UCRL=-CR--104934

DE91 000814

\ PHOTOCONDUCTIVITY OF ACTIVATED
‘ : CARBON FIBERS

K. Kuriyama
M. S. Dresselhaus

MIT : v -
Cambridge, Massachusetts

August 1990

MASTER v

. OCUMENT 18 Uttt
|STRIBUTION OF THIS DOCUMENT 18 U
oIS TIC ‘



. DISCLAIMER

Work performed under the auspices of the U.S, Depart-
ment of Energy by Lawrence Livermore National Lithora-
tory under contract number W-7405-FNG-48, .

This document was prepared as an account of work
spansored by an agency of the United States Government,
Neither the United States Government nor the University of
Culifornin nor any of thelr employees, makes any warranty,
express or implied, or assumes any legal linbility or respon-
sibility for the accuraey, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would anot infringe privately owned
rights. Reference herein to any specific commercial prod-
uets, process, ur service by (ende name, trademark, manafue-
turer, or otherwise, does not necessarily constitute or imply
its endorsement, recommendation, or favoring by the United
States Government or the University of California, The
views and opinions of authors expressed hereln do not neces-
sardly state or reflect those of the United States Government
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udvertising or produvt endorsement purposes,

Mo

o

-



Photoconductivity of Activated Carbon Fibers

K.Kuriyama' and M.S.Dresselhaus
Department of Electrical Engineering and Physics
Massachusétts'lhstitute of Technology, Cambridge, Massachusetts 02139

The photoconductivity is measured onh a high-surface-area disordered carbon
material, namely activated 'carbon fibers, to investigate their electronic

properties. Measurements of decay time, recombination kinetics and tempe:ature

dépendehce‘ of the photoconductivity ‘generally reflect the electronic
properties of a material. The material studied in this paper is a highly
disdrdered carbon ‘derived from a phenolic precursor, having a huge specific
surface area of 1000u2000m2/g. Our preliminary thermopower measurements
suggest that this carbon material is a p-type semiconductor with an amdrphous~
like microstructure. The intrinsic electrical conductivity; on the order of
20S/cm at rodn temperature, increases with increasing temperature in the range
30-290K." In contrast with the intrinsic conductivity, the photoconductivity
in vacuum decreases with increasing temperature. The reconbination kinetics
changes from a monomolecular process at room temperature to a bimolecular
process at low temperatures. The observed decay time of the phiotoconductivity
is =~0.3sec. The magnitude of the photoconductive signal was reduced by a
factor of ten when the sample was exposed to air. The‘intrinsic carrier
density and the activation energy for conduction are estimated to be z1021/Cm3
and zZOmeV, respectively. The majority of the induced photocarriers and of the
intrinsic carriers are trapped, resulting in the long decay time of the

photoconductivity and the positive temperature 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

phenomena 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]f, evaporated carbon films(in terms of their resistivity(4,5],
photoconductivity [6], optical absorption edge [7], adsorption [8,9] and
ESR [10]), anthracite carbon powders ( in terms of their electrical
properties [11] ), ¢lassy carbons [12-14] and others [15-20]., A series of
systematic investigations on the electronic properties of various types of
carbon materials have been carried out by Mrozowski[21-27].

Activated carbon fibers(ACFs) are expected to show electronic behavior
characteristic of disordered systems, since ACFs are a highly disordered
carbon material. As shown in a B.E.T measurement of other activated carbon

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

bond. Thus activated carbon is regarded as a good material for research on

strongly disordered systems. lowever, few electronic properties of ACFs have
been reported, though their 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.

The fibers of the present study are derived from phenol, one of four
precursors used to preparé ACF's: PAN[28,29), cellulose[30], pltch[31] or
phenol [32,33]. To prepare the ACFs, these precursors are activated at
temperatures 1100-1400K in 0O,, 1,0, (O, 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 temperature and the time for the activation
process., The maximum specific surface area is about ZBOOmz/g in conmercial
activated carbon fibers [33]. Among 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 10p, a conductivity of the order 20S/cm at room

temperature and a specific surface area in the range 1000—2000m2/g.
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In this work, photoconductivity was used as one of thé main techniques to
characterize the ACPs, since photoconductive measurements havé, several
advantages over other characterization techniques., If the density of
photocarriers is known, the density of intrinsic carriers can be estimated
based on the recombination kinetics. The existénce.of trap stétes is inferred
by the observation of decay time. General concepts are described in details in
several monogfaphs on photoconductivity ‘and related phenomena[42-44], Thus
photoconductive data give information necessary to describe the electronic
properties of the material. | - .

For ACFs, photoconductive measurements are particularly useful as a
characterization technique for the following . reasons. Measurement of the Hall
effect, which is usually a useful technique to determine the type of carriers
and their density, is not feasible because of the very small diameter of the
ACFs. BEven if the measurement were possible, good data would not be expected
because the mobility in such a disordered material should be very small.
Because of the high degree of disorder of these fibers, other measurement
techniques like Raman scat' ering, magnetoresistance and thermoelectric power
give only qualitative comparisons among the fibers.

In this paper, we firstly report the results of the conductivity and the
photoconductivity measurements of the activated carbon fibers. fThen the
conduction mechanism is discussed based on the temperature dependence. The
long decay time of the photoconductivity contributes to the discussion as
evidence of a high density of trap states. The change in the recombination
kinetics supports an argument that the conductivity increase is not a thermal
effect but a photoeffect. In the final section, we quantitatively fit the
conductivity data to functional forms appropriate to consider the conduction

mechanisms.
II. Samples and Experimental Details

A single phenol-derived activated carbon fiber(supplied by Kuraray Chemical
Co.), with properties listed in 'Table 1[33], is mounted on a mica substrate
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for conductivity'measurements. The specific surface area of these fibers is
derived from the last two digits -of the fiber name when multiplied by 100 in

units of mz/g(see Table 1). The mica substrate was'set on a copper heat sink

that was suspended onto a cryo-stage of an Alr Products Cryogenics closed
cycle He refrigerator (see Fig.1). To measure the sample temperature, a
thermometer was mounted on the .opposite side of the copper heat sink.
Electrical contact to the fibers was made with silver paint and four 0.5mm
diameter copper wires wefe‘ thus attached for electrical contacts. A dc four-
terninal method was wused for the conductivity measurements with a conastant
1A or 10pA current source. 'The effect of the temperature rise due to Joule
heating was negligible because the measurements showed the same resistivity at
30K over the whole current range 0.1-10pA that was measured. The current

direction was reversed during the measurements to check for possible

thermoelectric effects in the contacts.

The inside of the system was pumped down to 1073 Torr at room temperature
to reduce the effects of gas adsorption,‘since in a preliminary measurement a
remarkable decrease in photoconductivity was observed for ACFs exposed to air.
In air, the room temperature photoconductivity diminished by a factor of at
least 10, compared to vacuum, although the intrinsic conductivity showed
almost no change between exposure to ailr or vacuum. We interpret this result
to indicate that the adsorption of gas molecules interacts with localized
recombination centers and accelerates the recombination process, resulting in
a decrease in the photocarrier lifetime. f"This adsorption seems to be a
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 at room tenperature because reversible physisorption
usually occurs at temperatures below the bolling point of the adsorbates.
Besides that, the effect of nitrogen is known to be negligible and oxygen is

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

4



other hand, a change in the intrinsic resistivity was observed when a fiber
was baked in air at around 300°C. 'The resistivity decreased 10-15% as a result

of the baking and the room temperature resistivity slowly returned to the

initial value after exposure to ‘air for one day. Thus the chemisorptibn of
oxygen, which is not removed by pumping down, 1s indicated to take place in
the ACFs. Our experimental results therefore show sane effects relevant to
oﬁygen adsorption or surface oxidization. ’

Scanning eléctron microscopy (SEM) was used to determine the fiber diameters
and to observe the macrostructure of the fibers. The SEM results of Fig.2. for
FR12, which has a specific surface are of 1200m2/g, show macroscopic pores in
the ACFs with opénings of about 500A. Besides the macroscoplc pores, the ACFs
have microécopic pores with mean radiil listed in Table 1(obtained by the water
vapor adsorption method [33) ). As seen in I'ig.2, the fibers have a rather
regular round cross section and a smooth surface.

The diffraction pattern for ACFs(Fig.3) is broad, indicating an amorphous-
like microstructure. An estimate for L, of about 10A(about three interlayer
spacings, about the same length as for Saran carbon[1]), was obtained from the
linewidth of the (002) X-ray diffraction line for phenol-derived ACFs with a
specific surface are of 1200m%/g.

We determined the dominant conduction type as p-type at room temperature by
a rough measurement of the thermoelectric 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 thermoelectric power was
found to be about 1.7uV/K at room temperature. Highly disordered carbon
materials are known to be usually p-type[45,46].

In the photoconductive measurements, an Ar ion laser beam(488nm wavelength)
with a 2mm spot size and with 10mW power was focused onto an entire ACF(1mm
long, 10p diameter) through focusing optics and a quartz window(see Fig.1). As
shown in the figure, the beam covered the entire fiber, including a 1mm
interval between the two electrodes. The laser power was varied in the range
1-40 mW at each temperature 25,100,200 and 290K to determine the recombination

kinetics. 'The number of incident photons on a fiber, for example in the case
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+ of 10mW incident laser power, was on the order of 1014/Sec.‘

III. Results and Analysis

A. Intrinsic conductivity ‘

In this 'work, we use the term intrinsic conductivity to refer to the
conductivity in the absence of light(dark current) and the term intrinsic
carriers is used to denote the carriers preéent in the absence of the light
excitation. In the measurements of the temperature dependence of the intrinsic
conductivity ¢(T), a semiconductor-like positive temperature dependence for
olT) is‘found(seé Fig.4). This kind of temperature dependence is also observed
in other disordered carbons‘[2,4,6,12,14,19,20,47,48]. Table 2 shows room
temperature conducﬁivities of the ACFs and other disordered carbon materials.
The magnitude of this conductivity and its temperature—dépendence 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]. The magnitude of the
conductivity is higher than that of evaporated carbon films[5] but lower than
that of vapor-grown carbon fibers[49] and PAN-based fibers[50].

One of the features of interest in Fig.4 is the nearly linear temperature
dependence of the conductivity for all ACFs in the studied temperature range.
On the other hand, the slight departure from linearity gives information on
the conduction mechanism discussed in section IV. The dominant conduction
mechanism in this material seems to be a thermal activation process in the
studied temperature range. However at low temperatures(below ¥40K), the
conduction due to the thermal activation will be small and then hopping of
carriers from one localized state to another(variable range hopping) will be
dominant[51]. In this case, more disorder facilitates the hopping of carriers
as the defect state density near the Fermi level increases and the defects
involved in the hopping process come closer to one another. Looking at the low
temperature regime in Fig.4, the fibers with more disorder(i.e., more specific

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



temperaturesythe thermal activation process will be dominant, as the carriers

~acquire sufficient energy  to overcome the activation barrier. According to

these arguments, the activation energy related to disorder will decrease, in
agreement with the experimental“Qbservations. Thus; for the fibers with more
diSOrdér, the probability of overqoming the activation barrier increases at

Y high temperatures. According to this conduction mechanism, the conductivity is

expected to be zero at OK. However in Fig.d4, this trend for the behavior of
0(T) at lower temperatures 1is not clearly identified so that a lower

temperature measurement is required to confirm the expected conductivity
behavior in the low temperature limit. A fit to the g(T) data using these
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 ACTs
that were investigated (see Fig.5). This resuit is consistent with the lower
concentration of intrinsic carriers at low temperatures, thus lowering the
reéombiﬁation probability, and increasing the photoconductivity. Also of
interest in Fig.5 is the observation that the fibers with higher surface area
also have higher photoconductivities. This fact suggests that the éame
basic conduction mechénism is operative for the photoconductivity as for
the intrinsic conductivity. Namely, the photocarriers are also in localized
states and the fibers with more disorder have a smaller hopping range which
leads to the higher conduction. fThus the temperéture dependent
photoconductivity curves in Fig.5 are consistent with the temperature
dependent. ¢(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 FR15 fiber. Similar
values for the rise and decay time of the photoconductance are observed for
other fibers. The simple exponential rise and decay curves with no additional
struccure imply that the energy of the trap states engaged in the decay

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



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
with different time constants. '

The long decay times of about O;Bsec in Fid.? indicate that a high density
of trap states is involved in the recombination process because the lifetime
of free carriers i1s generally much shorter, e.g., on the order of 10-3-10-8
seconds[52]. 'The long decay times are further not significantly influenced
by the magnitude ‘of the specific surface area. The observed decay time is
usually much longer than the 1ifetime of free photocarriers because the
residence time in trap states is long. In d!~ordered materials, a high density
of trapped states i1s expected, making the excited photocarriers rather
immobile. In fact, a decay time of several seconds was previously observed for
a deposited carbon film[6]. A similar magnitude of decay time(0.05-0.1sec) was
reported for a graphite fiber[53). Another feature in Fig.7 is that the decay
times are only weakly temperature dependent, with a slight increase in decay
time observed with decreasing temperature except for the FR10 fiber, for which
the decay time is ~0.3sec.

The kinetics of the recombination process in the ACFs is different from
that given in a previous report on an evaporated carbon film[6] and a graphite
fiber[53] where only the bimolecular recombination process was obsefved. The
bimolecular recombination process 1s observed generally when the intrinsic
carrier density is small and the photocarrier density becomes dominant(e.q.,
in insulators)[42]. Figure 8 for the FR15 fiber shows the dependence of
photoconductivity on the laser intensity on a log-log scale for various
temperatures (the other fibers exhibit the same trend). 'The significance of
this figure is that it shows a change in the recombination kinetics accérding
to the power law dependence for the photoconductivity, pAg « P where pg 1s the
photoconductivity and P is the incident laser power. If g=1, the recombination
process 1s monomolecular, while an exponent «@=0.5 indicates a bimolecular
process. In general, a wonomolecular process implies that the density of the
intrinsic carriers is much higher than that of photocarriers{42] so that the

recombination is limited by the photocarrier density. The inserted triangles



in Fig.8 indicate the slopes corresponding to the monamolecular and
bimolecular processes. In the bimolecular process, recombination is Limited by
the availability of photogenerated holes to recoubine with the photoelectrons,
go  that recombination is proportional to the product infp where An=fp, In
coﬁtrast to the previous result for disordered carbon films[6], Flg.8 clearly
shows a monamolecular process( o =1,0) at high temperatures, while the onset of
a bimolecular process ( 0=0.5) can be seen at low tenperatures and at high
laser powers. At 290K, the monomolecular process( a=1.0) is dominant at all
laser powers shown. As the temperaturé is decreased, the slope decreases
indicating that the bimnolecular process (a=0.5) becomes increasingly’
important and the monomolecular process ( a=1.0 ) becomes less important.,
A typical ‘cése demonstrating the bimolecular process is the régime at
25K with the laser power above 4mW, where the slope‘ is close to 0.5 and the
bimolecular process appears to be domlnant. Slopes between 0.5 and 1.0 are
observed for most of the data at 100K, suggesting that the contribution
of the monomolecular process 1s comparable to that of the bimolecular process.
This trend that the bimolecular process becomes dominant at low temperatures
and at high laser powers is reasonable because the density of photocarriers
becomes dominant relative to the intrinsic carrier density under those
conditions.

Figure 9 shows more clearly the change in recambination kinetlecs. 1In this
figure, the power (in Ag =APO) 1s plotted versus the laser power P at
each temperature, where A is a constant. In our experiments, the monomolecular
procesc( 0 =1.0) was observed at high temperatures. This is consistent with the
fact that the intrinsioc conductivity is much larger than the pholtoconductivity
at high temperatures. On the other hand, at low temperatures where the
photoconductivity is comparable to the intrinsic conductivity, the power
approaches * 0.5. This phenomenon suggests that the dominant carriers in the
material are photocarriers at Jlow temperatures, and as a result the main

- recombination process occurs belween the photocarriers (i.e., between the
photoelectrons and photoholes ). In our experinents, th types of

recombination kinetlcs were ohserved (see Fig.9) since the relative dominance
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of the ihtrinsic carrier concentration and of the photocarriers could be
reversed, depending on the cholce of indidenp laser power and on the
temperature. B
The magnitudes of the dependence on laser power of the photoconductivity
o(T) relative to room temperaturé are shown in Fig.10(for the FR15 fiber)

for three different temperatures. This figure indicates that the dependence

on laser power pecomes smaller with increasing temperature. If the data are
extrapolated to high laser power levels, 'the temperature-dependence would
disappear at around 100mW. At 100mW where the photoconductivity is essentially
temperature-independent, the density of intrinsic carriers is negligible

campared to the photocarriers induced at that power leve). ( =~ 1015 photons/sec

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

photocarriers is small, the photoconductivity is rather temperature-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 the increase in
conductivity, changes in the recombination kinetics would not be observed.
Furthermore, a temperature rise caused by a heating effect would produce an
almost temperature-independent increase in the conductivity. Because the dg/dT
is nearly constant as seen in Fig.4, a constant conductivity deviation would
be observed, provided that the temperature rise by the laser incident is near
constant‘over the studied temperatures. However in fact, the experiments show
that the conductivities (rig.5) change by a factor of several over the
temperature range 30-290K. For these 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 photocarrier recombination process.
IV, Discussion

We have fit the temperature-dependent conductivity data to investigate the
intringic conduction mechanisms. Figure 11 shows the fit of a model where two

10
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terms ars assumed a constant terw and a.  temperature dependent term, i.e.,

0 “'Ohop + 0 The first term O hop is associated with the variable range

£
hopping pro§:ss, but' appears to be temperature 1ndep,ndent above 230K for
the ACFs studied in the present work. The temperature dependent term
O gct (= (’act exp(-E/kT)) 'is written as a simple activation term. The fits for
the various fibers ' to this functional form are shown in Fig.11 and values for
% hop mnd O gt are given in Table 3. The term due to the hopping conduction:
( Ohop)‘ is found to  increase strongly with increasing specific surface
-area(sSsh), though we have not been able to find the functional dependence of
Ohép on SSA.  The temperature-dependence of the intrinsic conductivity then
comes from the temperature- dependent term( Oact) based on a thermal. activation
procesw From the fits in Fig.1! we see that the activation energy E decreases
: with increasing SSA, but because of thz exponential dependence on E, the
effect‘of‘increasing the SSA‘ is quite large. The net effect is that the

temperature dependent term increases more rapidly with SSA than O hop* For

example, the magnitude of (Jhop at room temperature is only 15-25% of Oact for

all the fibers. At high temperatures, satlsfactory agreement between the data
and the model is shown in Fig.11, although the fit is not good at low
temperatures. - In terms of the prefactor 0°, . of the thermal activation term

Ogctr @n increase (from 23.0 to 45.6S/cm) with SSA (from 1000 to 2000m2/g) is
mbserved. Since the prefactor becomes large as the inelastic collision length
decreases[51]1, this trend for the prefactors is reasonable. From the
magnitudes of the prefactors, an approximate inelastic collision length is
estimated to be 15—30&, fellowing the egquation[51] that the prefactor is about

0.03e2/hLi where I, is a inelastic collision length. However, we could not

distinguish whether this activation process is ‘based on a nearest hopping of

carriers or on a simple activation of trapped carriers to excited states

because these two functions have the same form of exp(-E/KT).

With regard to the mechanism for the increase in the photoconductivity at
low temperatures(Fig.S), an increase in the photocarrier concentration based

on a increase in the lifetime is required. There are two explanations for the
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increase in the lifetime. One‘explanation is that a decrease in the mobility
of the photocarriers at low temperatures leads to a lower recabination rate,
resulting the longer lifetime. If carriers are less mobile, 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 the
recombination process. The other explanation is that thermally 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‘decfease
in the concentration of these carriers at low temperatures leads to a lower
:recombination rdte, resultlng in a longer lifetime of the. photocarrlers. 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 lccalized
or whether they have some extended states.

At low temperatures, the density of photocarriers is expected to hecome

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

expected to show a decrease as the temperature is lowered further because the
carriers become more immobile,  and because the density of photocarriers
eventually reaches a finite value depending on the laser power. In fact, the
FR10 fiber shows a satﬁration effect below 50K in Fig.5. This idea predicts

that the photoconductivity and the intrinsic conductivity will eventuallyv

become zero at OK.

~Assuming an appropriate value of the hobility, it is possible to estimate
the densities of the intrinsic carriers and of the photocarriers. For the
mobillty in the localized states, 1cm /Vsec is assumed based on the calculated
mobility of a phenol resin {54] for which the conductivity and the heat

treatment temperature were about the same as for the ACFs in this work. Then

the density of the intrinsic carriers and of the photocarriers at room

temperature are estimated to be =10 21/cm3 and =10 20/en3 (in case of 10mW
laser power), respectively, assuming the majorlty of carriers exist in trapped

states. This magnitude of the intrinsic carrier dens1ty is comparable to the
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valﬁe of around 1020/Cm3 obtained by the Hall measurements and ESR[54) of a
phenol resin., These 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. Conclusions

Meagurements of the intrinsic conductivity and the photoconductivity of
activated carbon fibers have been carried out over the témperature range 30-
290K. The temperature dependencé is positive for the intrinsic conductivity
and - negative for the photoconductivity. The decay time of the
photoconductivity is about 0.3sec. "he recombination kinetics change from a
monomolecular process to a bimolecular process with decreasihg temperature and
increasing photon intensity. It ' is assumed that most intrinsic carriers and
photocarriers exist in a high 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
tempersture-dependent term in the intrinsic conductivity fits the experimental
data well at high temperatures. The density of the intrinsic carriers and the
photocérriers at room‘temperature are estimated to be z1021/cm3 and :1020/cm3
(in the case of 10mW laser power), respectively. Both the intrinsic
conductivity and the photoconductivity are expected to approach zero as
T *+0K. We havelfouhd 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 the ACF sample mounted on a mica substrate. 'The laser beam
10mW Ar* don laser irradiates the indicated circular region(see inset)

and *1014 photons/sec are incident on the fiber.

Fig.2 Scanning Electron Microscopy photogfaphs of a phenol-derived ACF.
(a)cross section of a fiber, having‘a rather round shape and a smooth
surface. (b)cross section with a higher magnification. The width of the
crack-like openings is = 500A. The length scales in both photographs are

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

Fig.4 Temperature dependence of the "intrinsic" electrical conductivity for
the four types of fibers.

Fig.5 Temperature dependence of the photoconductivity for each of the fiber

types.

Fig.6 Decay time of the induced photoconductivity for each of the four types

of fibers as a function of temperature.

Fig.7 Decay curves of photoconductivity at the incident laser powers of 10, 4
and TmW at 30K.

Fig.8 Photoconductivity dependence on irradiation power at various

temperatures for the IR15 fiber, plotted on a log-log scale.
rig.9 Change in recombination kinetics at various incident power level.

=1 and 0.5 implies a nonomolecular process or a bimolecular process,

respectively.
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F1g.10 Change in the temperature dependence of the photoconductivity as a
function of power level. An extrapolation to the high power limit
indicates that the temperature dependence disappears(the ratio becomes

unity for all temperatures shown) at 100mW.

Iig.11 Calculation of the "intrinsic" conductivities based on a conduction
model., The insert indicates the conduction mocdel schematically. ‘the
model consists of two terins based on a thermal activation process(oéct)

and a hopping process((ihop). The hopping process 1s almost constant

over the studied temperature range.

Table 1. Properties of phenol-derived activated carbon fibers
Table 2. Conductivity values for various disordered carbous

Table 3. Fitting values for Fhe conductivity
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Table 3. Fitting values for the conductivity*

a hop(s/cm) o act(s/c"')
o%ct(s/mn) E(meV)

FR1O 2.2 23.0 24

FR12 5.6 : 37.3 22

FR15 7.9 39.6 21

FR20 10.3 45,6 19

* fitting equation is

O(T)=0 jop *+ Oact™ Ohop *+0 aoteXP(-E/KL)
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FR15
. ‘10‘2 . Bimolecular
) =
L sF 25K ‘
O - 100 K
9 - 200K
g 2 290 K
= 1L
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—E;_ Ll 1.0
o 1.0
“8 100 = Monomolecular
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= 5 |
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- Fi3.8 Photoconduct ivity dependence on Irradiation power at various temperatures for the FR15 fibers
plotted on a log-log scale.
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