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The photoconductivity and dark conductivity of carbon aerogels with various heat-treatment tem-
peratures, TuT, and densities are studied. Unlike the trend for as-prepared samples, the magnitude
of the photoconductivity for heat-treated (Tur > 1050 °C) carbon aerogel samples decreases as the
sample density and heat-treatment temperature increase. We propose a model which quantitatively
explains the observed temperature dependence of the photoconductivity data. Based on this model,
we attribute the observed photoconductivity to photoholes present in the system. The number of
defect states and their corresponding energy decrease with increasing Tut and increasing density.
The decrease in the energy is attributed to a decrease in the screening effect of the defects on trapped
charges. The effect of increasing the heat-treatment temperature causes the structure of the carbon
aerogel to become more graphitic, especially for aerogel samples with higher mass density.

I. INTRODUCTION

Low-density microcellular materials (LDMM’s) have
been of interest for the past decade because of their
high porosities (> 75%), small cell sizes (< 20u), and
distinct microstructures, making these materials of sig-
nificant interest for industrial applications.! Traditional
porous materials (e.g., foams, membranes) have generally
been made with low densities at the expense of larger cell
size and vice versa. Aerogels are a special type of LDMM
in which all structural features (i.e., pores, particles) oc-
cur on a size scale of less than 500 A.

On a microscopic scale, carbon aerogels are composed
of covalently bonded particles, connected in a “string-
of-pearls” configuration. Inside each particle (~ 120
A diameter for the material used in this work) is an
intertwined network of graphitic ribbons whose narrow-
est dimension is on the order of ~ 25 A. Characteri-
zation studies have been performed on carbon aerogels
to better understand their mechanical, electrical, ther-
mal, and acoustic properties.? * These studies included,
among others, Raman spectroscopy, magnetic suscepti-
bility, and dc electrical resistivity measurements as a
function of the carbon aerogel mass density, p,,. It was
found* that the particle size and the amount of disorder
inside the particles are independent of the mass density,
whereas the packing ratio of particles and the conductiv-
ity are strongly dependent on the density, the conductiv-
ity increasing with increasing density, with the sharpest
increase occurring at low temperatures.
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To further understand the relation between the struc-
ture and the transport properties, heat-treated samples
were studied.® Heat-treated aerogels are pyrolyzed in
an inert atmosphere at temperatures > 1050 °C. It was
found® that heat treatment tends to reduce the disor-
der and hence increases the conductivity of the aerogels.
Magnetic susceptibility measurements® showed that the
concentration of unpaired spins decreases with increasing
heat-treatment temperature, consistent with a decrease
in disorder. The unpaired spins presumably arise from
defect states like dangling bonds. The large surface areas
of carbon aerogels make them conducive to many defect
states. The role of these defects on the conduction mech-
anism has not been clarified, nor has the effect of heat
treatment on the transport and defect properties of car-
bon aerogels been fully understood.

This study investigates the defect states of carbon
aerogels by probing the photoconductivity.® A model is
introduced to explain the observed temperature depen-
dence of the photoconductivity. We have observed a per-
sistent photoconductivity, with decay times on the order
of seconds at low temperature. The behavior is consis-
tent with that observed by Hosoya et al.” on as-prepared
carbon aerogels. Also, our data indicate that there is an
increased ordering of the aerogel system with increasing
heat-treatment temperature, Tgr, similar to the behav-
ior observed for other disordered carbons.3710

In this paper, the experimental procedures are de-
scribed in Sec. II, while Sec. III discusses the experi-
mental results for the dark conductivity and photocon-
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ductivity. In Sec. IV, a model is introduced to explain
the observed temperature dependence of the photocon-
ductivity. Our conclusions are presented in Sec. V.

II. EXPERIMENTAL DETAILS

Carbon aerogels are derived from the pyrolysis of
resorcinol-formaldehyde aerogels.!!'!? The latter mate-
rials are formed from the sol-gel polymerization of
formaldehyde with resorcinol (1,3 dihydroxy benzene),
mixed in deionized water at a 1:2 molar ratio of resor-
cinol/formaldehyde. Sodium carbonate is added as a
base catalyst. The solution is poured into glass vials
and heated at 50-95°C to form a cross-linked gel. The
resorcinol-formaldehyde gels are washed with acetone
and supercritically dried from carbon dioxide (T.=31°C,
P.=7.4 MPa). The resultant aerogels are then pyrolyzed
in a tube furnace under nitrogen flow. The [resorci-
nol]/[catalyst] (R/C) molar ratio is one of the param-
eters that controls the particle size, surface area, and
degree of interconnectivity in carbon aerogels. In this
study, all samples were prepared at R/C=200, resulting
in a particle diameter of ~ 120 A. As-prepared carbon
aerogels were pyrolyzed at 1050°C for 4 h, while the
heat-treated samples were pyrolyzed at higher tempera-
tures for a similar time period. The mass density, p,,, the
heat-treatment temperature, Tyt and room-temperature
dark conductivity values for the samples studied in this
paper are listed in Table I.

For the transport and photoconductivity measure-
ments, machined samples (~ 4.5x3x3 mm3) were
mounted on a thin sheet of insulating mica which was
bonded onto a copper heat sink. The heat sink was placed
in a variable-temperature cryogenic optical Dewar with
the sample being cooled by a flow of He gas. A four-
point configuration of electrical contacts was made to
the samples with silver epoxy. The temperature depen-
dences of the dark conductivity and photoconductivity of
these samples were measured in the range 5-300 K. Tem-
perature control was maintained with a Lakeshore 93C
temperature controller. A 488-nm wavelength Ar* laser
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was used as the illuminating source. Current leads were
placed on the sides of the sample while voltage leads were
positioned on top. For the photoconductivity measure-
ments, the illumination time of the sample was controlled
with a one-second shutter. The laser light was focused
onto a 2-mm spot between the voltage contacts. Compar-
isons were made to as-prepared carbon aerogel samples,’
with R/C=200, pyrolyzed at 1050 °C and with densities
ranging from 0.103 g/cm? to 0.646 g/cm3. More details
about the photoconductivity measurements are given in
Ref. 7.

III. EXPERIMENTAL RESULTS
A. Dark conductivity

The most striking effect of heat treatment on car-
bon aerogels (see Fig. 1) is seen in the temperature
dependence of the dark conductivity, o(T), for heat-
treated and as-prepared samples. The data are plot-
ted in Fig. 1 as logio o vs T, the measurement tem-
perature. The highest-density samples, heat-treated at
1500 and 1800°C, show little measurement tempera-
ture dependence in the conductivity, though as-prepared
high-density samples generally exhibit a stronger o(T)
dependence,” similar to the behavior shown in Fig. 1 for
the low-density samples. Thus, heat treatment has a very
large effect on the dark conductivity of the high-density
carbon aerogel samples, though most of the change in
o(T) is realized before Tyt has reached 1800 °C. We note
that the behavior at low T for the two low-density sam-
ples heat-treated to 1500 and 1800 °C is nearly the same.

The conductivity at constant measurement tempera-
ture is seen in Fig. 1 to increase with increasing sample
density. For the low-density samples, the conductivity
increases with increasing Tyr. The temperature depen-
dence of o(T) is weak for T > 50 K, but o(T') decreases
drastically in the low-temperature regime (<50 K) for all
the low-density samples in Fig. 1. With increasing heat-
treatment temperature Tyr, the temperature at which
o starts to decrease sharply is reduced slightly. As the

TABLE I. Characterization and photoconductivity parameters for carbon aerogels.

Heat-treatment temperature 1050°C*>® 1500°C 1800°C 1050°C>® 1500°C 1800°C
Density (g/cm?) 0.103 0.117 _ 0.137 0.646 0621 0.635
Conductivity at 300 K (S/cm) 0.74 1.02 1.60 22 42.36 65.0
R/C* 200
Conductivity E, (meV) 8.23 3.18 3.63 3.00 0.143 0.139
Photoconductivity (Ac) Tmax (K) 40.2 18.0 30.1 12.5 8.0 -
Ao activation energy E4 (meV) 3.3 2.2 2.4 2.50¢ 0.67 -
A = (E, — Er) (meV) 16.8 10.3 137 106 431 -
B 37 120 73 - - -
N; (cm™?) 102° 3x 10 10 - - -
po (cm™3?) 3x10*® 2x107 10'7 - - -

® As-prepared.

PData obtained by application of model to as-prepared high-density sample in Ref. 7.

“Resorcinol/Catalyst ratio.
dExtrapolated value.
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FIG. 1. Semilog plot of dark conductivities vs temper-
ature for the carbon aerogel samples studied (see legend).
For the Tyr=1800°C (p,=0.635 g/cm®) and Tur=1500°C
(pm=0.621 g/cm®) high-density samples, the temperature de-
pendence of the dark conductivity is very weak.

density increases, the T' dependence of o(T') becomes less
pronounced and the overall room-temperature conductiv-
ity increases.

To provide a more detailed comparison of o(T) for the
low-density samples, the data in Fig. 1 are plotted in
Fig. 2 as logioo(T) vs 1000/T. We can see in Fig. 2
that for all samples the data over the temperature range
T <50 K exhibit a linear relation, suggesting a thermally
activated conductivity, o(T) « exp[—E,/kT]. The acti-
vation energies, F,, thus obtained, are displayed in Ta-
ble I. It can be seen that generally the activation energies
decrease with increasing Tyt and density.

B. Photoconductivity

The photoconductivity, Ao, for three low-density sam-
ples with different heat-treatment temperatures is plot-
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FIG. 2. Arrhenius plot of dark conductivity for as-prepared
and heat-treated carbon aerogel samples. The values of the
activation energies E, for each sample are given in Table I.
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ted as a function of measurement temperature, T, in
Fig. 3. The inset shows Ao versus T for a high-density
sample (p,,=0.621 g/cm3) with TgT=1500°C. The solid
lines are calculated based on the model described in the
next section and are compared to the experimental data
points. One interesting feature in the photoconductiv-
ity data is the occurrence of a maximum in the plots of
Ao versus T. The photoconductivity follows a simple
activated form, Ao o« exp[—To/T] at low T and Ao
exp[T1/T] at high T. The temperature where the pho-
toconductivity is maximum, denoted by Ti,ax, occurs at
approximately the same temperature where the dark con-
ductivity falls off sharply (see Fig. 1). As Tyr is in-
creased, Ti,.x moves to lower temperatures, tracking the
behavior of the dark conductivity. Again, the effect of
density change is greater on the parameters of the model
than the effect of heat treatment for the two density
ranges (near 0.1 g/cm® and 0.6 g/cm3) studied in this
work.

Figure 3 shows that the slope of Ao versus T on
the low-temperature side of Tpax is larger than that
on the high-temperature side. No photoconductivity
signal could be detected for the high-density sample
(pm=0.635 g/cm?) with Ty7=1800° C, although the in-
set to Fig. 3 for a high-density sample with Tyr=1500 °C
and previous work” on a high-density as-prepared sam-
ple (pm=0.646 g/cm3) do exhibit a measurable pho-
toconductivity. The large photoconductivity value for
the high-density heat-treated sample (p,, = 0.621
g/cm?, Tyr=1500 °C) can be understood by noting that
the dark conductivity is very large for this sample, sig-
nifying a mobility greater than that for the low-density
aerogels. Since Ao « u, the magnitude of the photocon-
ductivity should also scale as the mobility, conforming to
our experimental data.

To further investigate the properties of the photocon-
ductivity, Fig. 4 shows a semilog plot of Ao /o versus T
All samples show a monotonic decrease in Ao /o with
increasing T and no maximum in Ao /o is observed, in
contrast to the behavior of Ag(T') itself shown in Fig. 3.
With increasing Tyr, there is a decrease in Ao /o at all
temperatures for the low-density samples. The decrease
in Ao/o with increasing density (at Tyr=1500°C) is
even more pronounced. A log-log plot of photoconduc-
tivity versus laser intensity is shown in Fig. 5 for various
carbon aerogel samples. The data presented in Fig. 5
were taken at 10 K. The slopes of the lines are on the or-
der of unity. Further discussion of the observed features
of the photoconductivity is presented in the next section.

IV. DISCUSSION

In order to understand the behavior of the photo-
conductivity of carbon aerogels, we first look at their
dark conductivity. Detailed discussions on the dark con-
ductivities for samples with various densities and heat-
treatment temperatures are given elsewhere.?!3 Previous
work*7 has shown that the fluctuation-induced-tunneling
model (FIT), given below, fits the o(T') data fairly well.
However, recent findings'® show that this model results in
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unreasonably large effective masses for the charge carriers
(~ 40 m. for the low-density sample). Recent findings
also show that variable range hopping is a more likely
conduction mechanism than FIT at very low tempera-
tures (T <10 K). Furthermore, our o(7T') measurements,
made above 4.2 K, could not possibly distinguish between
the thermally activated conduction and the FIT model
(given by o(T') = ogexp{—[T1/(T + To)]}) when the ob-
served values of T are less than 4 K.

The thermal activation form of the conductivity at low
temperature, o(T) « exp[—FE./kT], suggests nearest-
neighbor hopping as the dominant conduction mecha-
nism in carbon aerogels. As we know, the aerogel sys-
tem has a “string-of-pearls” morphology with graphitic
ribbons within the particles. These ribbons are stacks of
well-formed graphene platelets with a width of ~ 25 A as
deduced from Raman scattering experiments.* Theoreti-
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FIG. 4. Semilog plot of Ao /o versus measurement temper-
ature for carbon aerogel samples with various mass densities
pm and heat-treatment temperatures Tur.

cal calculations'®1% have shown that for a graphite sheet
with finite size, there exists a band gap E4 determined
by the size of the platelet (W) according to

Eg = (1)

21
w
where E is in electron volts and W is in A. For a rib-
bon of width 25 A, Eq. (1) suggests a band gap Eg ~ 1
eV, which is much larger than the experimentally mea-
sured values of E,, which are on the order of a few meV.
Thus, the temperature-dependent behavior of o cannot
be attributed to the thermal activation of charge carriers
across this band gap. Hence, we attribute this thermal
activation behavior to hopping between nearest-neighbor
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FIG. 5. Log-log plot of photoconductivity measured at 10
K versus laser intensity for carbon aerogel samples with vari-
ous mass densities pm and heat-treatment temperatures TxuT.
The data points are compared to solid lines with a slope of 1
for three of the data sets. For the sample with Ty = 1800° C
and p,,=0.137 g/cm?®, the comparison is to a slope of 1.5.
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grains (particles) which now become localization sites. It
should be noted that this nearest-neighbor hopping be-
havior is a limiting case of the variable range hopping
observed from magnetoresistance datal® at very low T
(<10 K).

The log-log plot of photoconductivity versus laser in-
tensity (Fig. 5) shows monomolecular processes for all
samples, with the exception of the sample with p,,=0.137
g/cm® and Tyt = 1800°C. For a monomolecular pro-
cess, the number of dark carriers significantly exceeds
the number of photogenerated carriers.!® The presence
of monomolecular processes at 10 K suggests that the
photogenerated carriers are recombining with excess dark
carriers, as will be seen later in the Ao /o plots.

With these mechanisms in mind for the conductivity
and photoconductivity, Fig. 6 illustrates schematically
the density-of-states model being considered. Energies
are measured as indicated by the arrow in the diagram.
Typically, disordered carbon materials tend to be p type,
resulting in a Fermi energy, Er, situated in the valence
band. The conduction and valence band mobility edges
are denoted by E¢ and Evy, respectively. Localized states
(shaded regions) exist below Ec and above FEy, while
quasicontinuum states exist above Ec and below Ey .
The quasicontinuum states result from the spatial con-
finement introduced by the quantum size of the particles.
Free carriers exist between Er and Ey. The existence
of free carriers is evident from the Pauli susceptibility
(xp) data.* With this model, photoexcited carriers can
get trapped in localized states above Ey. To account for
the long decay times that are observed, screening of the
trapped carriers induced by lattice relaxation would have
to occur.

To link the above model to the photoconductivity data,
we propose a mathematical model to quantitatively ex-
plain the observed T' dependence of the photoconductiv-
ity. As stated earlier, the prominent features of the tem-
perature dependence of the photoconductivity include a
maximum in the plots of Ao versus temperature. Above
and below this maximum, the photoconductivity exhibits
an exponential temperature dependence. These simi-

FIG. 6. Schematic diagram showing a physical form of the
density of states used to explain the observed photoconduc-
tivity data.
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lar features have been observed in various chalcogenide
glasses such as a-As;Te; and Ge;sTeg;SbyS2.27 712 The
goal of our model is to elucidate the essence of the pho-
toprocesses in carbon aerogels from which we hope to
extract important information about the effects of heat
treatment on the defect properties of these materials.

To pinpoint the recombination process in our system,
a degenerate p-type semiconductor, it is informative to
locate the demarcation levels, and from these determine
whether the defects present in our system behave as traps
or recombination centers for free carriers. In the steady
state, the demarcation level for holes, Ep,, is defined as
the energy level at which the probability 7 of capturing
an excited electron in a trap is equal to the probability
of thermally exciting a hole from the same energy level
to the valence band, Ey:

N=N0,v =¢€p . (2)

Here, o, is the capture cross section for electrons, n =
ng + An ~ An is the electron density in the steady state
(An > ng since Ey is large), ng is the electron density in
thermal equilibrium, v = v, = v, is the electron (hole)
velocity, and e, is the probability for thermal emission
of holes from the trapping level. From detailed balance
considerations in thermal equilibrium,2°

ep = voppo exp|—(Epp — Er)/kT)] 3)

for a trap state at the demarcation level Ep, and p, is
the hole density in thermal equilibrium (po > Ap in the
degenerate semiconductor case). From Egs. (2) and (3),
the demarcation level for holes is given by

Epp,— Ep = kTn (ﬂ"—) . )

onAn

Calculations for the electron demarcation level Ep,, give:

Epn — Ep =kTIn (M) , (5)
O,Ng
using p = poopv in thermal equilibrium and e, =

ngvon exp[(Epn — Er)/kT]). In both cases the de-
marcation level is located at kT’s above Ep (since
Po/An,po/ng > 1). Hence, any defect states lying close
to the valence band edge act as recombination centers for
electrons, and traps for holes; as can be seen later, the de-
fect states in carbon aerogels lie close to Ey. Photocon-
ductivity can then be attributed to the photoholes. Pho-
toelectrons falling into the recombination centers are not
likely to get reexcited because of the large band gap and
they only recombine when holes fall into the same traps.
Recombination is not instantaneous as the electrons are
effectively screened by lattice relaxation when they be-
come trapped, thus accounting for the long decay times.
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Also, holes excited to traps of the same energy may not
necessarily recombine with the trapped electrons, as their
spatial locations can be different.

The next step is to find the photoconductivity itself.
Consider a single trapping level of density, N;. The time
rate of change of the carrier density in the valence band
is given by

B G PNt Necy1—f) ~ B (6)
where G is the external generation rate of electron-hole
pairs, f; is the occupancy function of the trapping level,
P = (po+Ap)opv, and Bpn denotes the direct recombina-
tion of electrons and holes across the gap. This last term
is negligible since most excited electrons become trapped
and so do not contribute to direct recombination. A sim-
ilar equation holds for the conduction electrons:

dn

P =G —aNg(1 - ft) + Nieaf: — Bpn . (7)
The steady-state trap occupancy function f; can be found
by subtracting Egs. (6) and (7) and applying the steady-
state conditions, dn/dt = 0 and dp/dt = 0. Hence,

n+ep

Ty Frers

(8)
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(N:Ano, [poop)

By taking into account the condition of charge neutrality
in the system,
n+e e
Ap—An= N, |- P - —2_ (9)
n+e,+p+e, ep+po

where the right-hand side corresponds to the steady-state
trap occupancy minus the thermal equilibrium trap oc-
cupancy for electrons. Here, e,/(e, + Po) = 1/{1 +
exp((E; — EF)/kT]} with po = peopv in thermal equi-
librium. Because the hole emission from traps close
to Ey is large, and since py > Ap, we can assume
ep > (Apop, + Anoy,)v, or equivalently,

Ano, + Apap

oppoexp|— (B — Bp)/kT] <1 (10)

Using a Taylor series expansion to the first order on Eq.
(10), we obtain

nl (7 + ep)(Anopv + Apoyv)
Po + ep (Po + €p)?

Ap — An = Ny

(11)

Because most of the photoelectrons become trapped and
do not get reexcited to the conduction band, we can con-
sider An < Ap. Using this assumption and 7 < e, from
above, we obtain, after collecting terms in Ap,

Ap

Using the fact that from the dark conductivity, p oc
exp(—FE4/kT) to a good approximation,

Nie(Anon /peop) exp(Ga)

Ao = Apepox — (13)
1+(2+ %) exp(——(—E'ﬁ,Ef—))
Aexp( ”klg:‘) (14)

1+ Bexp(ﬁ)

where we ignore the term in exp[—2A/kT| because it
is much less than the (2 + %) exp(—A/kT) term, as is
shown in our fits. The solid lines in Fig. 3 are the fit
to the experimental data according to Eq. (14). The
fitting values of E 4 for the photoconductivity (see Table
I) are on the same order of magnitude as the activation
energies F, obtained from the dark conductivity data,
confirming the self-consistency of the model. Values for
B, N, and pg are listed in Table I for the low density
samples. Generally, B increases with TyT, because Ny
(obtained from magnetic susceptibility) does not change
much with heat treatment.® For low values of pg, the
model is still valid as our assumption of pyp > Ap holds in
the high-temperature regime where the effect of the term
in 1/[1 + B exp(—A/kT)] begins to dominate in Eq. (14)
and the thermal generation of holes becomes prominent.

So far, we have considered a system consisting of one
kind of defect, resulting in a single trapping level in the
band gap. If we consider the defect states to be a result
of dangling bonds situated near the valence band (dashed

= {1+ 2+ 22) exp[—(B: — Ep) /KT] + exp[—2(E, — Ep)/kT]}

(12)

f

region in Fig. 6), then from Table I, the trapping energy,
A = (E;—EF), is seen generally to decrease with increas-
ing Tyt and p,,. The decrease in A with increasing Tyt
is due to the system becoming less disordered, effectively
pushing Ef closer towards Ey .

If the energy levels associated with the dangling bonds
are situated close to midgap, the observed values of A are
too small to account for the deep position of the dangling
bond energies. In that case, we still have justification for
using a single energy level. We can go from an exponen-
tial distribution of localized states above Ey, as in Fig. 6,
to a d-function-like distribution for the trapping levels in
the gap as follows. According to Tiedje and Rose,?! the
density of states, N(E), above Ey is exponential in na-
ture. We can write N(FE) in the form of

N(E) x exp{—[E — (Ev + Ep)]/Ew} . (15)

The localized states above Ey can be considered as hav-
ing a characteristic width of energy Ew. As Ew —0,
N(E) - Ew 6{E — (Ev + E,)}. The lowering of the
tail state energies by the value E, is attributed to po-
laron formation, which is common in disordered systems
in which lattice distortions are favored by the presence of
vacancies and defects. The energy of the polarons formed
in the tail states is given by
E}

P 2Ka8 (16)

where F; is the deformation potential, K is the bulk
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modulus, and a2 is the deformation volume.?? For (Ey —
EFr) ~ 1 meV (a typical value for disordered carbons) and
using A = Ep, + (Ev — EF), for an in-plane deformation
potential?® on the order of 28 eV and an in-plane bulk
modulus?* on the order of 10'® dyn/cm?, the values for A
listed in Table I would result in lengths on the order of 17
A for the effective lattice distortion, which is reasonable
for the widths of the carbon ribbons being considered. As
heat-treatment temperatures and mass density increase,
the reduced values of E, imply larger bulk moduli.

Figure 4 shows that with increasing heat-treatment
temperature the ratio Aco/o decreases at all tempera-
tures. The low density 1800 °C sample has a very small
Ao, signaling a possible breakdown of our model due
to graphitization and hence, a likely emergence of fast
recombination processes. There is no maximum in the
plot of Ao /o versus T, unlike that observed in the plot
of Ao vs T (Fig. 3). From Eq. (14), and using 0
exp(—FE4/kT), it can be seen that Ao /o should exhibit
a monotonic temperature dependence.

Another feature of carbon aerogels that should be
considered is their relation to granular metallic (GM)
compounds.?® Fung et al.!® have classified carbon aero-
gels and activated carbon fibers (ACF’s) as types of GM
compounds. Characteristic of these materials is a struc-
ture of particles and pores, with free carriers inside the
particles. Figure 4 shows that for all samples, the ratio
Ao /o is less than unity, implying the presence of free
carriers even at low T'. From Ref. 7, the dc plot of Ao /o
vs T suggests that there were few free carriers present in
the as-prepared samples. However, the ac measurements
of Ao show a much faster drop in the magnitude of Ao /o
with increasing T than the dc data (by 2 orders of magni-
tude). The dc data represent changes in both p and Ap,
whereas the ac data, where a gate time shorter than the
recombination time is employed, represent changes only
in p while Ap is effectively constant. Hence, the ac data
really imply that Ao /o < 1, and hence the presence of
free carriers.

For heat-treated samples, especially the highest-
density samples, the concentration of trapping levels is
reduced. Hence the photoconductivity decreases with in-
creasing heat-treatment temperature, indicating that the
carbon aerogels become more graphitic. Evidence of this
graphitization with increasing heat-treatment tempera-
ture has been observed in TEM micrographs,2® and is
reported elsewhere.

V. CONCLUSIONS

The results presented in this paper suggest that the
photoconductivity in carbon aerogels arises from photo-
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holes. The order of magnitude (~10 meV) of (E; — EF)
obtained from the model suggests that the trapping lev-
els are close to the valence-band mobility edge. The ob-
served long decay times are then a result of screening
induced by lattice relaxation when charge carriers are
trapped. With increasing Tyt and pn,, the magnitude
of Ao /o decreases, suggesting a decrease in the concen-
tration of trapping levels. As the concentration of trap-
ping levels decreases, the system tends to become more
graphitic in structure, and hence we observe no mea-
surable photoconductivity in the highest-density sample
with Tyr=1800° C. The photoconductivity parameters
in Table I suggest that the low-density heat-treated sam-
ples have characteristics similar to the as-prepared sam-
ple. The largest difference in parameters is seen between
the as-prepared and the heat-treated high-density sam-
ples. The functional form for o(T') of the high-density
samples is very different from their low-density counter-
parts. In this sense, the effect of heat treatment is most
clearly seen in the samples with higher mass density. This
could be due to the ease with which links can be created
between grains in the high-density samples under heat
treatment. The energies obtained for the thermally ac-
tivated mobility indicate that nearest-neighbor hopping
between grains is an important transport mechanism for
carbon aerogels at low temperature.

These measurements show that photoconductivity
measurements are highly sensitive to defect states. The
photoconductivity data are shown to be sensitive to the
whole region of the band gap, whereas conductivity mea-
surements are sensitive to transport between localized
states near the Fermi level. Carbon aerogels can be con-
sidered as another form of a granular metallic system.
The long decay times observed at low temperature (on
the order of seconds) need to be studied further. The de-
cay times were previously measured by noting the time
for the photocurrent to decay to half its original value.
This method makes it difficult to detect fast decay com-
ponents. Future work should be done to determine the
decay time profile in more detail.
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