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Abstract

We have developed a scalable fabrication process for production of DNA biosensors based
on gold nanoparticle-decorated graphene field effect transistors (AuNP-Gr-FETs), where
monodisperse AuNPs are created through physical vapor deposition followed by thermal
annealing. The FETs are created in a four-probe configuration, using an optimized bilayer
photolithography process that yields chemically clean devices, as confirmed by XPS and
AFM, with high carrier mobility (3590 £ 710 ¢cm?/V-s) and low unintended doping (Dirac
voltages of 9.4 = 2.7 V). The AuNP-Gr-FETs were readily functionalized with thiolated
probe DNA to yield DNA biosensors with a detection limit of 1 nM and high specificity
against non-complementary DNA. Our work provides a pathway toward the scalable
fabrication of high-performance AuNP-Gr-FET devices for label-free nucleic acid testing in a
realistic clinical setting.

Introduction

Noble metal nanoparticle-graphene (NP-Gr) hybrid structures hold tremendous promise for
label-free biosensing applications,'” in which graphene functions as an ideal transducer due
to its 2D nature, biocompatibility,® and high carrier mobility.” In contrast to linker molecules
such as pyrene,'*"" diazonium'? and BSA-streptavidin,'® noble metal NPs allow simple, fast
and efficient immobilization of the functionalized receptor molecules on the biosensors
through covalent bonds, such as Au-S* and Pt-S.° These properties make NP-Gr field effect
transistors (FETs) suitable for label-free clinical diagnosis and genomics, such as DNA

. . . 14 . . . . . . . .
biosensors for molecular diagnostics.” Nucleic acid testing is of particular interest since it

ACS Paragon Plus Environment

Page 2 of 20



Page 3 of 20

©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

may enable diagnosis of a bacterial or viral infection during the window period when a

patient is already infected but will not yet show up as positive by an antibody test.

So far most attempts have been devoted to biosensors based on reduced graphene oxide (rGO)
for the detection of proteins,1 microRNA,® and DNA oligomers.” Encouraging progress has
been achieved, including nM-level detection of target DNA in real-time.” Despite the ease of
preparation for rGO, it is difficult to control the rGO thickness, uniformity and channel
dimensions.”> Consequently, device performance is frequently degraded compared to
graphene-based devices, with relatively low carrier mobility (<10 cm?*/V-s),'® on-off ratio (<
2)"7 and yield. Dong et al.* reported on a DNA biosensor based on chemical vapor deposited
(CVD) graphene) decorated with gold NPs. However, their process was focused on single
device preparation and they did not report on process reproducibility, control of graphene
channel dimensions, and electrical performance such as carrier mobility. There is as yet no
report on a scalable, reproducible, and high quality fabrication process of NP-Gr hybrid FETs,

which is a critical step towards practical biosensor applications.

In this work, we demonstrated a novel, wafer-scale fabrication process for arrays of DNA
biosensors based on gold nanoparticle-decorated graphene field effect transistors (AuNP-Gr-
FET) measured in a four-probe configuration. The devices were of high quality, with hole
mobilities of 3590 + 710 ¢m®/V-s and Dirac voltages of 9.4 + 2.7 V. This approach thus
offers significant performance advantages over the NP-rGO materials discussed above, i.e.,
mass production capability (full wafer fabrication of 9 chips, each contains 24 devices), high
reproducibility (> 90% yield), high carrier mobility and low unintended doping level. The
high quality is attributed in part to the use of a photolithography process that includes a

polydimethylglutarimide (PMGI) protective layer,"” which largely eliminates photoresist
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residues on the graphene channel, as confirmed by AFM, XPS, and electrical measurements.
Physical deposition of a sub-monolayer of gold followed by thermal annealing was used to
decorate the graphene with AuNPs with a high density (~ 400/um?) and relatively tight
diameter distribution (5.3 + 1.2 nm), enabling dense functionalization with thiolated probe
single-stranded DNA oligomers. After exposure to target DNA, a positive Dirac voltage shift
is observed whose magnitude varies with target concentration, in agreement with an
electrostatic gating mechanism.'” A detection limit of 1 nM was achieved, with good
specificity against non-complementary ssDNA oligomers. Since reliable and reproducible
sensing results are important for detection of biomolecules, this work provides a clear route
to a scalable fabrication process for large arrays of high-performance AuNP-Gr-FET devices,

with potential applications for label-free DNA biosensors and immunoassays.

Materials and Methods

Graphene synthesis and Au deposition: Graphene synthesis was carried out by low-
pressure chemical vapor deposition (OTF-1200X-4-C4-SL-UL, MTI Corp.). Cu foils (Alfa
Aesar Item #46365) were cleaned with 5.4% HNO; for 40 seconds and two DI water baths
for 2 min, and then blown dry with N, gas. The reaction chamber was pumped to a base
pressure of ~ 0.05 Torr. The Cu growth substrate was annealed at 1020 °C for 30 minutes
with a gas flow of 500 sccm Ar and 80 sccm H,. Monolayer graphene was then grown using
methane as a carbon source at a flow rate of 5 sccm for 5 mins and then 10 sccm for 15 mins.
The reactor was subsequently cooled to room temperature rapidly under a flow of 80 sccm H,
and 10 sccm CH4. A submonolayer of gold was then deposited onto the graphene by thermal
evaporation to a nominal thickness of 2 A at a rate of 0.15 A/s, as determined by a quartz

crystal microbalance monitor.
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AuNP-Gr-FET sensor array fabrication: Standard photolithographic processing was used
to define an electrode array for 24, four-probed graphene FETs on a highly p-doped Si wafer
with a 300 nm thermal oxide layer. The contact metallization was 5 nm Cr / 40 nm Au,
deposited by thermal evaporation. To minimize doping of the graphene FETs by substrate
defects,”” the electrode array was treated with HMDS to yield a hydrophobic surface.
Graphene covered by a gold submonolayer was transferred onto the metallized SiO,/Si chip
using the PMMA assisted “bubbling” transfer method.> '® Briefly, PMMA coated
Au/graphene/Cu was slowly immersed into a 0.05 M NaOH solution with a 20 V potential
difference applied between the copper foil and the solution. PMMA supported Au/graphene
was separated from the Cu foil by gas bubbles formed at the Cu surface. After three DI water
baths, the PMMA/graphene film was transferred onto the metallized SiO,/Si chip with the
gold layer oriented away from the substrate, followed by air drying and baking at 150 °C for
3 minutes to enhance adhesion between the graphene and the substrate. After removal of
PMMA with acetone, the chips were spin coated with a photoresist bilayer of PMGI
(MicroChem Corp.) and S1813 (Shipley). Graphene channels were defined using by
photolithography and oxygen plasma etching (Pressure: 1.25 Torr, Power: 50 W, Duration:
35 seconds). The photoresist residue on graphene channels was removed by a N-Methyl
Pyrrolidinone (NMP) based stripper (NANO™ Remover PG , MicroChem Corp.), acetone
and IPA to obtain the array of 24 FETs. Finally, the array was annealed in H,/Ar forming gas
at 225 °C to reduce photoresist residues and to allow the formation of relatively monodisperse
AuNPs through a nucleation and growth process in which the free energy of Au clusters is

minimized.*

SEM, AFM and XPS Characterization: The morphology of the AuNPs was characterized
by field-emission scanning electron microscopy (SEM, JEOL, 7500F) with an acceleration

voltage of 18 kV. An atomic force microscope (AFM, Icon Bruker) equipped with a probe
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with a tip radius of <10 nm (TAP300AI-G, Budgetsensors) was used to characterize the
topography of the AuNPs. The graphene surface was investigated by XPS using a customized
XPS spectrometer (VG Scienta AB, Uppsala, Sweden).?! XPS analyses were performed using
a monochromatic Al Ko source (photon energy:1486.6 ¢V). The residual pressure in the
analysis chamber was maintained at less than 10 Torr. The spectrometer was calibrated
according to ISO 15472:2001 with an accuracy of + 0.05 eV. Survey and high-resolution
spectra were acquired in constant-analyzer-energy mode with pass energies of 200 and 100
eV, respectively. The spectra were processed using CasaXPS software (v.2.3.16, Casa
Software Ltd., Wilmslow, Cheshire, U.K.). Background subtraction was performed using the
Shirley—Sherwood method. The quantitative evaluation of XPS data was based on integrated

intensity using a first-principles model and applying Powell’s equation.*

Functionalization with probe DNA and testing against target or control solutions:
Arrays of AuNP-Gr-FET sensors were incubated in 1 pM aqueous solution of thiolated probe
DNA with a Ty spacer between the recognition sequence and the thiol functional group®
((SH)-TTTTTTTTTTAGCCGGGCGAGATACCCAATGCGC (5’ to 3°)) in DI water for 1
hour in a humid atmosphere to suppress the evaporation of the DNA solution. The array was
then treated with 0.1% Tween 20 aqueous solution for 1 hour to remove probe DNA adsorbed
nonspecifically on the graphene and to act as a blocker against non-specific binding of target
DNA. This was followed by washing with two 0.05% Tween 20 solution baths and one DI
water bath (2 min each) and drying with N, gas. After FET measurement, the probe DNA-
immobilized AuNP-Gr-FET devices were immersed in 12 mL of complementary target DNA
(cDNA) (GCGCATTGGGTATCTCGCCCGGCT (5° to 3%)) or a control solution of non-
complementary DNA (non-cDNA) (CTTCTGTCTTGATGTTTGTCAAAC (5’ to 3’)) of

different concentrations in 0.1 % Tween 20 solution for 2.5 hours to allow for DNA
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hybridization. The devices were washed with two 0.05% Tween 20 solution baths and one DI

water bath, followed by drying with N, gas before measurement of the electrical properties.

Electrical measurement and evaluation: Electrical measurements were performed under
ambient conditions in a probe station equipped with a probe card that is capable of measuring
the 24 devices simultaneously. Conductivity-gate voltage (6-V,) measurements were carried
out using a Keithley 2400 sourcemeter, with a bias current of 10 pA, with a four-probe
geometry (Fig. Ic) to eliminate the effect of the contact resistance or Schottky barriers
formed at the graphene-electrode interface™. The gate voltage was applied using a Keithley
6487 voltage source. Dirac point voltage and hole carrier mobility were extracted by fitting

the hole branch of the -V, curve to the equation®~:

o1 (1) = [ucg (Vo = V)™ + 0,7 (1)

where ¢, is the gate capacitance per unit area for the 300nm thick SiO, (11.5 nF/em?), u is

the hole carrier mobility, Vj, is the Dirac voltage, and o is the saturation conductivity as

Vg—>—oo_

Results and Discussion

Figure 1a shows a schematic of the sensor array fabrication process; details are provided in
the Methods section. The process is designed for fabrication of nine arrays, each consisting of
24 devices in a four-probe configuration, on a 4-inch wafer (Fig. 1b-d). Large-area monolayer
graphene films (10 cm % 15cm) were synthesized on Cu foil by low-pressure chemical vapor
deposition (CVD). Following graphene growth, a (nominally) 2 A-thick submonolayer of
gold was thermally deposited onto the CVD graphene. Using the PMMA assisted bubbling
method, the Au/graphene was transferred onto a 300 nm thick SiO, substrate with pre-

fabricated Cr/Au electrodes for an array of 24 four-probed graphene FETs. FET channel

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

regions were then defined in the Au-graphene layer using a bilayer photolithography process
and oxygen plasma etching. After removal of residual photoresist with Remover PG and
wafer dicing, the FET array was annealed in an Hy/Ar atmosphere at 225 °C for 1 hour, which
both removes photoresist residues and encourages the growth of relatively monodisperse

AuNPs on the surface of the device.20

The fabrication process included the use of a resist bilayer (PMGI protective layer and S1813
imaging layer) in order to reduce photoresist residues on the graphene and thereby improve
the performance of the FETs. The effectiveness of this approach was assessed by AFM, XPS,
and electrical characterization of graphene FETs without AuNP decoration. When the
photolithography process included only S1813, considerable contamination was observed by
AFM (Fig. 2a, lower panel), while no evidence of a scum layer was found for a similar
sample processed using the bilayer process (Fig. 2a, upper panel). To confirm the chemical
identity of the residue, a quantitative XPS analysis of the graphene surface was performed
before and after photolithographic processing. The overview XPS spectra (Fig. S1) show that
the dominant elemental components (Si, C, O) were the same before and after
photolithography. On a finer scale (Fig. S2), the Cls region of the spectrum (~ 282 — 292 eV)
shows a main peak at 284.1 eV, associated with the sp> hybridized C-C bond of graphene,
and three other peaks with chemical shifts of +1.3, +2.5, and +4.5 eV, which are assigned to
C—OH, C=0 and HO-C=0 functional groups, respectively.**. Immediately after transfer, the
relative integrated intensity of the satellite peaks compared to the main peak are 12.6 + 1.8%,
5.8 £ 0.2%, and 3.0 = 0.3%, which presumably reflects a very small amount of residue from
the PMMA layer used during transfer. For the graphene FET array processed using a single
layer of S1813 (Fig. 2c), the intensities increased dramatically, approximately doubling, to

22.6 + 0.5%, 85 = 0.8%, and 7.4 = 0.4%, confirming the presence of significant
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contamination. In contrast, the use of the bilayer resist scheme (Fig. 2d) leads to negligible
increase in the satellite peaks (13.7 £ 0.6 %, 6.4 £ 0.4 %, and 2.0 £ 0.1 %); in fact, the peak
associated with the HO-C=0 functionality is reduced post processing. The XPS investigation
thus confirms that PMGI acts as an effective protective layer in the photolithography process,

resulting in a chemically cleaner surface for the graphene FET.

The electronic effect of the contamination was assessed using four-probed o-V,
measurements of complete arrays of 24 graphene FETs processed using the two approaches
(see Fig. 2b for typical FET o-V, curves). The ©-V, curve for the FET fabricated using the
bilayer process is very symmetric, and analysis of measurements of a full array show high
hole carrier mobility of 3720 + 170 cm?/V-s and electron mobility of 3100 + 450 cm*/V-s
and low doping as indicated by the Dirac voltage of 5.2 £ 0.5 V. In contrast, the 6-V, curve
for the FET processed using a single layer of S1813 is strongly asymmetric, with
significantly lower mobility (hole: 1860 + 250 cm?/V-s, electron: 390 + 290 cm?*/V-s) and
greater doping (Dirac voltage of 11.6 = 1.5 V). These observations are attributed to the fact
that conventional imaging photoresists such as S1813 contain aromatic components that can

bind strongly to the graphene surface through m — @ stacking interactions'™ *

and degrade the
electrical performance of graphene FETs. PMGI, which is free of novolac resin, can act as a
protective layer for the graphene and reduce the photoresist residues. A similar method has
previously been shown to effectively reduce the scum layer of photoresist residual on carbon
nanotube FETs.'® Our process therefore provides a strategy for cost-effective, large-scale
fabrication of high-performance graphene FET arrays and compares very favorably with

other reports of graphene FETs produced by photolithography, where the hole carrier

mobility is typically lower than 2500 cm?®/V-s.*%"
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AuNP-Gr-FETs were prepared using the photolithography bilayer process described above,
with their surface morphology and electrical performance summarized in Figure 3. Scanning
electron microscopy (SEM) shows that thermal deposition of 2A of gold on to graphene led
to the formation of small gold clusters on the surface (Fig. S3a). After definition of the FET
channels, these gold clusters were transformed by annealing into nanoparticles with a
uniform number density of ~ 400/um2 (Fig. S3c). AFM topographic images (Fig. 3a) and
corresponding analysis of the nanoparticle heights (Fig. 3b) shows an approximately
Gaussian diameter distribution centered at 5.3 + 1.2 nm. The Raman spectrum of the AuNP-
Gr hybrid layer reveals a 2D band located at 2689 cm™, which can be fit with a single
Lorentzian with a full-width at half-maximum (FWHM) of 51 cm™, larger than that of the
bare graphene (2D FWHM = 31 cm’, see Fig. S4), indicating that the graphene is doped by
the AuNPs.*? The Raman spectrum also shows a very small D band at ~1346 cm'l, with Ip/Ig
ratio of ~0.11, slightly larger than that of the pristine graphene (Ip/Ig ~ 0.07). This low Ip/Ig

ratio suggests that the hybrid AuNP-Gr layer retains its high material quality.*

Four-probe 6-V, measurements conducted on arrays of AuNP-Gr devices confirm the high
material quality (see Fig. S5 for a representative curve). The devices have high hole mobility
of 3590 + 710 cm?*/V-s and electron mobility of 1670 + 230 cm?®/V-s (Fig. 3c), only slightly
less than the value found for undecorated GFET devices. Compared to earlier reports on
AuNP-rGO FETs,'® AuNP-Gr FETs show superior performance, with a mobility more than
two orders of magnitude higher; indeed, the mobility values reported here are to our
knowledge the highest to date for metal NP-Gr hybrid structures. The Dirac voltage of the
AuNP-Gr-FET shows a positive shift to 9.4 = 2.7 V (Fig. 3d) compared to devices without
AuNPs (5.2 + 0.5 V), corresponding to an induced dopant density of ~ 3.0 x 10" cm™ due to

the AuNP decoration. This effect is ascribed to the work function difference between
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graphene (~ 4.66 ¢V>®) and gold (5.1 - 5.47 eV) which leads to p-doping of the graphene.
The structural, optical and electrical measurements discussed above indicate that AuNP-Gr

FET sensors are of high quality, with high carrier mobility and low unintended doping level.

To complete the fabrication of the DNA biosensor (see Fig. 4a for a schematic), the
nanoparticles on the AuNP-Gr FET devices were functionalized with thiolated probe DNA by
application of a 1uM solution in DI water. Devices were next treated with a solution of 0.1%
Tween 20 in DI water in order to block exposed graphene areas that would enable
undesirable non-specific binding of arbitrary DNA oligomers.343> Tween 20 is a nonionic
surfactant with good affinity for graphene that has been reported to deter non-specific binding
of proteins on carbon nanotubes®® and bacterial cells on rGO.?” Tween 20 is also commonly
used in PCR-ELISA to reduce non-specific binding of analyte DNA to enable detection of a
specific PCR product. Four-probe -V, measurements were conducted after each
functionalization step. As shown in Fig. 4b, treatment with probe DNA led to a significant
increase in the Dirac voltage (AVp =59.6 + 3.2 V), attributed to the chemical-gating effect®’
of probe-DNA molecules that become negatively charged due to ionization of phosphate
groups in residual water. The (hole) carrier mobility of the AuNP-Gr FET was also reduced
by ~70 % to 1100 + 360 cm*/V-s, presumably due to scattering associated with the bound,
negatively charged DNA. Application of the Tween 20 blocker led to a negative shift of Vp
by 16.0 + 2.2 V and an increase in the carrier mobility to 1470 + 60 cm®/V-s, both consistent
with the expectation that Tween 20 saturates the graphene surface and displaces
nonspecifically bound probe DNA. Assuming chemical gating of 34 negative charges for
each probe oligomer, the density of immobilized probe DNA is ~ 850 /um?, corresponding to

about two probe DNA oligomers per AuNP.
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Biosensor testing against target DNA was also carried out in 0.1% Tween, which allows
specific binding of target oligomers with probe DNA to generate a sensor output but prevents
undesirable non-specific binding of DNA on the graphene surface. Data documenting the
effectiveness of this approach is presented in Table S1. To avoid cross-contamination, each
array of biosensors was tested against a single concentration of complementary target DNA
(“cDNA”). To avoid the possibility of time-dependent effects, care was taken to ensure that
all samples were incubated for the same length of time. Figure 4b shows results from a
typical experiment, where exposure to cDNA at a concentration of 100 nM in 0.1% Tween
leads to a Dirac voltage shift of +13.6 + 0.7 V. The sensor response for various

rel

concentrations of cDNA (Fig. 4c¢) is reported as AV, the Dirac voltage shift relative to the

shift measured upon exposure to 0.1% Tween in DI water (+ 7.7 V). The data are consistent

. . : . 24,38
with an electrostatic gating mechanism,”™

where hybridization of target cDNA with probe
DNA on the AuNP provides additional chemical gating of the graphene FET channel. The

measurements agree well with a model based on the Langmuir isotherm describing the

equilibrium binding of target cDNA to the probe:

AV = A——

@
where A4 is the maximum response with all binding sites occupied, ¢ is the cDNA
concentration, and K, represents the concentration at which half of the available binding sites
are occupied. The best fit to the data yields values 4 = 8.2 £ 0.4 V; assuming chemical gating
by 24 negative charges for each oligomer, the density of bound cDNA is ~ 250 um™. Based
on the probe DNA density inferred above, this implies a hybridization rate of ~30%, in good
agreement with the expectation of 25-56% at room temperature 3% The best fit value for K,=
22.5 + 9.4 nM, which is consistent with surface plasmon resonance experiments conducted by

others.” In a control experiment, a biosensor array tested against 1uM (random sequence)

non-cDNA had a Dirac voltage shift of 7.7 = 1.0 V, essentially identical to the Dirac voltage

ACS Paragon Plus Environment 12
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shift for pure buffer (0.1 % Tween in DI water), showing that the DNA biosensor has high
specificity. The results suggest a limit of detection of approximately 1 nM (relative Dirac
voltage shift of 1.3 = 1 V) for this choice of cDNA. The 1 nM sensitivity we find is in the
range of detection limits found in earlier reports on DNA sensing (pM to nM scale) '3,
and our methodology allows scalable fabrication of the sensor arrays and device
miniaturization (24 devices per array), making it potentially suitable for commercial
production. It is also known that DNA biosensor sensitivity is affected by the length*' and
surface density® of the probe DNA, which suggest strategies to further improve the
detection limit of the sensors.

Conclusions

In summary, a reproducible, high-quality fabrication process for large arrays of AuNP-Gr-
FETs has been developed, where the devices are suitable for use as DNA biosensors. The
fabrication approach incorporates chemical vapor deposited graphene with a submonolayer
gold layer, an optimized photolithography process, and a four probe design for the Gr-FET
channel, leading to AuNP-Gr-FETs with a hole mobility of 3590 + 710 cm?/V-s and a Dirac
voltage of 9.4 + 2.7 V. The photolithography step relies on the use of a PMGI layer that
effectively avoids contamination of the graphene, as assessed by AFM and XPS. Annealing is
used to form AuNPs on the graphene surface at a high density (~ 400/um”) with a tight
diameter distribution (5.3 £ 1.2 nm). After attachment of probe DNA to the AuNPs, the
devices act as DNA biosensors with high specificity against non-target DNA and a limit of
detection of ~ 1 nM. The scalability and sensitivity of the AuNP-Gr-FET devices are
potentially applicable for gene-expression investigations and label-free genetic diagnosis. The
device structure should also be suitable for protein functionalization and immunoassay

development.

Supporting Information
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XPS spectra for the graphene samples before and after photolithography, XPS spectra of C 1s
region for a transferred graphene sample before photolithographic processing, SEM images
of graphene before and after annealing the submonolayer of Au, Raman spectra of graphene
after photolithographic processing using bilayer PMGI/S1813 and AuNP-Gr hybrid layer
after bubble transfer onto the SiO, substrate and thermal annealing, representative 6-V, curve
for a Au-Gr-FET device, I-V, curve and histogram of Dirac voltage shift of Gr FET without
AuNP and AuNP-Gr FET after immobilization with 100 uM probe DNA, summary of control
DNA sensing experiments to show how the use of 0.1% Tween 20 suppresses non-specific
binding of DNA.
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Figure 1. Fabrication of AuNP-graphene FET arrays. (a) Schematic showing the AuNp-
Gr-FET fabrication process. A sub-monolayer gold film is deposited onto CVD grown
graphene by thermal evaporation. The gold-graphene layer is coated with PMMA and
transferred onto an electrode array on an Si/SiO, wafer. After removal of PMMA, FET
channels are patterned using photolithography followed by oxygen plasma etching. Finally,
the photoresist is removed, and the array is annealed to form AuNPs on the graphene. (b)
Schematic of the four-probe conductivity-gate voltage measurement set up. (c) Optical
micrograph showing an individual four-probed GFET device. Inset: Optical image of a chip
with 24 Au-Gr-FET devices. Scale bar is 1 cm. (d) Optical image of a 4-inch wafer with 9
electrode arrays and a transferred graphene monolayer that covers the full region defined by

the arrays (indicated by the dashed line).
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Figure 2. Measurements of photoresist contamination on graphene after
photolithographic processing. (a) AFM images of the Gr-FET surface after
photolithography and thermal annealing. The bilayer process results in low surface
contamination (top image). In contrast, use of a single layer process leaves significant scum
on the surface (bottom image). Scale bar is 100 nm. Vertical color scale is 5 nm. (b) c-V,
curve of Gr-FETs fabricated using bilayer PMGI/S1813 (black data) and single layer S1813
(red data). Devices fabricated using the bilayer process are of higher quality with much
higher carrier mobility and lower unintended doping. (c-d) XPS spectra of the C;5 regions for
the samples processed using PMGI/S1813 (panel c) and S1813 (panel d). Both spectra are
normalized to Peak 1, which is attributed to the the sp® hybridized C-C bond of graphene.
The peaks labeled 2-4 are associated with C-OH, C=0 and HO-C=0O bonding in the
contaminant layer. Peaks 2-4 are significantly reduced in the spectrum from the sample
processed using PMGI/S1813, indicating a lower level of chemical contamination.
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Figure 3. AuNP-Gr FET structure and electrical properties. (a) AFM image showing the
formation of uniform AuNPs on graphene after annealing. The corresponding AFM line scan
is shown below the AFM image. (b) AuNP size distribution. The AuNP diameter is 5.3 = 1.2
nm. Histograms of (c) hole mobility and (d) Dirac voltage with Gaussian fits (black curve) of
AuNP-Gr-FETs based on three separate arrays, with 24 devices each.
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Figure 4. Biosensor schematic and performance. (a) Schematic of the AuNP-Gr-FET DNA
biosensor. (b) 6-V, curves after chemical functionalization and expsoure to target cDNA.
After functionalization with probe DNA and Tween-20 blocker, exposure to 100 nM cDNA
leads to a Dirac voltage shift of 13.6 V (green curve to red curve). (c) Sensor response as a
function of cDNA concentration. Error bars are standard deviation of the mean. The red curve
is a fit to a model based on the Langmuir isotherm. The limit of detection is ~1 nM.
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