa et al. The doping technique s were

developed recently in our labo ratories. Details on the prepa ration and

doping are published elsewhere. 1. ~

• When pu re polyacetylene is doped with an acceptor , the electrical

conductivity inc reases sha rply ove r many orders of magnitude at low
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concent ration, then saturates at higher dopant levels, above app roximately

1%. 2-4 The ma~dmum conductivity we have reported to date at room

temperature was 560 ~~~ cm~ for cistCH(AsF.)o.~ 4 )
~ .2’ ~ Dono r doping

leads to qualitatively similar results. The highest conductivity obtained

thus far th rough dono r doping was 200 (~~ -cm 1 
.
~~~ The typical behavior

for the electrical conductivity as a function of dopant concent ration is shown

in Figure 1. The general features appear to be the same for the various

donor and acceptor dopants, but with detailed differences in the saturation

values and the critical concent ration for the metal-insulato r transition.

2, 3Earlier studies suggested that compensation could be achieved.

The sensitivity of (CH)
~ 

to impurities implies that the residual conductivity

in “pure” (CH)
~ 

is probably due to residual impurities or defects at very

low levels. Exposure of pure (CH)
~ to vapor of the dono r, NH~. causes

the conductivity of trans_(CH)
~ 

to fall more than fou r orders of magnitude

without detectable weight inc rease. The expc “~re to NR3 thus results in

compensation of the residual impurities and/or defects.

Compensation of n-type material by subsequent accepto r doping

has been successfully demonstrated using Na (dono r) and iodine or AsP5

(accepto rs). Figu res 2 and 3 show the compensation of Na-doped poly-

acetylene by iodine and As F,, respectively. The Na-doped films were

prepared by treating the polyme rs with a solution of sodium naphthalide, j
Na4 (Ct ~~~~~~~~~ 

in THF whereupon electron transfer fro m the naphthalide
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radical anion to the (CH)
~ 

occurred. In each case the pu re cis-polyacetylene

was first doped with sodium until the conductivity was in the satu ration

range. Subsequent exposure to iodine or AsP5 vapor resulted in the

compensation curves plotted in Figs. 2 and 3. The compensation proceeds

more slowly than the original doping ; the electrical conductivity of the

n-type sample g radually decreases and reaches a minimum. Continued

doping with iodine or AsP5 results in conversion to p-type material with

an associated inc rease in conductivity.

Due to the relatively high concentration of ionic impurities in the

sample, the conductivity of the fuUy compensated sample (at minimum)

remained higher than that of the original polymer pr ior  to doping . Never-

theless Figures 2 and 3 show compensation ove r app ro~dmately four orders

of magnitude starti ng from the highest doping levels where the samples

are metallic. Even mo re p recise compensation can be expected using

intermediate to low initial doping.

Sta rting with an initial composition (CHNa0 ~
, )~ , the compensation

point with iodine occurred at (CHNa0 ~, 
1~ ~~) ;  all compositions being

determined by measu rement of weight inc rease. Thus the compensation

point correspond s app ro,dmately to a stoichiometric sodium to iodine ratio

consistent (with~’t the limits of error) to the presence of equal concent rations

of Na~ and I~ in the compensated polymer. Continued doping leads to

p-type material, where the iodine I s known to be present as from

Raman studies. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ • • -  Li
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From these observations, the overall shape of the compensation

curves , and the fact that the doping can be removed chemically, 4 we

believe the doping results from cha rge transfer, and the compensation

is best viewed as of direct chemical origin. Cha rg e transfe r occurs from

polymer to acceptor (A) with the polymer chain acting as a polycatlon in

the presence of an A species (in the case of iodine, the compensation

snd Raman experiments suggest f in the presence of excess Na+ going

over to 1~ in the p-type material). For a dono r (D), the polymer chains

act as a polyanion in the presenc e of the D+ species. The cha rge transfer

need not be complete. The resulting electron (or hole) on the polymer

chain is weakly bound to the D+ (~ r A )  ions by the Coulomb potential,

forming dono r (or acceptor) states in the gap. At low levels , the rmal

activation out of the bound states results in carriers for t ranspo rt along J
the polymer chain. Above app roximately 1 mole T. doping , the bound states

are screened , and the carriers are free to move along the polymer chains

resulting in metallic behavior. 2 Compensation at least In the case of

iodine evidently occu rs through fo rmation of (D 4 A )  leaving the polymer

chain essentially neutral and without electronic carriers.

The assignmen t of dono r doped mate ria l as n-type and accepto r

doped materi al as p-type follows from the chemica l propertie s of the

dono r and accepto r dopant s. Moreove r , the assignments are consistent

‘with the results obtained from studies of gra phite intercala ted with alka li 

-~~~~~~~~~~~~~~~ . 
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metal s and iodine or AsP, respectivel y. 8 Finall y thermoelectric power

measurements on accepto r doped (CH)
~ yield a positive Seebeck coefficient

consistent with p-type material. Moreover, the value of + 15 MV/K found

at room tempe ratu re for (CH)
~ 

heavily doped with AsF, is consi stent with

metallic behavior. Initial experiments directed towa rd fabrication of p-n

junctions are encouraging as shown in Fig. 4. The junction was made by

mechanically pressing together n-type (Na-doped) and p-type (As F, -doped)

strips of polymer film. Although some hysteresi s is evident, a typical

diode cha racteristic is seen in the I-V curve. Junctions have also been

made using a single polymer strip doped n-type on one-half and p-type on

the othe r half. Note that in all cases the forward bias di rection was

consistent with the p-type and n-type cha racter of the accepto r and donor

doped mate rial.

In summary, polyacetylene exhibits many att ractive features for

potential device applications. From optical studies , 9 we conclude that the

intrinsic band gap Is at app roximately 1. 6 eV; i. e. reasonably well matched

to the solar spect rum. In addition to the ability to dope to n-type or p-type

and to compensate , the chemical and mechanical prope rties are att ractive.

The material can be synthesized in the fo rm of strong, flexible, free-

standing films or as films on glass or metal substrates.

Considering possibl e polyacetylene derivatives, replacement of

some or all of the hydrogen atoms in (CH)
~ 

with o rganic or inorganic
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g roups, copolymerizatlon of acetylene with other acetylenes or olefins

and th. use of different dopants, this large new class of or ganic polymer

semiconductors offe r the possibi lity of unique chemical tuning of electrical

properties.

Acknowledgement: Thi s work was suppo rted by the Office of Nava l

Resea rch.
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Figure Captions:

-~~ Figure 1: Electrical Conductivity (ro om temperatu re) as a function
-
~~ of dopant concent ration:

-
~~ Bromine 0 0 0

Iodine
AsF5 D D C ~

Figure 2: Compensation curve for Na-doped polyacetylene; conductivity
ratio (a(t)/aiitial) vs. time. The sample was initially doped
n-type and subsequently exposed to iodine vapor.

Figure 3: Compensation cu rve for Na-doped polyacetylene; conductivity
ratio (a(t) Iaj thtj al) vs. time. The sample was initially doped
n-type and subsequentl y exposed to AsP5 vapo r.

FIgure 4: I-V curve for a doped polyacetylene p-n junction.
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