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Abstract:

Figure 1: Differences between the previous and new fabrication process.

Graphene exhibits many useful properties including high carrier 
mobility, fast relaxation of photo-excited carriers, and carrier-
density-dependent optical absorption. Because of graphene’s 
unique band structure, an external electric field can be used 
to change its carrier density and thus its optical absorption. 
Graphene modulators fabricated based on this principle have 
been employed as fast actuators to stabilize unwanted noise in 
lasers, paving the way to a new generation of ultra-low-noise 
optical frequency synthesizers. Although graphene modulators 
provide the above-mentioned benefits, during their fabrication 
it remains challenging to prevent defects introduced by 
chemicals, such as photoresists and developers, or processes 
such as sputtering and UV light exposure. In this work, we 
established a wet-etch fabrication procedure for patterning 
the metallic contact on graphene in graphene-based electro-
optic modulators. Different approaches of wet-etching were 
investigated, which included the use of different metals.

Introduction:

Graphene exhibits strong interband absorption (~2.3%) 
for visible and near-infrared light. The interband transition 
is highly sensitive to the density of charge carriers, due to 
graphene’s cone-like band structure. It is possible to prohibit 

the interband transition at low photon energies by increasing 
the carrier density through electrostatic doping. To achieve this, 
we employed a gated graphene structure with a dielectric. By 
applying a voltage between the gates, we induced an electric 
field in the dielectric.

The thickness of such a dielectric layer was selected to have 
an optical thickness that was a quarter wavelength for light at  
1550 nm. This maximized the interaction between incident 
light and the graphene on the dielectric. Modulators with a ring 
shape were chosen to provide a more uniform modulation over 
the active area. The backgate served a second function as a 
mirror, in our modulators.

Previously, a liftoff method was used to produce metal contacts 
on graphene. In this new procedure, metal covering the whole 
graphene surface was wet-etched. As Figure 1 shows, by using 
this wet-etch fabrication procedure, sources of doping and 
defects could be better controlled, and UV and photoresist 
contamination was completely eliminated. Exposing graphene 
to etchants, rather than photoresists and developers offered 
more control over potential sources of chemical contamination. 

Etchants offer a wide variety of options, whereas photoresists 
and developers are limited to a few suitable products.

Experimental Procedure:

A 100 nm layer of aluminum (Al) was 
evaporated onto a silicon substrate, and 
subsequently patterned via wet-etch. Tantalum 
pentoxide (Ta2O5, 185 nm) was deposited via 
DC reactive sputtering. Ta2O5 features a high 
permittivity, transparency, and breakdown 
voltage. Monolayer graphene sheets were 
prepared via chemical vapor deposition (CVD) 
and transferred onto the Ta2O5 layer. Several 
different metals, of varying thicknesses, 
were evaporated onto the graphene, and sub-
sequently patterned via wet-etch.
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Results and Discussion:

There were also drawbacks to using wet-etch fabrication 
procedures. Photoresist adhesion to metal was a large issue. 
Certain etchants lifted off resist around the edge of metal 
structures. This effectively caused a lateral etching in excess 
of 30 µm in the worst cases. Adhesion to graphene was another 
issue; some chemical etchants caused the metal to lift off of 
the graphene or the graphene off of the Ta2O5. Backgate liftoff 
also occurred, as the porosity of the sputtered Ta2O5 layer 
allowed the etchant to penetrate and lift the Al backgate off of 
the substrate. Careful selection of metals and metal etchants, as 
well as annealing of the Ta2O5 effectively improved the quality 
of the devices.

Figure 2 shows functioning devices that were fabricated using 
this new method. The three top gates consisted of 35 nm nickel 
(Ni), a 10 nm Ni adhesion layer with 100 nm Al on top, and a  
10 nm Ni adhesion layer with 85 nm gold (Au). The addition 
of the Ni layer improved the adhesion of the top gate to the 
graphene layer. Ni was etched with low concentration nitric 
acid (HNO3), Al with Transene Al Etchant Type A, and Au with 
Gold Etchant Type TFA.

We examined the performance of the modulators using the 
setup shown in Figure 3. A continuous wave laser illuminated 
the modulator, while a sinusoidal voltage applied between the 
graphene and the metal mirror provoked the optical modulation. 
A computer-controlled x-y stage was employed to raster scan 
and produce a modulation heat map of the devices.

Figure 4 shows that although there were some breaks in the 
graphene, we were able to achieve a measurable modulation 
depth across a large area of nearly 1 mm in diameter. Outside 
of the contacting ring, no modulation was observed as the 
graphene was removed to reduce device capacitance.

Conclusions and Future Work:

We were able to establish a wet-etch fabrication procedure 
for electric contacts on graphene without deteriorating the 
electronic properties of graphene. With this new procedure 
we fabricated functioning graphene-based electro-optic 
modulators. Further studies are needed to show if this wet-
etch fabrication procedure really offers improvements in the 
electrical and optical performance of the modulators. Raman 
spectroscopy performed on both sets of graphene, would for 
instance allow one to quantify the defects created in graphene 
by either process. The results of such a study may be significant 
for any graphene-based electronic devices. These initial results, 
however, already show a lot of promise.
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Figure 4: Optical microscope image (Left) and modulation depth measure-
ment (Right) of a completed ring modulator.

Figure 2: Modulators with 35 nm Ni (Left), 10 nm Ni and 100 nm Al (Middle), 
and 10 nm Ni and 85 nm Au (Right).

Figure 3: Modulation depth measurement setup.




