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Spatially resolved photocurrents in graphene nanoribbon devices
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(Received 14 November 2012; accepted 11 January 2013; published online 29 January 2013)

We present here a scanning photocurrent microscopy study of individual graphene nanoribbons,
revealing pronounced photocurrent responses close to the nanoribbon/metal contacts. The magnitude
of the corresponding photocurrent signal was found to be directly proportional to the conductance of
the devices, suggesting that a local voltage source is generated at the nanoribbon/metal interface by
the photo-thermoelectric Seebeck effect. The dominance of this mechanism is attributed to the
reduced thermal conduction capability of the nanoribbons in comparison to extended graphene
sheets. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4789850]

Graphene exhibits excellent charge transport properties
which emerge from its unique two-dimensional energy dis-
persion of massless Dirac fermions. This feature has trig-
gered numerous studies directed toward its rich fundamental
physics and manifold potential applications.! Of particular
interest for device applications is graphene’s high carrier
mobility and ballistic transport.”~> However, due to the ab-
sence of a band gap in graphene and the formation of
electron-hole puddles, graphene-based field effect transistors
(FETs) cannot be turned off.° One strategy to increase the
on/off ratio relies on patterning graphene in narrow stripes,
thereby introducing a band gap into the resulting graphene
nanoribbons (GNRs).”® The synthesis of GNRs has been
achieved through various methods, including chemical vapor
deposition, gas-phase chemical/plasma etching, or unzipping
of carbon nanotubes (CNTs).”!! The electrical performance
of devices fabricated from such GNRs turned out to vary
greatly depending on the experimental conditions, in particu-
lar the chemical environment during the fabrication process.
For instance, the conductance of GNRs obtained via oxygen
plasma etching of graphene using a silicon nanowire mask
has been reported to be 107> S.'? By comparison, at least
one order of magnitude lower values have been found for
GNRs produced by unzipping CNTs using a solution-based
chemical oxidative process.'>'* The lower conductance in
the latter case has been attributed to the presence of func-
tional groups (e.g., carboxylic or hydroxyl groups) at the
edges of the GNRs. Thus, it is highly desirable to study
GNRs which owing to their high structural quality display
reproducible electrical properties.

More recently, also the optoelectronic properties of pris-
tine or patterned graphene have received strong attention.'’
For example, graphene has been experimentally studied as a
component of mode-locked lasers or ultrafast photodetec-
tors.'®'® On the more fundamental side, the photocurrent
generation at the graphene/metal or graphene monolayer/
bilayer interface has been explored.'®* Furthermore, the
photoresponse of graphene p-n junctions, created by chemical

YAuthors to whom correspondence should be addressed. Electronic
addresses: E.Stuetzel@tkf.mpg.de and M.Burghard@fkf.mpg.de.

0003-6951/2013/102(4)/043106/5/$30.00

102, 043106-1

or electrostatic doping,”>?® as well as the speed limit of

graphene-based photodetectors have been investigated.”’-®
With regard to GNRs, although their dark electrical proper-
ties have been experimentally investigated to some
extent,7’8’10’29’30 their optoelectronic behavior has thus far
been addressed only by theory.*! Here, we use scanning pho-
tocurrent microscopy (SPCM) to study the spatially resolved
photocurrent response of individual GNRs. In contrast to
extended graphene sheets, in our experiments the entire width
of the conducting channel (GNR width ~10 to 20 nm) is illu-
minated by the laser spot (~500nm diameter) such that
potential complications due to inhomogeneous temperature
and/or electric field gradients over the channel width are
effectively avoided.

The GNRs were fabricated using CdSe nanowires
(NWs) as etching masks (see Figures 1(a)-1(c)). Graphene
was mechanically exfoliated from highly oriented pyrolytic
graphite onto highly doped Si substrates coated with a
300 nm thick thermally grown SiO, layer by the scotch tape
method.! Several um long and 10-35nm wide CdSe NWs
were grown by the solution-liquid-solid method.* A disper-
sion of CdSe NWs in chloroform was prepared by removing
excess trioctylphosphine oxide (TOPO) via centrifugation
(Eppendorf 5417C) for 10 min at 10 000 rpm and subsequent
re-dispersion in the pure solvent, which was repeated two
times. The resulting CdSe NW dispersion was drop-casted
onto the graphene-coated Si/SiO, substrates placed on a hot-
plate at 50°C (Figure 1(a)). Afterwards, the substrates were
rinsed with chloroform for 15s in order to remove excess
CdSe NWs and TOPO. Subsequently, they were heated
under argon atmosphere to 120 °C for 10 min, with the aim
of improving the adhesion between the CdSe NWs and gra-
phene. The location of single CdSe NWs and their corre-
sponding height was determined by tapping mode atomic
force microscopy (AFM). The presence of monolayers was
confirmed by confocal Raman microscopy using /=488 nm
and a power of 0.7 mW (see Figure S5 in supplementary ma-
terial).**>* Subsequently, reactive ion etching (RIE) (Ley-
bold LE 301) was performed to etch away only a few layers
of graphene around individual NWs (Figure 1(b)) (55, 100
scem Ar, 11 scem O,, 0.05 mbar, 48 W). The CdSe NWs

© 2013 American Institute of Physics
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FIG. 1. Flowchart of the graphene nanoribbon device fabrication. (a)
Mechanical exfoliation of graphene onto a Si/SiO, substrate with markers, fol-
lowed by deposition of CdSe nanowires. (b) The wires serve as etching mask
during subsequent reactive ion etching. (c) After wet etching of the wires, the
ribbons are provided with metal contacts. (d) AFM image of a 22nm wide
GNR device. The distance in between the contacts is 1.5 ym.

were completely dissolved by dipping the substrates into a
mixture of 20 ml of 30% HCI1 + 1 ml of 69% HNO; for 3 s at
room temperature, followed by rinsing with deionized (DI)
water, dipping into an aqueous solution of sodium sulfide
(1.2 g Na,S + 2.5ml H,O) for 30 s at room temperature, and
finally rinsing with DI-water.>> This procedure was repeated
two more times, followed by rinsing with isopropanol and
blowing dry under a stream of argon. Metal contacts were
then defined by e-beam lithography and thermal evaporation
of either 20nm Ti + 20nm Au or 2nm Cr 4 40 nm Pd (Fig-
ure 1(c)). As shown in Figure S1 of supplementary
material®* the width of the GNRs agrees well with the diam-
eter of the corresponding NWs. The exemplary AFM image
in Figure 1(d) testifies a regular structure and clean surface
of the resulting GNRs.

Electrical transport and photocurrent measurements
were performed under ambient conditions. In all photocur-
rent measurements, no drain-source voltage was applied
(except the control measurements shown in Figure S4 of sup-
plementary material®*). A confocal microscope (Leica TCS
SP2, 50x objective with NA 0.8) was utilized in the SPCM
experiments, wherein the samples were raster-scanned
through the approximately 500 nm wide laser spot (linearly
polarized light with 2 =633 nm and a power of 240 uW was
used to ensure a good signal-to-noise ratio). The photocur-
rent and AFM images were evaluated and processed using
WSXM.*

The devices were electrically characterized under ambi-
ent conditions in conventional FET configuration using the
doped silicon substrate as a back gate. In general, the I, vs.
Vps curves showed a linear dependence, as exemplified by
the inset in Figure 2(a) for the GNR in Figure 1(d). From the
transfer curves revealing ambipolar behavior, an on/off ratio
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FIG. 2. Electrical characterization of GNR devices under ambient condi-
tions. (a) Electrical resistance as a function of Vg for the device shown in
Fig. 1(d) (Vpirae =-+10V in this case). Inset: I, vs. Vpg curve at the Dirac
point. (b) On/off ratio plotted against ribbon width. The on conductance is
measured in the p-type regime at Vs-Vpirae = —30 V. In total 24 GNR devi-
ces on three different chips (assigned by black squares, red circles, and blue
triangles, respectively) were evaluated.

can be determined by dividing the resistance at the Dirac
point by the resistance determined well within the p-type re-
gime (at Vgs-Vpirae = —30 V).37 For the present device with
Vpirae = +10V, an on/off ratio of 14 is obtained. Figure 2(b)
shows the dependence of the on/off ratio on the ribbon
width, W, for, in total, 24 different GNR devices. With
decreasing width, the on/off ratio increases, reaching almost
3 orders of magnitude for a ~10 nm wide GNR. This trend is
consistent with the opening of a transport energy gap E,,,
which is inversely proportional to Wg, E,qp ~ We' (G,
G ~ explerT) 782938 The obtained on-resistance values
and on/off ratios agree well with previous reports on GNRs
with comparable widths.?*"*? It is hence concluded that the
removal of the CdSe NWs does not deteriorate the electrical
transport properties of the GNRs, which is further corrobo-
rated by the fact that the charge neutrality point remains
close to zero gate voltage (see Figure S2 of supplementary
material®*). This behavior is distinguished from other cases
like exposure to the e-beam resist HSQ, whereby additional
scattering or doping is introduced.*

Spatially resolved photoresponse of the GNRs was
measured by SPCM, wherein an unbiased device is raster-
scanned (lateral step size of ~60nm) through a confocal
laser spot (A =633 nm), while recording the electrical current
for each position. The employed set-up is schematically
depicted in Figure S3 of supplementary material.>* An opti-
cal reflection image of the device in Figure 1(d) is displayed
in Figure 3(a), where due to the low reflection intensity of
the GNR only the electrodes can be discerned. As illustrated

Downloaded 31 Jan 2013 to 134.105.170.12. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



Stutzel et al.

043106-3

FIG. 3. SPCM measurements of the device in Fig. 1(d) (step size ~62nm).
(a) Optical reflection image recorded during the photocurrent measurement,
revealing the two metal contacts. (b) SPCM image in the p-type regime of
the device (Vgs-Vpirae=—36V, Vps=0YV). The two photocurrent peaks
are, respectively, denoted as S and D, according to their nearby electrodes.
(c) SPCM image recorded in the n-type regime at Vgs-Vpiyae =420 V.

by Figure 3(b), in the p-type regime (gate-source voltage
Ves-Vpirac=—36V, Vpg=0V) a positive photocurrent of
~2nA is observed at the source contact, while a negative
current of similar magnitude occurs at the drain contact.
Upon transition from the p-type to the n-type regime (i.e., by
applying a positive gate-source voltage), the photocurrent at
the source contact changes sign from positive to negative,
while a positive current emerges at the drain contact, as illus-
trated in Figure 3(c). Such sign reversal of the photocurrent
signals is well-documented for graphene.'® It is notewor-
thy that in all GNR devices no difference could be observed
between parallel and perpendicular polarization direction of
the incident laser light with respect to the long axis of the
GNR. This finding is in contrast to the report of Shi er al.*'
Most likely due to the fact that in the latter work nanogap
electrodes were used as plasmonic antenna.

Photocurrent generation in extended graphene has been
attributed to the presence of a local built-in electric field
which separates photoexcited electron-hole pairs.'***** Such
fields are typically present at the electrical contacts, and their
magnitude depends on the difference in the work functions of
the contact metal and the graphene. To evaluate whether this
mechanism can explain the photocurrent generation at the
GNR/metal junction, we compare the corresponding local

Appl. Phys. Lett. 102, 043106 (2013)

photocurrent signals detected from GNRs with different
dimensions. In order to exclude the influence of different
charge carrier concentrations in the devices, the comparison
is made at high carrier densities in the p- or n-type regime.
The photocurrent caused by the built-in field is given by
Iphow=Wg x e x n* x &, where e is the elementary charge,
n* the photoinduced carrier density, and ¢ the built-in
field.*>*’ It is noteworthy that the light power per area should
be constant over the GNR width W, as the latter is much
smaller compared to the approximately 500nm wide laser
spot. For both gating regimes, the plots of the measured pho-
tocurrent as a function of Wy (see Figure 4(a)) display a pro-
nounced scatter rather than a linear dependence. This
observation is incompatible with the built-in field mechanism,
although it may be argued that work function differences
between the GNR devices could have a profound influence.
However, this scenario is unlikely considering the fact that
even GNRs with the same width and on/off ratio exhibit nota-
bly different photocurrents, as apparent from Table SI. This
conclusion remains valid also when partial recombination of
the excited carriers is taken into account (see supplementary
material*m).43

In contrast to the plot of Ip;,, vs. Wg, a linear depend-
ency can be observed between /p,,,;, and the inverse resistance
of the GNRs (see Figure 4(b)). The photocurrent rises linearly
with the inverse resistance, with an overall increase by a factor
of approximately 10 in both cases. It turns out that very simi-
lar photovoltage values are obtained by multiplying the (dark)
electrical resistance at a fixed gate-source voltage R(Vs) with
the photocurrent peak magnitude /p;,,,(Vs) under the same
condition, as shown by the corresponding plots in Figure 4(b).
Here, R(V ) is assumed to be independent of laser illumina-
tion, which is justified by experiment (see Figure S4 of sup-
plementary material®*). The observation of an almost constant
photovoltage close to the contacts (see equivalent circuit in
Figure 4(c)) points toward the photo-thermoelectric Seebeck
effect as the dominant mechanism responsible for the
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FIG. 4. (a) Photocurrent detected close to the metal contact in dependence of the GNR width. The gate voltage was adjusted to V55 ~ —30V for the p-type re-
gime, and Vs ~ +30V in the case of n-type regime. Error bars correspond to the standard deviation by averaging over several measurements. (b) Photocurrent
(black squares) and calculated photovoltage values (red circles) in dependence of the inverse of the measured ohmic resistance of several GNR devices. (c)

Equivalent circuit model to account for the results in panel (b).

Downloaded 31 Jan 2013 to 134.105.170.12. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



043106-4 Stutzel et al.

photocurrent generation. This mechanism has been invoked as
an alternative to the built-in electric field to explain the photo-
current generation at the graphene/metal or graphene mono-
layer/bilayer interface, or graphene p-n junctions.zl’zz"%’26 It
relies upon the existence of a temperature difference AT
between the two graphene/metal interfaces, one of which is
locally heated by the laser spot. This produces a thermoelec-
tric voltage V= (Sg — Swyewr) X AT, where Sg and Sy, is the
Seebeck coefficient of the GNR and contact metal, respec-
tively. As a consequence, a thermoelectrically induced photo-
current is generated whose magnitude scales inversely with
the GNR device resistance Ip;,0 = Vpnow/R.

The Seebeck coefficient S; can be estimated from the
Mott relation: Sg=—n"kg"T/3 e X 1/o x da/dV s x AVl
dE*** As the two-probe resistance R and dR/dVs both
depend on the contact resistance of the devices, we derive
the magnitude of the latter by fitting R(Vss) for holes and
electrons separately*® and subtract it from R. In this manner,
one obtains respective values of S~+430uV/K and S
~—40 uV/K for the p- and n-type regime of the device in
Figure 1(d). The finding of a larger Seebeck coefficient in
the n- vs. p-type regime is in accord with previous reports
and is explainable by the electron-hole asymmetry intro-
duced by contact doping.***’ The present S values are
slightly smaller than the ~50 uV/K reported for graphene,
which could be explained by the better gate coupling in the
GNR devices.** The measured photovoltages of 0.76 mV in
the p-type and 1.7mV in the n-type regime yield a respective
temperature difference AT of ~30K and ~40 K between the
illuminated region at the GNR/metal interface and the sur-
rounding. The notable difference between the two gating
regimes is at least partly due to neglecting Sy, Interest-
ingly, the above AT range significantly exceeds that of
AT ~0.1-1K obtained for graphene using comparable laser
wavelengths and a power of 40 uW.>*2® This difference can-
not be fully accounted for by the higher laser power of
240 uW used in the present experiments, which suggests a
reduced heat transport capability of the GNRs in comparison
to graphene.*® Heat dissipation is dominated by the SiO,
substrate and/or the metal contacts rather than the GNR
itself.*® This hypothesis is supported by a comparison with
Raman spectroscopy studies on GNRs. Prolonged irradiation
(A=633nm, 300kW/cm? intensity) causes photoinduced
changes, similar to the effect of thermal heating to 100 °C in
air.* Hence, a few tens of Kelvin seem to be reasonable for
our setup (120 kW/cm?). However, it should be emphasized
that even if photocurrent generation in GNRs is predomi-
nantly via the photo-thermoelectric mechanism, the situation
may be different for extended sheets of graphene, in which
heat dissipation is more effective.

In conclusion, narrow GNRs of high structural quality
have been obtained using CdSe NWs as an etching mask.
The photocurrent measured in proximity of the metal con-
tacts to the GNRs was found to rise linearly with increasing
electrical conductance of the nanoribbons. This behavior
can be well explained by a local voltage source induced by
the photo-thermoelectric Seebeck effect. The photovoltage
generation is intimately connected to the pronounced local
heating of the GNRs by the laser spot, as distinguished
from the case of more efficient heat transport in extended

Appl. Phys. Lett. 102, 043106 (2013)

graphene sheets. This finding needs to be considered in the
development of graphene-based optoelectronic devices
wherein the geometrical design plays an important role.
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