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ABSTRACT We examine charge transfer interactions in the hybrid

system of a film of (5, molecules deposited on single-layer graphene ‘; 0.5

using Raman spectroscopy and Terahertz (THz) time-domain spec- §

troscopy. In the absence of photoexcitation, we find that the (s g 00

molecules in the deposited film act as electron acceptors for graphene, f_.g) 05

yielding increased hole doping in the graphene layer. Hole doping of & — Co/graphene

the graphene film by a uniform Cg, film at a level of 5.6 x 10'%/cm? or }:E_m_ " Modelfit

0.04 holes per interfacial C5o molecule was determined by the use of 0 100 200 300 400
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both Raman and THz spectroscopy. We also investigate transient
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charge transfer occurring upon photoexcitation by femtosecond laser pulses with a photon energy of 3.1 eV. The Cso/graphene hybrid exhibits a short-lived (ps)

decrease in THz conductivity, followed by a long-lived increase in conductivity. The initial negative photoconductivity transient, which decays within 2 ps,

reflects the intrinsic photoresponse of graphene. The longer-lived positive conductivity transient, with a lifetime on the order of 100 ps, is attributed to

photoinduced hole doping of graphene by interfacial charge transfer. We discuss possible microscopic pathways for hot carrier processes in the hybrid system.
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interfacial charge transfer

raphene has attracted great interest
G as a two-dimensional system exhibit-

ing distinctive physical properties,’
with many possible applications in electronic
and photonic devices.>~® New concepts for
the use of graphene in detectors and photo-
voltaic devices'®~'2 have been explored in
view of graphene's high optical transpare-
ncy,">™ intrinsic flexibility,”~"” and high
electrical conductivity.”® 2! The combination
of graphene with other nanoscale materials,
such as semiconductor nanoparticles, to form
novel hybrid nanostructures further expands
the range of possibilities.'>2> %

The characteristics of such multilayer
hybrid systems and the performance of
devices made from them depend on inter-
facial electronic interactions and charge
transfer. In the context of photonic applica-
tions, the response of such hybrid materials
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to optical excitation and the role of inter-
facial charge transfer are of particular impor-
tance. In this paper, we investigate a hybrid
nanomaterial consisting of a solid film of
Ceo deposited on single-layer graphene. This
system provides a model for charge transfer
processes between graphene and a well-
defined adlayer film. In addition to the
attractiveness of studying an adlayer that is
also comprised of sp>-hybridized carbon,
the interface is understood to be formed
through relatively weak van der Waals
forces and does not involve the complexity
of strong chemisorption interactions.®%°
Evidence of weak interaction was also
demonstrated in the recent studies, where
light hole doping was detected in graphene
by adsorption of Cg0.2° 32 Charge transfer
processes involving Cgg are of special inter-
est because of the widespread use of Cgq
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Figure 1. Charge transfer doping in pristine graphene by C¢, deposition. (a) Raman spectra recorded for pristine graphene
(red line) and after deposition of a 1 nm Cg, film (blue line). The first-order G and second-order 2D Raman features of graphene
are identified. The arrows indicate changes in the peak frequency and height upon Cg, deposition. (b) Expanded Raman
spectra from 1400—1640 cm . The spectra are normalized by the intensity of G-mode to highlightits 7 cm ™" peak shift. The
inset shows the Raman spectrum of a thick Ce, film, which is dominated by the Ay(2) pentagonal pinch mode around
1469 cm™ . The same feature is also visible around 1464 cm ™" for the Cgo/graphene sample.

derivatives as electron acceptors in organic photo-
voltaic devices.>*3*

In this article, we examine both ground- and excited-
state charge transfer processes at the Cgo/graphene
interface by the application of Raman spectroscopy
and THz time-domain spectroscopy (THz-TDS). Unlike
earlier studies, we use both of these non-contact
optical probes to measure the doping parameters
and study transport behavior. By probing the shift in
the graphene Fermi level and change in the transport
properties of graphene induced by deposition of the
Ceo film, we evaluate the amount of charge transfer
doping that occurs in the hybrid system. Modest
hole injection of 5.6 x 10'%/cm? about 0.04 charges
per interfacial Cgo molecule is identified.

For the photoexcited system, charge transfer pro-
cesses and their dynamics are investigated by probing
the transient conductivity of the Cgo/graphene sample
following ultrafast optical excitation with THz-TDS. The
emergence of a relatively long-lived positive conduc-
tivity response, absent for photoexcitation of either of
the materials separately, allows us to identify and quan-
tify photoinduced charge transfer processes. A relatively
efficient injection of photoexcited holes from the Cgq
is observed, with approximately 30% of the photo-
excited holes contributing to the transient graphene
conductivity. Equilibrium conditions for the system are
re-established by slower electron injection into gra-
phene, occurring on the 100 ps time scale. Combining
our experimental results with knowledge of the band
structure of the hybrid system, we discuss possible
physical mechanisms and microscopic pathways for
the different interfacial charge transfer processes.

RESULTS

Ground-State Charge Transfer. We investigated large-
area single-layer graphene (SLG) samples prepared by

JNAWALI ET AL.

chemical vapor deposition and transferred onto fused
quartz substrates. The hybrid films were formed by
thermal deposition of Cgo films onto the surface of
the SLG. (See Methods section for details of sample
preparation.) Two separate experimental techniques,
Raman spectroscopy and THz spectroscopy, were
applied to characterize charge transfer between the
Ceo layer and the underlying graphene monolayer in
the absence of photoexcitation. We first report results
of the Raman study.

Figure 1 shows Raman spectra for a graphene layer
in its pristine state and for the sample after deposition
of a monolayer Cq, film. The Raman spectra were
recorded at five different spatial locations on the
Ceo/graphene/quartz sample and were averaged to
minimize the influence of any inhomogeneity in the
charge density. As expected from previous studies,*®
prominent G-mode and 2D-mode peaks of SLG appear
around 1587 and 2692 cm ', respectively. The 2D peak
shows a single Lorentzian profile (FWHM of 30 cm™),
as expected for SLG. The D peak around 1350 cm™"
is barely visible. The absence of this feature, which
is allowed only in the presence of localized defects, is
indicative of the high quality of the graphene samples
(both before and after Cgo deposition). The Raman
spectrum for SLG covered by a monolayer Cgo film
exhibits systematic differences in terms of the number,
position, width, and intensity of the Raman features
(Figure 1). In particular, we observe the emergence of a
Raman mode at 1464 cm ™ for the Cgo-covered graph-
ene sample. This feature arises from the Cgo molecules,
as can be seen by a comparison with a bulk (100 nm)
Ceo film [inset of Figure 1b], and is attributed to the Cgq
A4 (2) pentagonal pinch mode.*®

Inspection of the Raman spectra of the graphene
G and 2D features in Figure 1 reveals that both modes
are slightly blue-shifted and also exhibit changes in

A NTAR S
VOL.9 = NO.7 = 7175-7185 = 2015 K@LNLM {\j

WWwWW.acsnano.org

WL

7176



TABLE 1. Transport Parameters®

uantit;
. ¢ Y Ngr Ey (gr) Tyr Nego/gr Ef(Coo/gm)  Tewigr  |Nego/gr = Nl
(x 102 cm~2) (meV) (em™)  (x 102 cm~?) (meV) (em™)  (x 102 cm™2)
Method
Raman 22+0.5 —190 + 20 - 78+1 —360 + 20 - 57+0.5
THz-TDS 32+1 —230 %40 133 87+2 —380 + 40 70.7 55+1

? Inferred hole density N, Fermi energy £, and scattering rate I for pristine graphene samples and Csp/graphene hybrid layers as obtained by Raman spectroscopy and THz-TDS

measurements.

the intensity and width upon Cg, deposition. Analysis
of the position of these two features allows us to
estimate the carrier density in the samples.>’~*° The
blue-shifted position of the 2D peak relative to that
for undoped graphene is indicative of additional
hole doping.3**° For a more quantitative analysis of
the level of hole doping, we make use of the shift of the
G-mode frequency wg with the Fermi energy Eg, as
summarized by the relation®”***' g — 1580 cm™' =
(42 cm™'/eV) |E¢|. From this expression, we estimate
the Fermi energies for the pristine and Cgp-covered
graphene as E? = —190 & 20 meV and /9" = —360 +
20 meV, respectively. In terms of the observed shift in
the G-mode frequency upon Cgo deposition, the value
of 7 £ 1 cm™" implies a change in the graphene Fermi
energy of 170 meV. The quoted values correspond
to spatial averages over the sample, with error bars
based on the observed fluctuation and uncertainty
in determination of the position of the Raman peaks
of £1ecm™".

From the corresponding Fermi energies, we can
also estimate the density of holes in the pristine SLG
and the Cgo-covered SLG regions. We use the relation
between the doping density N and the Fermi level
E¢ for graphene of |E¢| = Avg (7 [N))'%, where v is the
Fermi velocity of the linear bands; we neglect the (slight)
influence of finite temperature for these doping levels.
The corresponding charge densities for the pristine
and Cgo-covered graphene are shown in Table 1 using
a Fermi velocity of ve = 1.1 x 10° m/s (ref 42). The hole
doping of graphene from the Cgo-layer is found to be
57 x 10" cm ™2 We note that the graphene charge
density inferred from the Raman G-mode frequency
may be altered by the effects of strain.** The possible
influence of strain should not, however, influence our
determination of charge transfer from the Cq, layer,
since the level of strain in the graphene films is not
expected to change upon Cgo deposition. Below we also
confirm the level of hole doping of graphene by Cg,
using the independent technique of THz spectroscopy,
which is insensitive to strain.

As a second experimental technique to probe
the charge transfer process upon Cgo deposition,
we have applied THz time-domain spectroscopy
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(see Methods) to determine the hole density of
the samples. Figure 2a displays waveforms of the
measured THz electric field under three different ex-
perimental conditions, probing a pristine SLG film on
the quartz substrate, a Cgo film on the substrate with-
out a graphene layer, and the hybrid SLG film covered
by a Cg film. We see that there is no significant
THz conductivity of the Cgq film alone. The reduction
in the THz field for pristine SLG and the SLG covered by
Cso, however, indicates the presence of a measurable
conductivity. The conductivity of the graphene sample
increases upon deposition of the Cq film, correspond-
ing to the observed reduction in the transmitted THz
electric field.

We have analyzed these results to extract the
frequency-dependent complex sheet conductivity
d(w) of the samples using the approach described in
the Methods section. Figure 2b,c shows the inferred
conductivity spectra for the graphene and Cgo/graphene
samples. The sheet conductivity of the pristine SLG
sample at low frequencies is nearly 20 Go, where Gy =
2e%/h = 77.5 uS denotes the quantum of conductance.
The conductivity spectrum of the pristine graphene
sample shows a rather flat response with frequency,
indicating a high scattering rate in our graphene
samples compared to the probed THz spectral range,
as is typical for similar CVD-grown graphene.**%
In contrast to the pristine graphene, the Cgo-covered
graphene exhibits a higher conductivity of 43 G, at low
frequencies and a stronger frequency dependence of
the response. The THz conductivity does not change
meaningfully as the Cgo coverage is increased above
a monolayer, as we have checked for films up to 50 nm
in thickness (not shown). This indicates that intrinsic
conductivity within the Cgp film can be neglected and
also that the charge transfer process is defined by the
first monolayer of deposited Cgp.

To analyze the transport behavior in greater
detail, we compare the experimental complex con-
ductivity spectra with predictions from a simple Drude
form:*8—>2

D 1
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Figure 2. THzresponse of pristine and Cg( deposited graphene. (a) Time-domain waveforms of the transmitted THz pulse for a
pristine graphene layer (SLG/qz) and 1 nm Cg, film on graphene (Cg0/SLG/qz), as well as a reference signal for a blank fused
quartz substrate (gz). (b and c) The corresponding complex sheet conductivities o(w) for the pristine graphene layer and the
Ceo-covered graphene layer, given in units of the quantum of conductance G, = 2e*/h. Fits to the Drude model (discussed in
the text) for both the real and imaginary parts of the conductivity are shown by dashed lines.

Here T' is the carrier scattering rate (also quoted in
units of cm ™' for I'/27tc, where ¢ is the speed of light
in vacuum), and the parameter D is the Drude weight.
For both the pristine graphene samples and the Cgq-
covered graphene [Figure 2b,c], the Drude model
fits the measured values of the complex conductivity
adequately within the spectral range of 0.25—1.45 THz
where we have sufficient power for reliable measure-
ments. From the fits to the Drude model, we obtain
the values for the Drude weight D and the scattering
rate I" for each sample.

For the case of the pristine graphene samples
on insulating substrates, the THz response clearly
originates from that material. For the Cg0/SLG sample,
the Raman measurements described above have
revealed increased doping in the graphene layer, and
we attribute the increase in the observed conductivity
to the greater doping of the graphene layer. For
conductivity arising from transport in graphene with
carrier density N, the Drude weight is given by D =
(ve e¥/R)(7N)"2>37>° Here e denotes the electronic
charge, and we have neglected the effect of finite
temperature, since the relevant Fermi energies are
all large compared to the thermal energy at room
temperature. This expression allows us to convert the
measured Drude weight D into the graphene carrier
density N.

In Table 1, we present the inferred parameters for
the doping level (in terms of the carrier density and
Fermi energy) and the scattering rate, both for the
case of pristine graphene and for Cgo/graphene, as
determined by THz measurements. The uncertainty
was defined by the variation in the Drude model
fits for data recorded at several different positions on
the sample. On the basis of this analysis, we find that
deposition of Cso on graphene leads to a downshift
of the Fermi energy of the hole-doped graphene by
160 meV, with an increase in the hole density of
55 x 10" cm™2. We also note that the increased
doping from Cg, deposition is accompanied by an
appreciable decrease in scattering rate of the carriers,
dropping from 133 to 70.7 cm ™.
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Excited-State Charge Transfer. We now investigate the
change in conductivity induced in the Cgo/graphene
sample by excitation with ultrashort 400 nm (3.1 eV)
laser pulses. We examine both the dynamics directly in
the time domain and the evolution of the THz spectral
response at different time delays. To interpret the
results, we provide a comparison with the response
observed both for the pristine graphene and for a film
of Cgo deposited on the fused quartz substrate without
graphene, i.e., for the two separated components of
the hybrid film.

Figure 3a shows the time traces of the photo-
induced change in THz conductivity Ao, as a function
of delay time 7 of the probe with respect to the laser
excitation pulse for the Cgo/graphene sample. Also
presented are reference signals for a pristine graphene
layer and for a layer of Cso deposited on the fused quartz
substrate without graphene. These measurements were
performed directly in the time domain by monitoring
the change in the THz probe field at the peak of
the THz waveform. A more detailed spectral analysis
of the transient THz response is presented below, but
this simple measurement is meaningful in view of the
relatively weak spectral variation of the THz response.

Let us first consider the response of the reference
samples. For the pristine graphene layer, the THz con-
ductivity decreases on a time scale of 1 ps and recovers
back to the unexcited level within a few ps (7; ~ 2.5 ps).
For Ceg layers without graphene, we observe a short-
lived positive photoconductivity transient: the con-
ductivity increases immediately after photoexcitation
and then relaxes within a few ps, showing a typical
biexponential decay, as reported in previous studies.>®

For the case of Cgy/graphene sample, we see the
emergence of completely different dynamic behavior.
In addition to the short-lived early time transient
present in both the pristine graphene and Cg layers,
we observe a transient conductivity response that lasts
for hundreds of picoseconds [Figure 3b]. The initial
transient corresponds to a decrease in conductivity
as found for pristine graphene.®” This indicates that
dominant initial response arises from that of the
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Figure 3. Dynamics of photoinduced THz conductivity and spectral response. (a) The temporal evolution of photoinduced
change in conductivity Ao, for pristine graphene (brown line), graphene with a 50 nm Cg,, film (blue line), and graphene with
100 nm Cg, film (green line) after excitation with 400 nm laser pulses as measured at the peak of the THz waveform. The peaks at
15 ps arise from a reflected beam from the back of the substrate and have no physical significance. The black and red dashed
lines are the fits based on the convolution of the instrumental response function with a multiexponential decay, as described in
the text. Here and below, Ao, is given in units of the quantum of conductance G, = 2e?/h. (b) Time evolution of Ao, for graphene
with a 50 nm Cg, film, measured up to a delay of 400 ps, together with the fit described in the text. The inset shows the maximum
increase of Ao, recorded at a delay of 85 ps as a function of the thickness of the Cq, film. (c) The THz electric field Ey(t) transmitted
through the C4¢/SLG sample (blue line) together with the pump-induced THz waveform, AE(t) (red line) at a fixed pump—probe
delay of 7 = 85 ps. (d) The photoinduced change in the complex THz conductivity Ao, (w) of the C¢o/SLG layer extracted from the
pump-induced THz response in (c). The black dashed lines are fits based on a Drude response of C¢o/graphene both before and
after photoexcitation. The Drude fit is converted into a predicted time-domain waveform AEp,,qe st (t), which, as shown in (c)

with dashed line, agrees well with the experimental data for the pump-induced THz response.

graphene response, rather than from the Cq, layer alone,
as expected from the strength of the individual responses.
The new positive conductivity response of the Cgo/
graphene system shows a rapid initial rise, followed by
a slower increase to peak conductivity at around 90 ps
and a slow recovery back to the unperturbed conductiv-
ity. We fit the transient conductivity with a multiexpo-
nential function convolved with the negative conductivity
response of isolated graphene. We extract the time
constants for the rapid initial rise (t, ~ 0.8 ps), the sub-
sequent slower increase (t3 ~ 40 ps), and final relaxation
of the photoconductive response (t4 ~ 120 ps).

To understand the origin of the signal, we carried
out measurements with Cgq films of varying thicknesses
(10, 20, 50, and 70 nm) deposited on graphene/quartz
substrates. All samples showed similar dynamics and
a nearly constant positive photoconductivity maximum
[see inset of Figure 3b]. This result shows that the
conductivity transient is determined by the interfacial
region, with the first few layers of Cgo defining the
photoinduced response. For comparison, we examined
the effect of exciting the sample with laser pulses
at 800 nm (photon energy of hv = 1.5 eV). In this case,
the photoinduced response was essentially that of
the pristine graphene sample and did not display a
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photoinduced increase in conductivity. (Please see
Supporting Information.)

To obtain more quantitative information about the
photoinduced response of the Cgo/graphene system,
we also determined the photoinduced change in the
THz conductivity spectrum. Figure 3c shows results for
the differential change in the transmitted THz wave-
form AE, (t) at a time delay of 7 = 85 ps where the
photoinduced conductivity is at its maximum. From
these results we deduce the photoinduced change
in the frequency-dependent THz conductivity Ao, (w)
as shown in Figure 3d.

As a simple phenomenological model of the
transient response, we assume that both the initial
(unpumped) response of the Cgo/graphene layer o(w)
and its response after photoexcitation o,(w) can be
described by a Drude form. Writing each of these Drude
response terms with its own weight and scattering rate,
we then have a differential change in the conductivity of

Ao (w) = or(w) — o(w)

)

D, 1 D 1

7 [ —iw) x ([ —iw)
where D denotes the initial Cso/graphene Drude weight,
D, denotes the Drude weight at a time delay 7 after
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photoexcitation, with analogous designations for scat-
tering rates I" and I';. We can then fit the experimentally
measured differential change in the THz conductivity
Ao, (w). We take values for D and I directly from the
THz measurements on the unexcited Cgo/graphene
sample and treat D, and I'; as adjustable parameters.
The dashed line in Figure 3d shows the best-fit result in
the frequency domain, with the corresponding quanti-
ties in the time domain presented in Figure 3c. The
fit shows good overall agreement, given the simplicity of
the model.

The inferred parameters for the photoexcited sys-
tem are then given by D, = (9655 + 20) Go cm™ " and
I, = 709 £ 0.2 cm™". These values correspond to
increases of the Drude weight of AD = 120 Go cm ™'
and of the scattering rate of AT = 0.2 cm ™", While the
photoinduced changes in both of these parameters
are small, the fractional increase in the Drude weight is
several times that of the scattering rate. Interpreting
the induced change in the Drude weight as arising
from the graphene layer alone, we infer an increase
in the carrier density of AN, =N, — N=2 x 10" cm™2
As we discuss below, we ascribe this increase in
charge density to hole injection from the Cqq layer into
graphene. On the basis of the 1.4% absorption of a
1 nm thick Cgq layer at the 400 nm pump wavelength
(see Supporting Information), we estimate that 30% of
the holes produced in the Cg layer are transferred to
the graphene layer.

DISCUSSION

In our study, we applied two very different experi-
mental techniques, namely Raman spectroscopy
and THz-TDS, to examine charge transfer processes
occurring upon deposition of Cg, films on single-layer
graphene. As shown in Table 1, within the experimen-
tal uncertainties, the two methods give consistent
values for the charge density for the pristine and Cgq-
covered graphene films. For our CYD-grown graphene
samples with initial (unintentional) hole doping, we
observe a significant increase in hole density upon Cg
deposition, corresponding to charge transfer of 5.6 x
10"2 cm ™2 This level of charge transfer corresponds
to approximately 0.04 electrons for every C4o molecule
in the first monolayer (i.e, a monolayer of a closely
packed hexagonal lattice?®°8>9),

The agreement between the two measurements
eliminates some questions associated with the appli-
cation of either of them separately. In particular, the
Raman data could be influenced by extrinsic factors
such as strain, while the THz measurements do not
specifically determine that the conductivity is asso-
ciated with the graphene response, as opposed to the
response of the Cgq film. Also, the THz measurements
do not directly determine the sign of the charge
doping. Taken together, however, the pair of techni-
ques provides a reliable determination of the hole
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doping induced in graphene after deposition of the
Ceo film. We should also point out that background
effects made it difficult to apply the Raman technique
for thicker Cgo films. The THz measurement, on the
other hand, showed that change transfer was largely
uninfluenced by Cg, layers beyond the first monolayer
deposited.

A further noteworthy observation about the nature
of the charge transfer process comes from the THz
data. The THz spectra yield both the Drude weight
(hence, the carrier density) and the scattering rate.
From these factors, we determine the carrier mobility
as u = o(0)/Ne. We find ug, = 2200 cm?/(V s) prior to Ceq
deposition increases to g, = 3700 cm?/(V s) after Cep
deposition. Since the DC conductivity of graphene a(0)
scales with density as +/N, we expect that the mobility
of the carriers in graphene will decrease with increas-
ing N for a constant scattering rate. In this case,
however, there is a sufficiently large decrease in the
scattering rate I" upon Cgo deposition that the mobility
increases, despite the increased doping density. The
decrease in scattering rate with Cgo deposition pre-
sumably reflects the improved screening of charged
impurity scattering.?® The significant increase in gra-
phene hole concentration combined with the im-
proved carrier mobility indicates that Cgo can act as
an effective contact dopant for graphene.

We now briefly examine the microscopic mechan-
ism underlying the interfacial charge transfer process
that leads to Cgo hole doping, considering the inter-
facial energy level alignment between graphene and
the Ceo states. On the basis of photoemission data,*
the HOMO level in the Cgg lies more than 2 eV below
the Dirac point in graphene and thus cannot donate
charges to the graphene layer. For the unoccupied
levels of the Cg( film, the LUMO lies significantly above
the Dirac point,*>** precluding charge capture from
graphene. Charge transfer between the graphene and
Ceo film is therefore attributed to the role of defect
states in the Cgy films lying between the HOMO and
LUMO levels. Generally speaking, charge transfer could
arise either from the occupied Cgq states lying above
the graphene Fermi energy or empty Cqq states lying
below it. Since we observe hole doping of the gra-
phene, the relevant process must be the capture of
graphene electrons by unoccupied trap states in Cgg
located below the Fermi energy in graphene. We
associate these levels in the Cg film with the influence
of oxygen exposure, which is known to lead to trap
states.®’%? The relatively modest charge transfer asso-
ciated with the Cgp films (0.04 electron for each Cgg
molecule in the first layer) is compatible with the role
of defect states. The observed hole doping in this
system is, for example, considerably smaller than that
for the case of Cgo deposited on metallic films such
as Al(111),%® Ag(111),** and Au(111),°®> which involve
0.2—0.8 electrons per Cgo molecule.
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A striking feature of photoexcitation of the Cgo/
graphene system is the induction of a long-lived
positive photoconductivity response. We consider
its physical origin and differentiate it from signals
from the individual materials shown in Figure 3a.
The initial negative photoconductivity transient of
the Cgo/graphene system is attributed primarily to
the graphene photoresponse. The transient decrease
in graphene conductivity from photoexcitation has
been investigated previously>”*®%” and identified as
arising from a rapid heating effect in which there is
an elevated carrier scattering rate prior to cooling of
the initial nonequilibrium distribution of carriers and
optical phonons. A weak positive photoconductive
response from the Cg, film may also contribute to the
Cso/graphene signal during the first few picoseconds,
but this term is dominated by the graphene response.
Carriers generated in the Cg, layer relax within a few
picoseconds due to geminate pair recombination,®
with only a minor fraction of the carriers escaping
the geminate process and contributing to the con-
ductivity transient up to tens of picoseconds. On the
basis of measurements of the signal for the isolated
Ceo layer, this contribution to the conductivity is
negligible.

We must therefore attribute the long-lived positive
photoconductive response to the mutual interaction
of the C¢o and graphene layers. What is not clear a priori
is whether the increased conductivity arises from a
change in the response of graphene induced by charge
transfer from the photoexcited Cg layer or, conversely,
a change in the response of the Cgq layer induced
by charge transfer from the photoexcited graphene.
Here we argue that the former is dominant. The carrier
mobility in graphene far exceeds that of the Cgq
film,%%%° so we anticipate a greater response from
injection of a carrier into graphene than into the
Ceo film. In addition, the photoinduced conductivity
spectrum in Figure 3d shows a Drude-like behavior
similar to that of the unexcited Cgo/graphene sample,
with little change in the carrier scattering rate. This
would not be expected if there were a significant
contribution to the THz conductivity from the Cqq layer,
which would exhibit transport through a disordered
network.

Further evidence supporting the picture of charge
injection from Cgo into graphene is provided by
a comparison of the response for photoexcitation
of the Cgo/graphene system by laser excitation with
800 nm pulses. (See Supporting Information.) For this
case, with 1.5 eV photons, carriers are generated only in
graphene. In this case, the long-lived photoconductive
response disappears.

There are, generally speaking, two possible scenar-
ios for charge injection from the photoexcited Cg layer
into graphene, either hot electron or hot hole injection.
In either case, we would expect very rapid relaxation
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graphene Ceo

Figure 4. Electronic states in Cgo/graphene and photoex-
cited charge transfer processes. Electron and hole transfer
mechanism across the Cgo/graphene interface based on the
level alignment for Cgo/graphene found in refs 32 and 34.
The blue arrow indicates the initial photoexcitation of the
Ceo electronic bands by a 3 eV photon pulse. For clarity, the
direct excitation of carriers and their rapid subsequent
relaxation in graphene are not shown. In the Cg, film, photo-
excited electrons are rapidly trapped at defects (dotted
arrows). Photoexcited holes can, however, be injected into
the graphene (thick dark red arrow), where they quickly
relax to the Fermi level (black arrow in the graphene bands).
On a slower time scale, electron transfer from the Cgo
layer into graphene (gray arrow) neutralizes the injected
holes, and the conductivity returns to its initial value as
equilibrium is re-established.

of the extra charge carrier to the Fermi energy of
graphene, in view of the absence of a band-gap in
graphene. On the basis of the fact that the graphene is
initially hole doped and that the conductivity increases
upon photoexcitation, we conclude that the dominant
initial charge transfer into graphene is hole injection.
The origin of the rise in conductivity with faster
(5 ~ 0.8 ps) and slower (t3 ~ 40 ps) contributions is
unknown, but may reflect the relaxation dynamics of
hot holes in the Cgg film.

The experimental finding of increased hole concen-
tration in graphene following photoexcitation of the
Ceo poses the question of why electron injection from
the photoexcited Cgo is less efficient. This difference
may reflect the role of midgap defect states, such as
oxygen vacancies,?*®? in the Cg, that trap the photo-
excited electrons and render them less available for
transfer into the graphene. We note, however, that
after a time 74 ~120 ps, the additional holes injected
into graphene are eliminated by electron injection
from the Cq, film (or, equivalently, by hole recapture
by the Cgp). We also should comment on the possible
role of energy transfer, as opposed to charge transfer
processes, from the Cgo layer to graphene. Through a
Forster mechanism, an electron—hole pair in the Cgo
layer could be annihilated, while simultaneously pro-
ducing an electron—hole pair in graphene. Evidence
for such processes has been obtained for quantum
dots on graphene.”® We do not believe that such
processes play a significant role in the present experi-
ment. The expected net effect of such an energy
transfer processes on the graphene conductivity
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would be slight because of the rapid relaxation of the
carriers in graphene, as well as of the opposite sign
compared to the observed long-lived increase in the
graphene conductivity by the photoexcited Cgy.

Our understanding of experimental evidence of
charge injection processes is also supported by re-
cently measured interfacial band alignment between
the graphene and solid Cg film.3? On the basis of this
picture, we draw a simplified diagram of basic charge
transfer processes in Figure 4. According to this dia-
gram, prior to photoexcitation, we would expect
neither electron nor hole transfer between the Cgq
layer and graphene from the HOMO and LUMO states.
As discussed above, defect states could facilitate the
observed equilibrium hole doping of graphene by Cqo.
The diagram also shows the possibility of hot hole
injection from the Cgg HOMO band, as well as hot
electron injection from the Cgq LUMO band. On the
basis of this band alignment, with the Dirac point of
graphene closer to the LUMO band than to the HOMO
band, the higher density of states for hole injection into
graphene compared to that for electron injection may
also be a factor favoring the former.

METHODS

Sample Preparation and Characterization. The large-area, single-
layer graphene (SLG) samples examined in this study were
synthesized by chemical vapor deposition (CVD) on Cu foil
following standard processing conditions.”! Graphene films of
approximately 15 mm x 20 mm size were transferred onto quartz
substrates using a dry-transfer procedure’ in which the Cu
foil was removed by etching in a ferric chloride (FeCls) solution.
Prior to the graphene transfer process, the quartz substrates were
cleaned in an oxygen plasma.

Before deposition of Cg, regions of the SLG films were
masked in order to maintain areas of graphene free of Cgo to
allow optical characterization of both pristine graphene and
graphene covered with Cgo on the same sample. The Cg( films
were deposited onto the graphene layers by thermal evapora-
tion (Angstrom Engineering Amod physical vapor deposition
system with stage rotation enabled). The deposition rate
was 0.05 nm/s and the vacuum was held to ~1077 Torr. The
deposition rate and layer thickness of C¢o were monitored in situ
by a calibrated quartz crystal microbalance. The Cgo material,
rated at >99.5% purity, was purchased from Lumtec (LT-5903,
Luminescence Technology Corp. Taiwan) and was used as
received.

The morphology of C, films both on pristine and graphene-
covered quartz substrates was characterized by atomic force
microscopy (AFM). Measurements were conducted in air on
a Veeco Enviroscope AFM using Si cantilevers operating in
tapping mode. The root-mean-square (RMS) surface roughness
was determined from AFM height images obtained over an area
of 1 um? (see Supporting Information). Typical RMS roughness
of thicker films (thickness >10 nm) on both regions is in the
order of 2 nm for the (1 x 1) um? scan size. Interestingly, a single
layer (~1 nm) Cg film is found to exhibit a much smoother
profile on the graphene region than on the bare quartz region.
(See Supporting Information.) This behavior might be related
to the increased diffusivity of C¢o molecules on the graphene
surface.”>”* We examined Cg, films ranging in thickness from
1 to 100 nm for the THz measurements. Single-layer Cq, films
(~1 nm thickness) were prepared for the Raman measurements
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CONCLUSION

We have investigated interfacial charge transfer in
Ceo/graphene hybrid structures. Both Raman spectros-
copy and THz time-domain spectroscopy measure-
ments show that in equilibrium the Cgq layer acts as
an electron acceptor, leading to hole doping of the
graphene with the injection of approximately 0.04
holes for each Cgq molecule at the surface and a
downshift of graphene Fermi level by 160 meV. This
doping is accompanied by an increase in the graphene
carrier mobility. After photoexcitation, the transient THz
response revealed a rapid (~1 ps) increase in the
graphene conductivity arising from further (hot) hole
injection from the Cg, film. The Cgp/graphene system
relaxes to equilibrium with back charge transfer on the
time scale of 100 ps. The charge transfer process occurs
only from Cgo molecules near the interface and exhibits
an injection efficiency of ~0.3. This experiment demon-
strates the importance of charge transfer processes at
graphene interfaces, both in equilibrium and under
photoexcitation, as well as the utility of THz spectros-
copy in following these processes in real time.

to avoid strong signals from the bulk C¢o response. The interfacial
characteristics seen in the measurements were similar in all
cases. This suggests that the monolayer-thick film was relatively
homogeneous and that no strong clustering effects of the Cq
molecules were present in our samples.

Raman spectroscopy was applied to characterize film
quality and also to evaluate the charge density in graphene.
The measurements were performed using a commercial Raman
microscope (Renishaw InVia) with 532 nm laser excitation. The
spectral resolution of the instrument was approximately 1 cm™".
To avoid sample degradation from heating effects, the laser
power was maintained well below 1 mW during the measure-
ments. These and all other measurements were performed at
room temperature.

Photoexcitation and THz Time-Domain Spectroscopy. Our measure-
ments made use of optical excitation of the sample by a
femtosecond laser pulse and probing of the THz response using
a time-domain spectroscopy approach. The laser excitation
for both the optical pumping and THz time-domain spectro-
meter was provided by a regeneratively amplified, modelocked
Ti:sapphire laser, which produced 2-mJ, 120 fs pulses at a repeti-
tion rate of 1 kHz and a center wavelength of 800 nm. Most of
the measurements were performed using photoexcitation at
400 nm (3.1 eV) by frequency doubling the laser excitation in a
p-barium borate (BBO) crystal.

The generation and detection of THz pulses and the syn-
chronization with optical pulses in an optical pump-THz
probe setup has been described elsewhere in detail.>””* Here
we summarize key aspects of the current experiment. The
THz pulses were generated from the 800 nm femtosecond
laser pulses by means of optical rectification in a 1 mm thick
ZnTe(110) crystal.”® The emitted THz pulses were collimated
and focused by a pair of off-axis parabolic mirrors onto the
sample. The size of the THz beam on the graphene sample was
about 2 mm. After passing through the sample, the diverging
THz radiation was collimated and focused by another pair of
off-axis parabolic mirrors onto another 1 mm thick ZnTe(110)
crystal, which permitted detection of the THz field by means
of free-space electro-optic sampling (EOS).”®~”® The THz electric
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field was detected with an optical sampling beam at a variable
delay time. The measurements were performed using a lock-in
amplifier synchronized with an optical chopper that modulated
either the THz beam or the pump beam at a frequency of 500 Hz.
In the former configuration, we measured the transmitted THz
waveform; in the latter, we obtained the differential change of
the THz waveform induced by optical excitation of the sample.
We note that the THz absorption by the quartz substrate over the
relevant spectral range was negligible, permitting transmission
measurements to be performed. For studies of the photo-
induced response of the C4o/graphene, the 400 nm pump pulses
irradiated the sample at an angle of 5° from surface normal.
To ensure the probing of a homogeneously photoexcited region,
a pump beam diameter of 5 mm was used, significantly larger
than the 2 mm spot size of the THz beam. The temporal evolution
of the photoinduced response could be traced by varying the
arrival time of the pump pulse and the THz probe pulse with an
optical delay line. The THz beam path was enclosed and purged
with dry nitrogen to avoid absorption by water vapor.

Extraction of THz Conductivity and THz Photoconductivity. The con-
ductivity of the samples was determined using THz-TDS.”
To extract the conductivity of the unexcited sample (for both
graphene and Ceo/graphene), we recorded the time-dependent
electric fields of the THz wave transmitted through both
samples. We converted these waveforms into the correspond-
ing (complex) frequency-domain fields, ie, E4 (w) and
Ec,/or (w), for graphene and Cqo/graphene, respectively, where
 denotes the angular frequency of the THz radiation. Applying
the standard thin-film approximation,”*®® we determined
the frequency-dependent complex sheet conductivity for gra-
phene oy, (w) from the measured transmission spectra using

Egr((,U) _ n+1 (3)
EO((U) “n +1 +Zoagr(w)

and similarly for the Cgo/graphene sample. Here E, (w) corre-
sponds to the electric field measured passing through the
substrate in a region without graphene, Z, ~ 377 Q is
the impedance of free space, and n is the refractive index of
the fused quartz substrate. We treat the THz refractive index
of the substrate as dispersion free with n = 1.98"% and have
not included any adjustment of the refractive index for the
influence of the thin film of Cgp.

For the photoexcited case, we can extract the complex
conductivity of the sample at particular delay time 7. To this
end, we follow the procedure applied previously in a study of
transient conductivity in graphene®’ in which we measure the
change in the transmitted THz field induced by photoexcitation
AE, (t) and the field transmitted through the unexcited sample,
Eo (t). Assuming a small differential change of the THz field
caused by weak perturbation, we can calculate the change in
conductivity from the corresponding Fourier transforms using
a linearized version of equation 1, namely,2°#3

o +1 AE;(w)

ATlo) = =7 " )

4

Here, AE, (w) and E, (w) are the Fourier transforms of the cor-
responding time-domain signals. This expression is valid when
the perturbation to the THz response is slight and absorption
from the substrate relatively weak (<20%).84 Both conditions are
fulfilled in our measurements.
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