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The photoconductivity is measured on a high-surface-area disordered carbon

material, namely activated carbon fibers, to investigate U_eir electronic

properties. Measur_nents of decay time, rec_T1biHation kinetics and te_nperature

dependence of the photoconductivity generally reflect the electronic

properties of a material, q_e material studied in this paper is a highly

disordered carbon derived fr_n a phenolic precursor, having a huge specific

surface area of '1000-2000m2/g. Our preliminary thermopower measurements

suggest that this carbon material is a p-type semiconductor wit/_ an amorphous-

like microstructure. The intrinsic electrical conductivity, on the order of

20S/cre at ro_u temperature, increases with increasing temperature in the range

30-290K. In contrast with the intrinsic conductivity, the photoconductivity

in vacuum decreases with increasing ten_perature. The recombination kinetics

changes fr_n a monomolecular process at room teJT1perature to a bimolecular

process at low te_nperatures. The observed decay time of the pllotoconductivity

is -_0.3sec. The magnitude of the photoconductive sigrlal was reduced by a

factor of ten when the s_ip]e was exposed to air. The intrinsic carrier

density 6uld the activation energy for conduction are estimated to be _-1021/cm 3

• and -_20meV, respectively. _he majority of the induced photocarrJers arld of the

intrinsic carriers are trapped, resulting in the long decay time of the

photoconductivity and the positive temlperature dependence of the conductivity.

I. Introduction

Study of the electronic properties of disordered systems is currently an

area of active interest. In the case of carbon materials, interesting

phenc_uena have been observed in some disordered carbons, such as Saran carbon
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rods(in terms of their conductivity[1 ]), active carbon rods(in terms of their

resistivity[ 2,3]), evaporated carbon films(in terms of their resistivity[ 4,5],

photoconductivity [6], optical absorption edge [7], adsorption [8,9 ] and

ESR [I0]), anthracite carbon powders ( in terms of Uleir electrical

properties [11] ), glassy carbons [12-14] and others [15-20]. A series of

systematic investigations on the electronic pro_.rties of various types of

carbon materials have been carried out by Mrozowski [21-2'7].

Activated carbon fibers(ACFs) are expected to show electronic behavior

characteristic of disordered syst_{is, since ACFs are a highly disordered

carbon n_terial. As shown in a B.E.T measuremlent of other activated carbon

_nterials[1], every second atom can be a surface atom that has a dangling

bond. Thus activated carbon is regarded as a good materla], for- research on

strongly disordered syst_ns, floweret, few e].ectronic properties of ACFs l]ave

been reported, though t]leir adsorption properties have been extensively

investigated [28-41 ]. The adsorption rate of the ACFs is 100-1000 times faster

than granular-type activated carbons and the adsorption capacity is ten times

greater than that for the granular-type[33]. An electric double layer

capacitor [34] is an example of an application taking advantage of the huge

specific surface area of ACFs.

_lle fibers of the present study are derived from phenol, one of four'

precursors used to prepare ACFS: PAN [28,29 ], ce].lulose [30 ], pitch [31 ] or"

p|._enol[32 F33]. To prepare the ACFs r these precursors are activated at

t_nperatures 1100-1400K in 02, I120, CD 2 or other oxidizing atmospheres[34-38].

In contrast with usual heat treatments, the consequence of this heat treatment

is to form more disorder in the material. The specific surface area is

controlled by changing the tem_perature and the time for [J_eactivation

process. The maximum specific surface area is about 2800m2/g in conm_ercial

activated carbon fibers [33]. _nong these ACFs, the phenol-derived fibers

studied in this paper have a relatively high strength, a large specific

surface area and require a simple process for activation[33]. They have a

diameter of around I0_i, a conductivity of tile order 20S/mn at room

temperature and a specific surface area in the range 1000-2000m2/g.



In 'this work, photoconductivity Was used as one of the main techniques to

characterize the ACFs, since photoconductive measurements ]]ave several

advantages over other characterizationtechniques. If the density of

photocarriers is known, the density of intrinsic carriers can be estin_-_ted

based on' the recon_ination kinetics. _lle existence of trap states is inferred

by the observation of decay time. General concepts are described illdetails in

several monographs on photoconductivity azld related pllenomena[42-44 ]. _]us

photoconductive data give infomnation necessary to describe, the electronic

properties of the mater.lal.

For ACFs, photoconductive measur_nents are particularly useful as a

characterization technique for the following reasons. Measurement of tJ]eHall

effect, which is usually a useful, technique to detemnine the type of carriers

arld t]leir density, is not feasible because of the very sn_ll diameter of the

ACFs. Even if the measurement were possible, good data would not be expected

because the mobility in such a disordered material should be very small.

Be.cause of tile high degree of disorder of these fibers, other measurement

teclmiques like Rmnan scat'ering, nmgnetoreslstance and thermoelectric power

give only qualitative cc_,l,arisonsamong the fibers.

In tj]is paper, we firstly report the results of the conductivity and the

photoconductivity measurements of the activatedcarbon fibers. Then the

conduction mechanism is discussed based on the temperature de[mndence, q11e

long decay time of the photoconductivity contributes to the dlscussiol] as

evidence of a high density of trap states. Tlle change in the recc_nbination

kinetics supports an argtm]ent tIlat the conductiv:Ity _ncrease is not a thermal

effect but a photoeffect. In the final section, we quantitatively fit the

conductivity data to functional fomns appropriate to consider the conduction

mechanisms.

II. Samples and Ehqgerimental Details

A single phenol-derived activated ca.rbon fiber(supplied by l<uraray C]leJnical

Co.), with properties listed in Table I[33], is t_ounted on a mica substrate



for conductivity Ineasuremenhs. 'l_leSpecific surface area of these fibers is

derived fr_n the last two digits of t]_e fiber n_i_ when multiplied by 100 in

units of m2/g(see Table I). The mica substrate was set on a copper heat sink

that was suspended onto a cryo-stage of an Air Products Cryogenics closed

cycle He refrigerator (see Fig.1 ). To measure the sample temperature, a
w

thern_neter was mounted ol] the opposite side of the copper heat sink.

Electrical contact to the fibers was made with silver paint _Id four 0.5mm

diameter copper wires were thus attached for electrical contacts. A dc four-

terminal method was used for the conductivity measurements with a constant

1[tA or I0%IA current source. '1_ieeffect of the t_]Iperature rise due to Joule

heating was negligible because the measur_nents showed the s_ne resistivity at

30K over the whole current range 0.1-I0_A that was measured. The current

direction was reversed during the measuremlents to check for possible

thernDelectric effects in the contacts.

q]le inside of the system was pumped do_1 to 10-3 Torr at room temperature

to reduce the effects o:[ gas adsorption, since in a pre].iminary measursnent a

remarkable decrease in photoconductivity was observed for A<._s exposed to air.

In air, the rocm_ te]uperature photoco_Iductivity diminished by a factor of at

least 10, compared to vacuum, although the intrinsic conductivity showed

almost no change between exposure to air or vacuum. We interpret this result

to indicate that the adsorption of gas molecules interacts with localized

recombination centers and accelerates tl]erecombination process, resulting in

a decrease in the photocarrier lifetime. This adsorption seems to be a
b

physisorption process because the change in the photoconductivity was observed

to be reversible. Effects of oxygen and water vapor have been investigated in

terms of gas adsorption on carbon materials [2,3,8,9], where the intrinsic

resistivity generally increased as a result of adsorption. In our experiments,

water vapor is the most probable gas which changes the photoconductivity of

the ACFs reversibly ai: room teI,Iperature because reversible physisorption

usually occurs at temperatures below the boiling point of the adsorbates.

Besides that, the effect of nitrogen is kno_n_ to be negligible arld oxygen is

known to cause an irreversible chemisorption at room texnperature[8]. On the



other hand, a change in the intrinsic resistivity was observed when a fiber

was baked in air at around 300°C. 'l_leresistivity decreased 10-15% as a result

of tilebaking and tile room temperature resistivity slowly returned to the

initial value after exposure to air for one day. Thus the chemisorption of

oxygen, which is not reJnoved by ptunplng do_al, is indicated tc) take place in

the AC/Vs. Our experimental results t]lerefore show sc_ne effects relevant to

oxygen adsorption or surface oxidization.

Scanning electron microscopy(SEM) was used to detemnine the fiber di_neters

and to observe the macrostructure of the fibers, q%,e SEM results of Fig.2, for

FR12, which has a specific surface are of 1200m2/g, show macroscopic pores in

the ACFs with openings of about 500A. Besides the macroscopic pores v the ACFs

have microscopic pores with mean radii listed in Table 1(obtained by the water

vapor adsorption method [33] ). As seen in Fig.2, the fibers have a rather

regular rotuld cross section and a smooth surface.

'lte diffraction pattern for ACFs(Fig.3) is broad, indicating an amorphous-

like microstructure. An estimate for Lc of about 10A(about thcee inter].ayer

spacings, about the same length as for Saran carbon[1 ]), was obtained from the

linewldth of the (002) X-ray diffraction line for phenol-derived AC["s with a

specific surface are of 1200m2/g.

We determined the dc_ninant conduction type. as p-type al: room temperature by

a rough measurement of the the[]noelectric power, which was found to be small.

The high temperature terminal in this measurement showed a negative

potential(i.e., carrier type is positive) and the thernK_electric power was

found to be about I.7_V/K at rocm_ t_nperature. Highly disordered carbon

materials are known to be usually p-type[45,46].

In the photoconductive measurements v an _n: ion laser beam(488nm wavelength)

with a 2H1n spot size and with 10mW power was focused onto an entire ACF(In_n

long, 10D diameter) through focusing optics and a quartz wlndow(see Fig,1 ). As

show_1 in the figure, the beam covered the entire fiber, including a Imm

interval between the two electrodes. The laser power was varied in the range

1-40 mW at each tealperature 25, I00,200 and 290K to determine the rec_nbination

kinetics. The ntm_er of incident photons on a fiber, for example in the case

I



of I0mW incident laser power, was o11 the order of I014/sec.

III. Results and Analysis

A. Intrinsic conductivity

In this work, we use the temn intrinsic conductivity to refer to the

conductivity in the absence of light(dark cttrrent) and Ule term intrinsic

carriers is used to denote U_e carriers present in the absence of the light

excitation. In the measurements of the t_nperature dependence of the intrinsic

conductivity 0(T), a semiconductor-like positive t_nperature dependence for

0(T) is found(see Fig.4), This kind of t_nperature dependence is also observed

in other disordered carbons [2,4,6,12,14,19,20,47,48]. Table 2 shows room

temperature conductivities of the ACFs and other disordered carbon materials.

_e magnitude of this conductivity and its t_nperature-dependence are similar

to those of Saran carbon[1 ], active carbon rods [3], glassy carbons heat

treated at about 1000-1100K[ 12 ] and anthracene chars [47 ]. _l_lemagnitude of the

conductivity is higher than that of evaporated carbon films[5] but lower than

tJlat of vapor-grown carbon fibers[ 49 ] and PAN-based fibers[ 50 ].

One of tilefeatures of interest in Fig.4 is the nearly linear temperature

dependence of the conductivity for all ACFs i11 tile stud led t_nperature range.

C_l tjle other hand, tile slight departure from linearity gives infoLqnation on

the conduction mechanism discussed in section IV. The dc_ninant conduction

mechanism in this material seems to be a ther.mal activation process irl the

studied teznperatu_e rsulge. }lowever at low temperatures(below -_40K), the

" conduction due to the ther_tal activation will be small and then hopping of

carriers from one localized state to another(variable range hopping) will be

dominant[51 ]. In l;hls case, more disorder facilitates the hopping of carriers

as the defect state density near the Femni level increases and tiledefects

involved in the hopping process come closer to one anolffler.Looking at the low

t_Tiperature regime in Fig.4, the fibers with more disorder(i.e., l_Dre specific

surface area) have the higher conductivities. On the other hand, at high



temperatures the thel]ual activation proces s will be dominant, as the carriers

acquire sufficient energy to overcc_ne the activation barrier. According to

U]ese arguments, the activation energy related to disorder will decrease, in

agreement with the experimental observations. Thus, for the fibers with more

disOrder, tile probability of overcoming the activation barrier increases at

• high temlperatures. According to tills conduction mechanism, tileconductivity is

i expected to be zero at OK. However in Fig.4, this trend for tilebehavior of
. o(T) at loWer temlperatures is not clearly identified so ti]at a lower

! temperature measurement is required to confirm the expected conductivityI

'I behavior in the low te_nperature limit. A fit to the o(T) data using thesei

models is discussed further in section IV.

B. Photoconductivity

In contrast with the intrinsic electrical conductivity, the

photoconductivity exhibits a negative temperature dependence for all the ACFs

t]lat were investigated (see Fig.5). '11]isresult is consistent with tile lower

concentration of intrinsic carriers at low temperatures, thus lowering the

recc_ibination probability, and increasing the photoconductivity. Also of

interest in Fig.5 is the observation that the fibers wit]] higher surface area

also have higher photoconductivities. This fact suggests that the same

basic conduction mechanism is operative for the photoconductivity as for

the intrinsic conductivity. Namely, the photocarriers are also in localized

states and the fibers wit]] more disorde r have a smaller hopping range which

leads to the higher conduction. R11us the temperature dependent

photoconductivity curves in Fig.5 are consistent with tile t_nperature

dependent o(T) curves in Fig.4.

The transient curves for various light intensities all show an exponential

rise and fall, as in Fig.6 where results are shown for the FR]5 fiber. Similar

values for the rise and decay time of the photoconductance are observed for

otiler fibers. The simple exponential rise and decay curves with no additional

struccure imply t]lat the energy of tl]e trap states engaged in the decay

process is limited to a narrow energy range around the Fermi level. If there

I



were both shallow and deep trap states involved in the photoconduction

process , then the rise and decay curves would consist of two or more parts

wiUl different time constants.

The long decay times of about 0.3sec in Fig.7 indicate that a high density

of trap states is involved in Ule recombination process because the lifetin_

of free carriers is generally much shorter, e.g., on the order of 10-3-10 -8

seconds[52]. 'l_lelong decay times are further not significantly influenced

by the n_agnitude of the specific surface area. _le observed decay time is

usually much longer than the lifetime of free photocarriers because the

residence time in trap states is long. In d__ordered materials, a high density

of trapped states is expected, making tlle excited photocarriers rather

imnDbile. ]in fact, a decay time of several seconds was previously observed for

a deposited carbon film[6]. A similar magnitude of decay time(0.05-0. Isec) was

reported for a graphite fiber[53]. _1other feature in Fig.7 is that the decay

times are only weakly temperature dependent, with a slight increase in decay

tim% obse/-ved with decreasing tem%0erature except for the FRI0 fiber, for which

the decay time is --O. 3sec.

The kinetics of the recolnbination process J.n tl,eACF.s is different fr_n

that given in a previous report on an evaporated carbon film[6] and a graphite

fiber[53] where only the bimolecular recombination process was observed. _91e

bimolecular recolT_ination process is observed generally wlien tjle intrinsic

carrier density is small and the photocarrier density becomes dc_ninant(e.g.,

in insulators) [42]. Figure 8 for the VR15 fiber shows the dependence of

photoconductivity on the laser intensity on a log-].og scale for various

t_nperatures (tJ_eother fibers exhibit the same trend). 'llle significance of
L

this figure is that it shows a change in the recombination kinetics according

to bilepower law dependence for the photoconductivity, Ao c_P_ where Ao is the

photoconductivity and P is the incident laser power. If _=I, the recombination

process is monomolecular, while an exponent _ =0,5 indicates a bimolecular

process. In genera]., a monomolecular process implies that the density of the

intrinsic carriers is much higher than tJiat-of photocarriers[42] so that the

recombination is limited by the photocarrier density. _111einserted triangles



in Fig.8 indicate tile slopes corresponding to the mon_nolecu]ar and

bimolecular processes. In the bimolecular process, recoI1_3ination is limited by

the availability of phOtogenerated holes to recoll_ine with the photoelectrons,

So _ that recombination is proportiorlal to [fileproduct ,tn/_-o whe_e An=_._. In

contrast to the previous result for disordered carbon films[6], Fig.8 clear].y
,.

shows a monomolecular process( [_=I.0) at high temperatures, while tl_eonset of
,

a bin_olecular process (_=0.5) can be seen at low temperatures a_Id at high
.,

laser powers. At 290K, the mona1_o].ecular process(_=i.0) is dominant at all

laser powers shown. As the temlperature is decreased, the slope decreases

indicating that the bimolecular process (_ =0.5) becomes increasingly

important and the monc_iLolecuiar process (d =I.0 ) becomes less importsnt.

A typical case demonstrating tile binmlecular process is tJ_eregime at

25K with the laser power above 4mW, where the slope is close to 0.5 and the

bimolecular process appears to be dc_nlnant. Slopes between 0.5 and I.0 are

observed for most of the data at --100K, suggesting that the contribution

of the monanolecular process is comparable to that of the bln_lecu].ar process.

This trend that the bimo]ecular process becc_nes dominant at low temlperatures

and at high laser powers is reasollable because the density of pllotocarriers

becc_I1es daminant relative to the intrinsic carrier density under those

conditions.

Figure 9 shows more clearly the change in recc_lJoination kinetics. In this

figure, the power (in A_ = Apc_ ) is plotted versus the laser power P at

each temperature, where A is a constant. In our experir_nts, the mon_no].ecular

process( _ =I .0) was observed at high temperatures. This is consistent with the

fact tllat the intrinsic conductivity Is much larger than the photoconductivity

at high ten_geratures. On the other hand, at low teJnperatures where the

photoconductivity is cc_uparable to the intrinsic conductivity, the power

approaches -"0.5. This phenomenon suggests that the dominant carriers in the

material are photocarriers at low t_nperatures, and as a result the main

reco_1_ination process occurs between t]_e photocarriers (i.e., between the

photoelectrons and photoholes ). In our exper:Iments, both types of

recombination kinetics were observed (see Fig.9) since the relative dc_ninance



of the intrinsic carrier concentration and of the photocarriers could be

reversed, depending on the choice of incident laser power and on tl_e

t_nperature. "

The magnitudes of the dependence ota laser _x)wer of the photoconductivity

0(T) relative to room, tem_perature are shown in Fig.10(for the FR|5 fiber)

for three different t_l_oeratures. Tliis figure indicates that the dependence

on laser power beccmles smaller with increasing temperature. If the data are

extrapolated to .high la_er power levels, the temperature-dependence would

disappear at around lOOmW. At I00mW where the photoconductivity is essent_allytemperature-independent, t]]e density of intrinsic carriers is negligibls , J

c_npared to the photocarriers induced at that power level (_-1015 photons/sec

per fiber). In contrast, at low laser powers where the density of the induced

photocarriers is small, the photoconductivity is rather t_uperature-dependent.

We note that the observed increase in conductivity during the laser pulse

is not caused by a heating effect. If a heating effect caused bile increase in

conductivity, changes in the reccmlbination kinetics would not be observed.

Furthermore, a t_uperature rise caused by a heating effect would produce an

alnmst temperature-lndependent increase :Lh tileconductivity. Because the d0/dT

is nearly constant as seen in Fig.4, a constant conductivity deviation would

be observed, provided that the t_uperature rise by the laser incident is ne_r

constant over the studied temperatures, floweret in fact, the experiments show

t],at the conductivities (Fig.5) change by a factor of several, over the

temperature range 30-290K. For tJlese reasons, we believe that the effect is

not a heating effect but rather a photoeffect. However, it may be difficult to

distinguish a heating effect from a photoeffect if the heat exchange process

occurs on the same time scale as the photoc&t-rier rec_nbination process.

IV. Discussion

We have fit the ts11perature-dependent conductivity data to investigate the

intrinsic conduction mechanisms. Figure 11 shows tJ]e fit of a n_3del where two

I0
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terms are assumed, a constant tert-,1and a temperature dependent term, i.e.,

o = Ohop + Oac t. The first temn o hop is associated wiU{ Ule variable range

hopping process, but appears to be temperature indep__ndent above _-30K for

the ACFs studied in the present work. The t_nperature dependent term

act (=,Oact exp(-E/kT)) is written as a simple activation term. 111e fits for

the various fibers to this functional fo._n are shown in Fig. 11 and values for

o hop _!._]do act are given in Table 3. _le term due to the hopping conduction

( 0ho p) is found to increase strongly with increasing specific surface

area(SSA), though we have not been able to find the functional dependence of

Oh0 p c'.nSSA. The temperature-dependence of the intrinsic conductivity then

comes from thetemperature-dependent term(_act:) based on a the_l activation

procesS. From the fits in Fig. 11 we see that the activation energy E decreases

with increasing SSA, but because of tlle exponential dependence on E, the

effect_of " increasing the SSA is quite large. The net effect is that the

tem_perature dependent term increases more rapidly With SSA tllan Ohop" For

example, the magnitude of _ hop at room temperature is only 15-25% of 0ac t for

all t]-_efibers. At high temperatures, satisfactory agree_nent between the data

and the model is shown in Fig.t1, ali/tough t]_e fit is not good at low
o

temperatures. In terms of the prefactor 0 act of the thermal activation term

Oact, 'an increase (from 23.0 to 45.6S/an)with SSA (from 1000 to 2000m2/g) is

_bserv_ed. Since the prefactor becomes large as the inelastic collision length

decreases[ 51 ]_ this trend for the prefactors is reasonable. From the

. magnitudes of the prefactors, an approximate ine].astic collision length is

estimated to be 15-30A, following t]_eecfaation[51 ] that the prefactor is about

0.03e2/r_Li where Li is a inelastic collision length. Ilowever, we could not

distinguish whet|lcr this activation process is based on a nearest hopping of

carriers or (_n a simple activation of trapped carriers to excited states

because these two functions have the stone form of exp(-E/kT).

With regard to the mechanism for the increase in the photoconductivity at

low t_aperatures(Fig.5), an increase in the photocarrier concentration based

on a increase in the lifetime is required. There are two explanations for the

11



increase in the lifetime. One explanation is that a decrease in the mobility

of the photocarriers at low temperatures leads to a lower recc_nbination rate,

resulting the longer lifetime. If carriers are less nDbile, the probability

for carriers to meet each other and to recombine is reduced. In this model all

the carriers of the appropriate sign are assumed to be equally involved in U_ew

recombination process. The other explanation is that themnally excited

intrinsic carriers play a main role in the recombination process. In this

model specific mobile carriers control the recombination process. Because the

concentration of these excited carriers is temperature dependent, the decrease

in the concentration of these carriers at low temperatures leads to a lower

recombination rate, resulting in a longer lifetime of the phot0carriers. It

is difficult to specify here which mechanism is dominant. It depends on

whether the states of the carriers in this disordered carbon are all localized

or whet]lcr they have some extended states,

At low temperatures, the :density of photocarriers is expected to become

very large because of their long lifetime. The photoconductivity, however, is

expected to show a decrease as tlletemperature is lowered further because t/le

carriers become more in_nobile, and because the density of photocarriers

eventually reaches a finite value depending on the laser power. In fact, the

FRI0 fiber shows a saturation effect below 50K in Fig.5. _is idea predicts

that the photoconductivity and the intrinsic conductivity will eventually

becc_ne zero at OK.

Assuming an appropriate value of the mobi].ity, it is possible to estimate

the densities of tl]e intrinsic carriers and of the photocarriers. For the

mobility in the localized states, lan2/Vsec is assumed based on the calculated

mobility of a phenol resin [54] for which the conductivity and the heat

treatment temperature were ablaut the s_ne as for the ACFs in this work. _hen

_]le density of t/_e intrinsic carriers and of the photocarriers at room

te_nperature are estimated to be -_10 21/cTn3 and -_I0 20/an3 (in case of 10mW

laser power), respectively, assuming the majority of carriers exist in trapped

states. This magnitude of the intrinsic carrier density is comparable to the
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' value of arotmd I020/cm 3 obtained by the Hall measure_nents and ESR[ 54] of a

phenol resin. _lese values are also reasonable because Fig. 10 indicates that

about 100mW of incident light would generate a higher photocarrier density

than the intrinsic carriers.

v. Oonclusions

Measurements of the intrinsic conductivity and the photoconductivity of

activated carbon fibers have been carried out over the temperature range 30-

290K. _]e t_nperature dependence is positive for the intrinsic conductivity

and negative for Ule photoconductivity. The decay time of the

photoconductivity is about 0.3sec. rl_lerecon_gination kinetics chemge from a

monomolecular process to a bimolecular process with decreasing ten_erature and

increasing photon intensity. It is assumed that most intrinsic carriers and

photocarriers exist in a _iigh density of localized states in this material.

The main conduction mechanism is assumed to be variable range hopping at low

temperatures and at high temperatures either short range hopping or thermal

activation of carriers. An activation energy of about 20meV for the

temper_tttre-dependent term in the intrinsic conductivity fits the experimental

data well at high temperatures. The density of the intrinsic carriers and the

photocarriers at room temperature are estimated to b_ _1021/cre3 and _I020/cm 3

(in the case of 10mW laser power), respectively. Both the intrinsic

conductivity and the photoconductivity are expected to approach zero as

T +0K. We have fotu]d that photoconductivity measurements, in combination with

. conductivity measurements, provide valuable information for understanding of

the electronic properties of disordered carbon materials.
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Figure Captions

Fig.1 Geometry of tileACF sample mounted on a mica substrate. 'l_lelaser be_ll

10mW Ar+ ion laser irradiates the irldicated circular region(see Inset)

and "-1014 photons/see are incident o11 the fiber.

I

Fig.2 Scalming Electron Microscopy photog,rapl_s of a phenol-derived ACF.

(a)cross section of a fiber, having a rather round shape alld a sil_ot|l

surfdce. (b)cross section with a higher n_gnification, qqle wl,dtll of the

crack-like openings is--500A. The length scales in both photog"apl,s are

given.

Fig. 3 X-ray diffraction pattern of ACF(FR12).

Fig.4 T_uperature dependence of the "intrinsic" electrical conductivity for

the four types of fibers.

Fig.5 Temlperature dependence of the pllotocoilc]t.lctivityfor eacll of the fiber

types.

Fig.6 l]_.caytime of tlleii,duced pl,otoconductivity for eacll of tilefour types

of fibers as a function of temlperal:ure.

Fig.7 Decay culwes of photoconductivity at the incident laser powers of 10e 4

and ImW at 30K.

Fig.8 Photoconductivity depelldence on irradiation power at variou,.',

t_nperatures for the FR15 fiber, plotted on a log-log scale.

Fig.9 C_lange in recombination kinetics at various incident power level.

=I and 0.5 imp]ies a nnllolTDlecular p[-ocess or a bin_lecular l,_7ocess,

respectively.
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Fig.t0 d,ange in the temperature dependenoe of the photocoHductivity as a

' function of power level. Au extrapolation to the high _wer limit

indicates that the temperature dependetlce disappears(the ratio becc_s

unity for all tem_peratures show11) at 100mW.

%

Fig.t1 Calculation of tlle "intrinsic" conductivities based on a coi1ductloll

t itr_del.The insert indicates the conduction Ii_xlelsche]_ntically. 'lhc

_._el consists of two temns based on a thern_l activation process(0ac t)

and a hopping process( 0 hop). The hopping process is a][i_ostconshant

over the studied temperature range.

Table 1. Properties of pherlol.-der:[vedactivated ca.rbo_lfibers

Table 2. Conductivity values [or various disordered cartx-)i_s

Table 3. Fitting va].ues for the corlductivit.y
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Table 3. FitLing values for the conductivity*

o hop(S/c_l) Oact (S/cre)

o°act (s/on) F,(meV)

FRI0 2.2 23.0 24

FRI 2 5.6 37.3 22

FR15 7.9 39.6 21

FR20 I0.3 45.6 19

* fitting equation is

0 (T)= 0 hop + Oact= Ohop + OacteXp(-E/kT)

! m



i ,

I_ ,



'l
" l'Ipl+ ' ' Iql ', _q_ ' _ ' qP Pl,' '



.j.,
i

,r , n

r 111 ,, , . , ,, , , lqI ill_ ' II_



,

q121 ,,.1_31

I' ' III I I . JII II IIII I L I I IIr_mmu _'_ t_,..'q'' '

; Oi *00 4 <<1 rO ''o(1J
/ cL

Oe 0 4 <1 >"L_

o ,,_ <1 0 --'0
q@_

• 0 41 _ I_ _,

0 • k_O 40,J <1 0 C_J
- ode ---o 4 "-- ' <'- _'

• 0 "I LI_ <:I LI... .,b
LI_ • 0 41 '_ " "_°_

. O 0 4 <1 -- o.._, ._,
• 0 _1 <1 C_J .._ o

CJ

• o 4 _ _ ._• 0 '4 <] u

o -
• 0 41 <1 .4-- ,_,
• o 4 _ -.-- 0 ._

. Ill,...

• o .4 <] ¢_
• o .4 <1 _ _

E• o .4 <3 E

• 0 4, <l O0 __• 0 4 <I_ ,-
.IC__

• 0 4 _ _ _"

• 0 '4 <1 o
O 0 41 <] ,=:_-'q)

qD O 48 <] '::119

0 _.
• 0 41 _" LO _

@ O_ <I "'

004 <3 N
L...

,,, (1)
l'-J.

I::=
rA)

•) i - " JJlll i l l i I ii i i _ •
v IET)

0 0 0 0 0 ,=rO ed .-





e

0
' _I" ro _ _ 0

d d d o
(s) aw!l i_DDa(.]



, ,

I1! .... ' rl_P



i

FR15
,_.. 102" _-- : ........... Bimolecular

• O9 : _ 0,5
. .__ 5 - 25KL_

- 1.0 100 K(1)
u - 200 KE
D 2 - 290 K.4-.
U

101_ ,,' _ ,

0

.#.o 5-_ o
0

J:::: ,_ 1,0EL 2-• ,

(1.) ,u 1.0
::3 10 0. Monomolecular

"[3

o I I_ 5

._ _ i. l_. I.,,I Ill n..!!.... n. n I n_t! !li
100 2 5 101 2 5 102

v

P'. Ar + IGserpower (mW)
Ft9.8 Photoconductivitydependenceon Irradiation powerat various temperaturesfor the FR15fiber,

plotted ona Log-Logscale.

i! , , rl _' ' '' n_l 91 '' Pl IS' ' F d' ' ' il II .... ' '' ' " 111



' t

IIT, .... ' ' nii 11,11!i , , Iii P



di , , , , , , ,

0

,...Q

L.

r _ '
_."_ ,! __zt T] _IU I ....... ,, • .;_ .... :_ ""; II£Llli ._JI I . L_ ..

L_

- t] _'--"

E ._-_",_
is

_-_ ° ,.,_!
ilj

_li,i,i,i,i,i,i,i,i,_J6 -J

J ...,,J

.,-- _J (tS

"_ f-}

L_ L.Q) I1.1 _.,

(1) ('_, :11

ctQJ . I._ U9

" 0 L

• _ I ,. o,...-..- _-J

,-, _ _I 1 I I I ____. ,,,,-, . , , ..... _ _ -- ,...... __ ...... ,_-"

' _ (ul

V/(.L) v - o
• _..:_<_: :-;_

I1.

I







I

I


