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Abstract and Introduction:
Due to its optical properties, high electrical conductivity, 
and high mechanical strength, graphene has attracted 
much interest in a variety of scientific and engineering 
applications. Our project focused on its use for quantum 
interference control (QIC) devices.

The QIC effect can be exploited to generate ballistic 
photocurrents in single layer graphene (SLG) through 
interference of charge carriers excited by single- and two- 
photon absorption [1,2]. This can be used as a more effective 
and robust method for stabilizing femtosecond frequency 
comb lasers, which have applications in ultrafast physics 
and precision metrology.

To realize such a device, evaporated copper (Cu) on silicon 
(Si) wafers was used as a catalyst for the chemical vapor 
deposition (CVD) growth of SLG. Photolithography 
techniques were employed to pattern QIC devices on 
the wafers, and the Cu thin film was subsequently etched 
and undercut to achieve the suspended graphene bridge 
necessary for a QIC device. Resistance measurements 
were taken to characterize and compare various device 
geometries, with results as low as ~ 7 kOhms. Devices with 
a wide variety of graphene bridge sizes, ranging from 5-15 
µm wide and 0.0-16 µm long, with an appropriate undercut 
have been achieved. Injected photocurrents have been 
measured, showing good response to photonic excitation.

Experimental Procedure:
Our device fabrication procedure is diagramed in Figure 1. 
We used a thermal evaporator to evaporate a 25 nm titanium 
adhesion layer and a 500 nm Cu layer onto Si wafers with a 
100 nm oxide layer on their surface. The wafers were then 
cleaved and loaded into the CVD reaction tube. The sample 
was heated to 950-1000°C with a flow of hydrogen and 
argon gas before carrying out the graphene growth with an 
additional flow of methane gas for ten minutes. The methane 
flow was then turned off and the sample rapidly cooled 
to room temperature before removal. We employed both 
ambient-pressure and low-pressure (~ 400 mTorr) growths 
[3,4].
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Figure 1: Fabrication process diagram.

Figure 2: Scanning electron microscope (SEM) images of 
completed devices. Photoresist was left on the devices; gold was 
sputtered on for use in the SEM.



2010 NNIN REU Research Accomplishments  Page 131

OPTS

graduates (NNIN REU) Program and the National Science 
Foundation. Research facilities and support were provided 
by the University of Colorado at Boulder and the Colorado 
Nanofabrication Laboratory.

References:
[1] Fortier, T.M. et al.; “Carrier-Envelope Phase Controlled Quantum 

Interference of Injected Photocurrents in Semiconductors”; Phys. 
Rev. Lett. 84, 147403 (2004).

[2] Sun, D. et al.; “Coherent Control of Ballistic Photocurrents in 
Multilayer Epitaxial Graphene Using Quantum Interference”; Nano 
Lett. 10, 1293-1296 (2010).

[3] Li, X. et al.; “Large-Area Synthesis of High-Quality and Uniform 
Graphene Films on Copper Foils”; Science 324, 1312 (2009).

[4] Levendorf, M.P. et al.; “Transfer-Free Batch Fabrication of Single 
Layer Graphene Transistors”; Nano Let. 9, 4479-4483 (2009).

Figure 4: Photocurrent vs. applied voltage at a peak intensity of 
0.75 MW/cm2, and photocurrent vs. peak intensity at an applied 
voltage of 98 mV. Inset: Photocurrent vs. position at a peak 
intensity of 0.75 MW/cm2 and an applied voltage of 100 mV.

Figure 3: Resistance measurements. Shapes indicate different 
evaporator and CVD runs. Dashed line / hollow shapes are low-
pressure CVD; solid line / solid shapes are ambient-pressure CVD.

The samples were then spin-coated with negative photoresist 
(NR9-1000P), exposed, and developed. The resulting 
structures consisted of two pads (~ 0.12 mm2) connected 
by a narrow bridge 0.0-16 µm long and 5-15 µm wide. The 
exposed graphene was removed with a 20 second run in the 
reactive ion etcher (RIE) with oxygen plasma, after which 
the exposed Cu was removed with a wet-etch in a 0.05 
molar ferric chloride solution with precise timing to achieve 
the appropriate undercut, yielding suspended graphene 
bridges (see Figure 2). After partial mechanical removal 
of the photoresist, wires were bonded to the Cu pads with 
conductive epoxy. Some photoresist was left to help support 
the graphene bridge.

Results and Conclusions:
Resistance measurements were taken of devices with a wide 
range of geometries from a variety of different samples (see 
Figure 3). It can be seen that the low-pressure graphene 
growth yielded significantly lower sheet resistances, roughly 
30 kOhms/, than the ambient-pressure growth, with 
roughly 150 kOhms/. These sheet resistances represent an 
upper limit of the actual graphene sheet resistances, as they 
were calculated using the pre-etched bridge dimensions. 
The actual bridges are longer due to undercutting of the 
pads. Also, contact resistance between the Cu pads and the 
graphene, as well as small cracks in the graphene bridges, 
might lead to a further increase of the measured resistances.

To assess the opto-electronic device properties, we 
measured changes of the electric resistivity of the graphene 
bridge as a function of illumination (photoresistivity). In this 
measurement, a pulsed laser centered at 1550 nm with a spot 
diameter of ~ 400 µm was focused on the device bridge, 
which was 4 µm long and 10 µm wide. A variable bias 
voltage was applied to the pads, and photo-generated current 
was measured with lock-in technique to eliminate dark 
current. Figure 4 shows the results of these measurements. 
The main graph shows two sets of data: photocurrent vs. 
applied bias voltage, and photocurrent vs. peak intensity. 
The inset shows photocurrent as a function of position of the 
beam relative to the graphene bridge. This shows the linear 
relationship between current and intensity, as well as other 
photocurrent effects. We were able to show that these effects 
were due to the graphene structure and not something else 
on the wafer.
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