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Abstract. We report the investigation of the ultrafast carrier dynamics in thin
tetrahedral amorphous carbon films by means of femtosecond time-resolved
reflectivity. We estimated the electron–phonon relaxation time of a few hundred
femtoseconds and we observed that under low optical excitation photo-generated
carriers decay according to two distinct mechanisms attributed to trapping by
defect states and direct electron–hole recombination. With high excitation, when
photo-carrier and trap densities are comparable, a unique temporal evolution
develops, as the time dependence of the trapping process becomes degenerate
with the electron–hole recombination. This experimental evidence highlights the
role of defects in the ultrafast electronic dynamics and is not specific to this
particular form of carbon, but has general validity for amorphous and disordered
semiconductors.
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1. Introduction

Hydrogen-free tetrahedral amorphous carbon (ta-C) has attracted much attention in the past
decade due to its outstanding physical properties. Its diamond-like features emerge in the
high mechanical hardness, chemical inertness, high thermal conductivity and large sp3 bonding
fraction (>60%). Unlike diamond, it has a considerable potential as a semiconductor due to
its p-type character and to the smaller optical gap (2–3 eV) [1]–[5]. From the electronic and
structural viewpoints, the closest counterpart of ta-C is amorphous silicon (a-Si): recent studies
in the sub-picosecond time domain have revealed that trapping by structural defects plays
an important role in its ultrafast carrier dynamics [6]–[8]. It is well established that trapping
centers in amorphous semiconductors are due to localized defect states originating from band
tails reaching into the forbidden gap. These defects typically arise from incomplete or dangling
bonds and deviation from the ideal sp2 or sp3 configurations [2, 9, 10]. The ability of ta-C to
form a variety of chemical bonds (sp, sp2 and sp3) is seen as a significant advantage compared
to a-Si where hydrogen is generally used to passivate dangling bonds. Despite the large interest
in ta-C, no investigation of its electronic properties on the femtosecond time scale has been
undertaken to date. Time-resolved reflectivity measurements in the pump–probe configuration
are particularly suitable for this purpose, since the dynamics of carriers photo-excited across
the mobility gap can be studied by measuring the change in the reflectivity of the material.
We have used this technique to investigate the ultrafast dynamics of injected carriers in a thin
ta-C film. The transient reflectivity curves have been modeled, achieving excellent agreement
with the experimental data. Besides, our analysis reveals that for low optical excitation, carrier
trapping by defect states and electron–hole recombination determine the temporal decay of the
carrier density. Increasing the optical pumping, if carrier and trap densities are comparable,
electron–hole and trapping recombination mechanisms become indistinguishable. As it will be
shown, this is an effect of the modified time dependence of the trapping process that has never
been emphasized hitherto and provides an alternative interpretation of what has been invoked
asnonradiativebimolecular recombination [6].

2. Experimental details

The ta-C film studied in this experiment was grown on n-type Si(111) substrate at room
temperature by direct deposition of mass-separated12C+ ions [11]. The energy of the carbon
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ions was set to 100 eV, leading to an sp3/sp2 ratio of about 80% [5]. Prior to the deposition,
the substrate was sputter cleanedin situ using 1 keV Ar+ ions. The film is isotopically pure,
hydrogen-free and about 150 nm thick. Time-resolved transient reflectivity has been measured
with the standard pump–probe technique, using an amplified Ti:sapphire laser operating at a
repetition rate of 1 kHz. Ultrashort pulses of 60 fs in duration, centered at 800 nm (1.55 eV)
were used to probe the sample reflectivity. A portion of the amplified beam was employed
to generate femtosecond pulses of the third harmonic, centered at 267 nm (4.65 eV) using
β-BaB2O4 (BBO) nonlinear optical crystals. We first generated second harmonic, centered at
400 nm (3.1 eV) through a BBO crystal. The residual infrared beam, rotated to the p-polarization
state with aλ/2 waveplate, was combined with the p-polarized second harmonic inside another
BBO crystal, generating s-polarized third harmonic pulses with an estimated duration of 90 fs.
The pump:probe spot size ratio was about 4 : 1. We have pumped the ta-C film with 4.65 eV
photons, since the mobility gap of ta-C can be as large as 3 eV. In order to better understand the
carrier dynamics, the pulse energy of the pump, focused on the sample to a spot size of about
500µm, was varied between 0.2 and 4µJ.

3. General formulation

The relationship between free carriers and optical properties is based on the Drude model of
the complex dielectric functionε(ω), an approach that is largely used and well documented
in the literature [6, 12, 13]. In particular, when the energy of the probing photons is lower
than the optical gap, the transient reflectivity1R/R depends only on the variation1n of
real part of the complex refractive indexñ = n + ik, and in particular1R/R = 41n/(n2

− 1)

[13, 14]. Considering that1n can be explicitly made proportional to the carrier densityN and
to the lattice temperature rise1TL, i.e. 1n = N∂n/∂N +1TL∂n/∂T , the time dependence of
the reflectivity reveals the temporal evolution of carrier density and lattice heating:

1R

R
=

4

n2 − 1

(
∂n

∂N
N +

∂n

∂T
1TL

)
. (1)

The dependence ofn on the carrier densityN is calculated from the relationship between
the dielectric function and the refractive index:ε(ω) = ñ2. In the limit (ωτ)2

� 1 4 (ω is the
frequency of the probe electromagnetic wave andτ is the carrier relaxation time appearing in
the Drude expression ofε(ω)), the following relation can be obtained:

∂n

∂N
= −

1

n

(
q2

2ε0mω2

)
(2)

with ε0 being the vacuum dielectric constant,m the carrier effective mass andq the electron
charge. Using the electron massm as the carrier effective mass [15], being h̄ω = 1.55 eV and
n ' 2.5 5, we estimated∂n/∂N ' −1.1× 10−22 cm3. Considering that the ta-C film is about
150 nm thick and that the fluence of the probe beam is very low, the photo-induced bleaching
due to the probe photons should be negligible. The thermo-optical coefficient∂n/∂T of

4 This statement will be justifieda posteriori.
5 According to ellipsometry measurements on ta-C, at 1.5 eV photon energy,k ' 0.02 andn ' 2.5, while at 4.5 eV,
k ' 0.8 andn ' 3. Accordingly, the optical absorption length for pump photons is about 30 nm, while for probe
photons is about 3µm.
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Table 1. Carrier recombination processes as determined by the solution of
equation (3). Nm is the initial carrier density att = 0, γm is the characteristic
recombination constant.

m N(t) Process

1 N(t) = N1exp(−γ1t) Trapping
2 N(t) = N2/(1 +γ2N2t) Bimolecular

3 N(t) = N3/

√
1 + 2γ3N2

3 t Auger

ta-C is not known nor can it be reliably computed; however, as it will be shown, this will
not significantly harm our analysis. Nonetheless, in analogy with similar investigations on a-Si
[16, 17], we should expect a positive value of∂n/∂T also for ta-C.

Based on the vast literature about ultrafast carrier dynamics of a-Si, considered here as a
benchmark for the electronic properties of amorphous semiconductors in the femtosecond time
scale, the evolution of the carrier density following an optical excitation can be described by the
general rate equation:

∂N

∂t
= −γmNm, (3)

whereγm > 0 and 16m6 3 is an integer that identifies the possible recombination channels.
The solutions of equation (3) are the analytical functions listed in table1. If m = 1, N decays
exponentially with time constantτ1 = 1/γ1. This process is attributed to carrier trapping,
where γ1 = Ntσt〈v〉 is proportional to the trap densityNt, the trap cross-sectionσt and
the carrier thermal velocity〈v〉 [7, 8]. If m = 2 (m = 3), the carrier dynamics is due to
electron–hole bimolecular recombination [6] (to three-body Auger-like process [12]), where
γ2 (γ3) is the recombination constant. The Auger mechanism generally takes place with
very strong excitation, when the photo-carrier density exceeds 1020 cm−3, while electron–hole
recombination and trapping should dominate the dynamics at moderate pumping [12, 14].
Lattice heating, on the other hand, is determined by the energy photo-excited carriers exchange
with the lattice. Due to electron–phonon collisions, carriers lose energy emitting phonons, and
the time evolution of the lattice temperature can be easily quantified: assumingU is the average
energy of a photo-excited carrier andN is the carrier density, the rate of energy loss per unit
volume (i.e. the energy transferred from carriers to the lattice) isNdU/dt ' NU/τep, with τep

being the electron–phonon relaxation time. The increase of the lattice temperatureTL can be
described by the relation:

cp
∂TL

∂t
= N

dU

dt
− cp

TL

τep
' N

U

τep
− cp

TL

τep
, (4)

wherecp is the lattice specific heat. DefiningT0 = NU/cp leads to∂TL/∂t = (T0 − TL)/τep,
which can be easily solved, obtaining the time evolution of the lattice temperature:1TL =

1T0(1− exp(−t/τep)). Thus, the lattice temperature rises with a characteristic time constantτep

that can be determined experimentally.
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Figure 1. Time-resolved transient reflectivity of the ta-C film measured as a
function of the pump–probe delayt . Different symbols (colors) correspond to
different energies of the pump pulses (increasing energy from top to bottom).
The curves have been offset for clarity. The inset shows in greater detail the delay
region close tot = 0 ps (without offset, increasing energy from top to bottom at
t = 0).

4. Results and discussion

Figure 1 reports transient reflectivity1R/R of the ta-C film measured as a function of the
pump–probe delay, each scan corresponding to a different fluence of the pump. The rapid
negativechange around the delayt = 0 ps (emphasized in the inset of figure1) is determined by
the ultrafastincreaseof the photo-excited carrier densityN (in agreement with the negative sign
of ∂n/∂N, see equation (2)). At intermediate delays (0< t < 1 ps), the reflectivity recovers as
a consequence of the carrier thermalization. However, for longer times (t > 2 ps) and for high
pump energies,1R becomespositive, disclosing the effect of lattice heating and suggesting
that the thermo-optical coefficient of ta-C is positive. At low pump energies, the thermal effect
is very weak and the transient reflectivity never changes its sign, but it does not recover its
unperturbed value within the investigated time window, revealing the presence of a slow carrier
recombination process. As it will be proven, within the observed time interval of 20 ps, heat and
carrier diffusion are negligible, thus the spatial dependence ofN and1TL can be neglected.

The transient reflectivity curves at the various pump energies have been fitted allowing
the simultaneous presence of carrier trapping and electron–hole bimolecular recombination,
and taking into account the evolution of the lattice temperature. Including the Auger-like
recombination process did not produce satisfactory fitting results, supporting the fact that the
three-body mechanism takes place at much higher carrier concentrations. The following model
has been used:

1R

R
= α

(
N1 exp(−t/τ1) +

N2

1 +γ2N2t

)
+β(1− exp(−t/τep)), (5)

which can be interpreted in terms of a multicomponent process: (i) carrier recombination
mediated by traps (first term in the rhs of equation (5)), (ii) direct electron–hole recombination
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Figure 2. (A) Experimental transient reflectivity data (symbols) vs time delay
and related fits (dotted lines) according to equation (5). Each curve corresponds
to a different energy of the pump (increasing energy from top to bottom).
For clarity, the curves have been offset and only 20% (every 5th point) of
the experimental data are shown. (B) Time evolution of the three different
contributions to the fitting model: carrier trapping (blue-solid line), bimolecular
recombination (cyan-dashed line) and lattice heating (red-dotted line). The data
correspond to the reflectivity curve obtained with pump energy of 1.2µJ.

(second term in the rhs of equation (5)) and (iii) thermal effect due to lattice heating. According
to equations (1) and (2), the parameterα can be numerically evaluated asα = 4(∂n/∂N)/

(n2
− 1) ' −10−22 cm3. On the other hand,β = 41T0(∂n/∂T)/(n2

− 1) is proportional to the
thermo-optical coefficient∂n/∂T and the maximum increase of the lattice temperature1T0 for
a given pump fluence. Since neither∂n/∂T nor1T0 is directly accessible with our experiment,
β has been treated as a fitting variable. The parametersτ1, γ2 andτep have been assumed to be
independent from the pump energy, whileN1, N2 (i.e. the initial photo-excited carrier densities
at t = 0) andβ (whose fluence-dependence is implicitly given by1T0) have been determined
for each reflectivity curve. Figure2(A) reports the experimental data and the corresponding fits
according to equation (5), while figure2(B) shows the trapping, bimolecular recombination and
lattice heating contributions to the reflectivity curve measured at the intermediate pump energy
of 1.2µJ. It is also noteworthy to mention that a single recombination process (i.e. trapping or
bimolecular) does not lead to acceptable fits of the curves. The fact that both recombination
mechanisms must be employed can be attributed to the heterogeneous character of the ta-C
film. A similar conclusion has been recently drawn by Myerset al [18] on the investigation of
the ultrafast dynamics of nanocrystalline Si films, where different recombination mechanisms
have been assigned to the nanocrystals and to the embedding amorphous matrix. In the specific
case of ta-C, it has been argued that sp2 sites arrange in the form of chains dispersed inside the
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Figure 3. The initial photo-excited carrier densitiesN1 (trapping), N2 (bi-
molecular recombination) and the parameterβ (proportional to the maximum
lattice temperature rise1T0) as a function of the pump energy. The data are
obtained by fitting the transient reflectivity curves with equation (5).

amorphous diamond-like sp3 matrix [19]. These chains might play a role similar to nanocrystals
in a-Si, as they embody localized regions of different structural phase.

The extrapolated values of the initial carrier densitiesN1, N2 and the parameterβ are
represented in figure3 as a function of the pump energy. The densityN1 of carriers recombining
through traps visibly drops at high fluences, while the densityN2 of carriers following the
bimolecular recombination steeply increases when the pump energy is higher than∼2µJ. On
the other hand, the parameterβ, and therefore the maximum lattice temperature1T0, rises
almost linearly with pump energy. The fits of the reflectivity curves allowed us to measure the
electron–phonon relaxation timeτep = 220± 35 fs from which the relaxation timeτ (i.e. the
time between subsequent carrier collisions with the lattice appearing in the Drude model of
the dielectric function) can be estimated. TakingU ∼ hν − Eg as the average photo-excited
carrier energy, withhν = 4.65 eV being the pump photon energy andEg ∼ 2–3 eV being
the mobility gap, leads toU ∼ 2 eV. Due to electron–phonon collisions, carriers lose energy
emitting phonons with average energykBTL ∼ 30 meV (kB is the Boltzmann constant andTL is
not far from room temperature with the pump fluences we used6). The rate of energy loss is
simply dU/dt = kBTL/τ and therefore the electron–phonon relaxation time can be written as:

τep =
U

dU/dt
=

U

kBTL/τ
. (6)

With the numerical values given above,τep ∼ 70× τ . Thereforeτ ∼ 3 fs and (ωτ)2
∼ 50,

justifying the approximation that led to equation (2). Knowing the value ofτ we evaluated
the carrier diffusion constant from the Einstein relation:Dc = (kBT)τ/m ∼ 0.2 cm2 s−1

(with kBT ∼ 30 meV), while using the thermal properties of ta-C we quantified the heat

6 The maximum lattice temperature can be estimated from the relationE(1− R)/(Ad) ' cp1T0, whereR ∼ 0.3
is the ta-C reflectivity at the pump wavelength,E ∼ 4µJ is the highest pump energy,d ∼ 30 nm is the pump
absorption length,A ∼ 0.25 mm2 is the irradiated area andcp ∼ 3 J cm−3 K−1 is the ta-C specific heat (see [3]).
Thus1T0 ∼ 120 K.

New Journal of Physics 11 (2007) 404 (http://www.njp.org/)

http://www.njp.org/


8

diffusion constantDh = κ/cp ∼ 0.03 cm2 s−1 (with κ = 0.1 W cm−1 K−1 andcp = 3 J cm−3 K−1,
according to [3]). Within the investigated time windowt = 20 ps, carrier (c) and heat (h)
diffusion lengths areλc,h ∼

√
Dc,ht 6 20 nm, which is shorter than the pump absorption length,

making carrier and thermal diffusion negligible.
We can now focus on the detailed analysis of the time evolution of photo-carriers: the

extrapolated bimolecular recombination coefficient isγ2 = (1.9± 0.05) × 10−8 cm3 s−1, being
slightly larger than the value measured for amorphous [6] and nanocrystalline silicon [18], while
the lifetime of carriers decaying through traps isτ1 = 550± 40 fs. It is interesting to notice that
the termN1 e−t/τ1 appearing in equation (5) is meaningful as long as the carrier densityN1

is much smaller than the trap densityNt. Under this condition, the value of the lifetimeτ1

can be used to estimateNt. In fact, if we assume the trap cross-sectionσt to be of the order
of the atomic bond length squared, i.e.σt ∼ 10−15 cm2, and being the carrier thermal velocity
〈v〉 ∼

√
3kBT/m ∼ 107 cm s−1, we obtainNt = 1/τ1σt〈v〉 ∼ 1020 cm−3. This value agrees fairly

well with the density of defect states measured by electron spin resonance (ESR) in similar
ta-C films [4]. We point out, however, that if the initial carrier density is close to the trap
density, the exponentially decaying temporal profile fails to describe the trapping process. In
fact, if N1 ∼ Nt for t ∼ 0 ps, since carriers are trapped at the same rate at which traps are filled,
the relationN1(t) ∼ Nt(t) holds also fort > 0 ps. In such a case:

∂N1

∂t
= −N1/τ1 = −N1Ntσt〈v〉 ∼ −N2

1σt〈v〉 = −γtN
2
1 , (7)

where we have definedγt = σt〈v〉. Equation (7) clearly shows that the time evolution of carrier
trapping is described by a bimolecular-like temporal profile when carrier and trap densities
are similar. Furthermore, with the approximations given above (i.e.σt ∼ 10−15 cm2 and〈v〉 ∼

107 cm s−1) γt ∼ 10−8 cm3 s−1, a value very close to the electron–hole recombination coefficient
obtained from the fits. In view of these observations, the trends ofN1 andN2 in figure3 can be
interpreted as a direct consequence of equation (7): the drop ofN1 and the pronounced increase
of N2 take place when the overall carrier density is roughly 1020 cm−3, a value matching fairly
well our estimate ofNt. For such a carrier density, the exponential time decay does not describe
the trapping mechanism, but a bimolecular-like temporal profile arises, and consequently
N1, proportional to the exponential density decay in equation (5), drops. Accordingly, the
electron–hole recombination term, proportional toN2 in equation (5), steeply increases as it
also embodies the carrier trapping process. Therefore, the predominance ofN2 for high pump
energies does not imply that bimolecular recombination is the leading mechanism, but it is
rather a consequence of the modified temporal evolution of carrier trapping. In previous studies
on the ultrafast response of a-Si, the quadratic dependence of the rate equation on the optically
injected carrier densityN (i.e.∂N/∂t = −γ2N2) in the high excitation regime has been assigned
to nonradiativebimolecular recombination, a particular Auger process where the deviation from
the expected cubic dependence onN is attributed to spatially overlapping electron–hole pairs
(see [6] and references therein). Here, we have clearly shown that for high carrier generation,
the quadratic dependence is understood as a regime of carrier trapping rather than a purely
nonradiative mechanism. This conclusion has also a direct consequence on the evolution of
the lattice temperature: if carriers recombined mainly through nonradiative recombination, the
lattice temperature would increase with a characteristic time constantτl = 1/N2γ2, strongly
depending on the carrier concentration. Our analysis instead suggests thatτep is constant and
truly represents the electron–phonon relaxation time. We finally point out that the similarity
between the recombination coefficientsγ2 of ta-C and a-Si suggests that the validity of these
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observations is not specific to the carbon films, but applies more generally to amorphous and
disordered semiconductors.

5. Conclusions

To summarize, the ultrafast carrier dynamics in ta-C has been investigated by means
of femtosecond time-resolved reflectivity measurements. Photo-excited carriers follow two
separate paths to recover the equilibrium condition: they can recombine (i) through localized
defect states (traps) and (ii) via the bimolecular mechanism. We have shown that if the density
of free carriers is comparable to the estimated density of traps, electron–hole recombination
and carrier trapping assume identical time dependencies, as a consequence of the modified time
evolution of the trapping process. This observation has rather general validity and sheds light on
the complex ultrafast dynamics in this class of materials. It is noteworthy to emphasize that our
measurements show how the time-resolved response of ta-C is qualitatively similar to that of
a-Si. In view of the increasing demand for high-speed microelectronic devices and considering
the outstanding mechanical and tribological properties of diamond-like materials, ta-C should
be given proper consideration.
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