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We present and validate a reliable approach for investigating the
graphene—metal interface in the top metallic contacts of operational
devices using Raman spectroscopy. A transparent substrate was
optimized for graphene visualization and processing by adjusting the
thickness of aluminum and amorphous silicon nitride on a glass
substrate. After graphene photolithography and Cr/Au contact fabri-
cation, the device was flipped upside down to directly expose the
graphene—metal interface for Raman analysis using 457 nm excitation.
Electrical characterization was performed on the same devices: the
sheet resistance was measured using the van der Pauw method, and
the contact resistance was determined using the transfer length
method. This approach enables direct correlation between Raman
features—an increased D peak and a reduced 2D peak at the gra-
phene—metal interface—and electrical parameters of the contact. In
particular, the higher sheet resistance of graphene beneath the metal
corresponds to the reduced p-doping obtained using Raman
spectroscopy.

Introduction

The contact resistance of graphene/metal interfaces is a crucial
parameter that affects the performance of devices based on
graphene. High contact resistance can limit the current in
graphene-based field effect transistors (GFETs)" and is currently
the main factor limiting the radio-frequency bandwidth in
a graphene phase modulator.” The integration and down-
scaling of graphene electronic devices present an important
challenge in the development of a complementary metal-oxide-
semiconductor (CMOS) compatible process, which enables the
reproducible formation of low contact resistance.’ Furthermore,

“Consiglio Nazionale delle Ricerche, Istituto per la Sintesi Organica e la Fotoreattivita,
(CNR-ISOF), 40129 Bologna, Italy. E-mail: alessandro.kovtun@cnr.it

*Dipartimento di Scienze Fisiche, Informatiche e Matematiche (FIM), Universita di
Modena e Reggio Emilia, 41125 Modena, Italy

‘Consiglio Nazionale delle Ricerche, Istituto per lo Studio dei Materiali
Nanostrutturati, (CNR-ISMN), 40129 Bologna, Italy. E-mail: piera.maccagnani@cnr.it

© 2025 The Author(s). Published by the Royal Society of Chemistry

*a | eonardo Martini® and Piera Maccagnani*©

interest in contact resistance has led to the standardization of
the transfer length method (TLM) to investigate many different
metals and combinations of metals on graphene.* However, the
origin of contact resistance still has space for debate since no
direct spectroscopic characterization can be performed on
working devices. Most discussions on the fundamental aspects
of graphene/metal interfaces are based on DFT results,” sug-
gesting that the main mechanism underlying contact resistance
arises from the doping effect due to work function (Wy) differ-
ences between graphene and the metal, which has been exper-
imentally investigated.® However, experimental evidence
indicates that contact resistance is strongly related to W, while
defect induction on graphene by oxygen or plasma treatments
seems to affect the devices dramatically” as well as the effective
surface area of the graphene/metal interface, which may change
due to different sizes of metallic granules® or the induction of
anti-dots in graphene.’

Despite the interest in this area, no spectroscopic technique
can probe the graphene-metal interface of a TLM device due to
the high thickness of the metal used (in the range of several tens
of nanometers). In this case, visible light is totally reflected by
the metal before reaching the underlying graphene, and the
electrons used as probes have an inelastic mean free path that is
one or two orders of magnitude shorter than the thickness of
the metal. As a result, spectroscopy techniques such as Raman
spectroscopy and photoelectron techniques (X-ray and ultra-
violet photoelectron spectroscopy, XPS/UPS) are not suitable.
For this reason, most studies in the literature on graphene/
metal interfaces use a thin metal layer (few nanometers thick)
deposited using different techniques, hindering the electrical
characterization of the contact resistance. Characterization
techniques used on these samples, such as XPS' or near-edge X-
ray absorption fine structure (NEXAFS),"* have shown the pres-
ence of defects due to the formation of carbide (Carbon-Metal,
C-M) covalent bonds and, in some cases, the oxidation of those
carbides into carbonates (C=O). Notably, most studies on
few nm thick metals on graphene focus on Raman spectroscopy
on Ni, Co, Au and Ag,* or Cr and Ti,"* and have reported some
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local spectral modifications, like shifts of 2D and G Raman
bands or modification of relative intensities of these peaks.
Although these studies cannot correlate contact resistance with
structural properties, due to the impracticality of fabricating
working devices with such thin contacts, they are extremely
useful for understanding the interaction between graphene and
metals. In studies involving operational devices with thicker
metal contacts (close to 100 nm), Raman spectroscopy has been
performed on the edge of the contact area, observing some
modifications to the Raman signal.’* However, no clear corre-
lation between the contact resistance and structural properties
has been found. Some studies report the evolution of Raman
spectra on graphene films in regions where the contact has been
removed.” The only graphene/metal interface studied by
Raman in operational devices was reported by Sakavicius, and it
is based on a bottom contact geometry.'®"

In order to overcome the current limitations in studying the
graphene/metal interface in operational devices, we propose
and validate a reliable approach that can be applied to any top
contact fabrication geometry (TLM, 4-point probe, FET, etc.).
This approach consists of using a transparent substrate for
device fabrication, which is compatible with state-of-the-art
micro-fabrication technologies. This allows for the creation of
functional electrical devices suitable for electrical character-
ization while also providing direct access to the graphene/metal
interface via Raman spectroscopy, simply flipping the device
upside down, as validated in the present work. A similar
approach has been previously exploited by Fromm to investigate
graphene grown on SiC,"® but no dedicated studies on contact
are currently reported.

Experimental
Transparent substrate

The substrate was optimized to maintain the optical contrast
necessary to visualize the graphene film during the alignment
process, similar to that observed with 300 nm SiO, on a Si
substrate.” This is achieved using an amorphous silicon nitride
(a-SiN, 212 nm thick) layer on top of a semi-reflecting 7 nm
aluminum layer deposited on a glass cover slip with a size of 20
x 20 mm” (and referred to as a-SiN/Al/Glass); when graphene is
transferred onto it, we can denote it as G/a-SiN/Al/Glass, or
more simply as G/a-SiN for graphene with no contact, and Au/
Cr/G/SiN for the graphene in the contact region. Aluminum
was thermally evaporated in an electron beam Varian 3119
system, while the a-SiN layer was deposited at a low temperature
using a plasma-enhanced chemical vapor deposition (PECVD)
process on top of the aluminum film. The Raman spectra of
graphene on a-SiN can be directly compared with those of gra-
phene on SiO,.* However, for the sake of clarity, we fabricated
and characterized the devices on both substrates: graphene on
a 300 nm SiO,/Si wafer (or referred to as G/SiO,)—the most
common substrate, though not suitable for Raman investiga-
tion under contact—and graphene on a-SiN. A good compro-
mise between optical contrast and transparency was optimised
by tuning the thickness of Al and a-SiN after simulating the
transmittance and reflectance curves using the transfer-matrix
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method (TMM).>* The optimal substrate provides good
contrast for the visualization of graphene due to the significant
difference in reflectivity around the 500 nm wavelength
(Fig. 1b), and it allows an overall transmittance of c.a. 40%
Raman measurements using a 457 nm laser.

The graphene structures are obtained starting from a few
layer graphene film (FLG), grown by means of a catalytic-CVD
process,® which is transferred onto the substrate (SiO, or a-
SiN) using a 1 um thick poly-methyl-methacrylate polymer
(PMMA 950-A7, micro resist technology GmbH, Berlin, Ger-
many) as a supporting layer. After transfer, PMMA was removed
in acetone vapors, and graphene was lithographically patterned
using an HPR-504 resist and dry etched in oxygen plasma (25%
0O, + 75% N,). The metal contact on graphene was realized by
thermal evaporation of Cr in the electron beam Varian 3119
system, followed by RF sputtering at room temperature in an
MRCC 8622 RF system (180 W) of an Au layer and using a lift-off
process, where PMMA (exposed in DUV light, 248 nm) was used
as the resist.>* The final contact had 20 nm of chromium (Cr)
and 70 nm of gold (Au) (Fig. 1a).

Electrical characterization

The electrical characterization of the graphene/metal contact is
performed using the contact-end-resistance (CER) method
applied to transfer length method (TLM) structures, as sug-
gested in ref. 23 The fabricated TLM structures have 4 graphene
channel widths (5, 10, 20 and 40 um), while the spacing (Lcy)
between the contacts ranges from 5 to 50 pm with a 5 um
increase, and the metal line contacts are 6 um wide. On the
same substrate (2 x 2 cm?), several TLM and Van der Pauw
(VdP) devices were fabricated. The cross-section of the metal/
graphene TLM and van der Pauw structures is shown in
Fig. 1a, while the measurement setup used for the TLM is
illustrated in Fig. S1. No back gate voltage was applied to the
device (the 212-nm thick a-SiN layer acts as an insulator
between the graphene and the underlying aluminum layer). The
experimental details of the DC characterization are reported in
the SI.

Micro Raman

Each Raman spectrum was obtained by a 5 s acquisition time
repeated 10 times; a 457 nm laser and a 100x long working
distance objective were used on the Renishaw Invia Qontor
Raman spectrometer. The incident laser power on the sample
was on the order of 1 mW wm™>. To validate the Raman analysis,
the signals of graphene on a-SiN and SiO, were acquired in
a conventional sample disposition, while the investigation of
the graphene-metal interface on the contact was possible by
acquiring the Raman signal from a sample with a transparent
substrate (a-SiN) in an upside down configuration-glass on top
and graphene on bottom. Optical microscope images of the
upside down structures are shown in Fig. 1c for the VdP and
Fig. 1d for the TLM structures. From this last image, it is
possible to note that the indications of the channel width (W20)
and the numbers for different channel lengths (10 and 30) are
mirrored. The obtained maps were acquired on both TLM (12 X
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Fig. 1 (a) Scheme of the transparent substrate (a-SiN/Al/Glass), with
graphene (G) on top and contacts (Au/Cr) for TLM and VdP test
structures; (b) measured transmittance and reflectance for the G/a-
SiN/AU/Glass sample. Transferring graphene reduces both trans-
mittance and reflectance of the transparent substrate; (c) microscopy
image of VdP from the glass side (upside down); (d) microscopy
image of TLM (width of graphene 20 um) test structure from the glass
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44 pm®, 2 pm step, 161 points) and VdP (9 x 54 pm?, 3 pm step,
76 points) structures. The Z focus was optimized at the
graphene/metal interface by minimizing the laser spot size on
the sample and maintaining it constant throughout the
measurement. In contrast to what is suggested by the main
guidelines,* where the position of focus is further optimized by
scanning the Z axis during the acquisition of the Raman signal,
in fact, applying this latter approach in the upside down
configuration, the focus would move from the graphene/metal
interface, broadening the spot size of the laser and obtaining
an inaccurate Raman spectrum. The Raman signal was analysed
by fitting the D, G, D’ and 2D signals for each spectrum and by
combining these parameters to obtain the intensity map for (i)
full width at half maximum of 2D signal (FWHM of 2D), (ii)
intensity ratio of 2D over G signal (I,p/I) and (iii) intensity ratio
of D over G (Ip/Ig) using Matlab. The values reported for the D,
G, D' and 2D positions and the relative intensities were ob-
tained by averaging those found for the micro Raman maps.

Results and discussion

This section opens with the electrical characterization results of
FLG on both a transparent substrate (G/a-SiN) and a conven-
tional opaque substrate (G/SiO,), followed by the validation of
the Raman analysis of both systems. Finally, the Raman inves-
tigation at the graphene-metal interface is presented, and its
correlation with electrical measurements is discussed.

By applying a voltage between contacts 1 and 2 (Fig. S1) of the
TLM structures, a linear behaviour is observed in all I-V
measurements (Fig. 1e), confirming that the total resistance can
be obtained by applying the equation Ry = V;,/I;,. Because the
sheet resistance of graphene under the metal contact (Rsk) is
different from that of graphene (Rsy), the CER method* was
used to evaluate Rgy; the transfer length (Lyx), which represents
the active portion of the contact involved in the conduction
(typically Ltk < Lcon) and the specific contact resistivity associ-
ated with the graphene/metal interface (p¢). The graphene sheet
resistance, Rsy, is obtained from 4-point van der Pauw
measurements. More details about the technique used for the
extraction of the electrical parameters are reported in the SI.

The main electrical parameters extracted for the two
different substrates—G/SiO, and G/a-SiN—are summarized in
Table 1 (a description of the method used for parameter
extraction is reported in the SI). The two samples have similar
values for all the main graphene parameters, except for the
sheet resistance of graphene under the contact, Rsk. In both
samples, Rsk is higher than the graphene sheet resistance Rgy,
as expected, due to the interaction of the metal contact with the
underlying graphene. Typically, our graphene is p-doped and
characterized after transfer by a hole density in the range of
10"-10" c¢m 2, while the metal is characterized by a large
number of electrons in the order of 10%'. After the fabrication of

side (upside down); and (e) /-V curves of graphene contacted with
Cr and Au (Au/Cr/G/a-SiN) with the pad distance changing from
10 to 50 pm.
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Table1 Main parameters extracted from the electrical measurements
of the van der Pauw and TLM structures in graphene, contacted using
Cr/Au (20/70 nm). The method used is explained in the SI. The data are
averaged over several TLM structures. Rsy is the sheet resistance of
graphene in the region between two metal contacts, Rs is the sheet
resistance of graphene under the metal contact, L1k is the portion of
the contact involved in conduction and pc is the specific contact
resistivity associated with the graphene—metal interface

Sample  Rsu[Qsq ']  pc[Qcm?] Lyg [nm] Rk [kQ]
G/a-SiN 810 £+ 44 (2.0 £0.2) 10* 1.8 £ 0.3 9.0 £ 1.4
G/SiO, 843+ 90 (1.6 £0.7)10' 314+07 1.3+05

metal contacts, electro-chemical interactions between gra-
phene and metal are formed, determining the reduction of
graphene charge and impacting the Rgx value. We can notice
that for the a-SiN substrate, Rsx is 10 times larger than Rgy,
while it only doubles for the SiO, substrate.

The first validation step involved Raman analysis of both
types of samples used for electrical characterization: FLG on
a transparent substrate (G/a-SiN) and on a conventional opaque
substrate (G/SiO,). The statistical analysis of the Raman spectra
revealed that the substrate type (a-SiN or SiO,/Si) does not
significantly affect the Raman spectral parameters (peak posi-
tions and relative intensities). Representative spectra are shown
in Fig. S4, and the corresponding spectral parameters are
summarized in Table 2 (standard configuration with graphene
on top). The only notable difference observed is a higher
background signal in the a-SiN substrate.

The micro Raman maps were acquired on the same struc-
tures (TLM and VdP) previously measured simply by flipping the
sample upside down. As shown in Fig. 1c and d, optimized
thicknesses of the a-SiN and Al layers in the substrate enable the
clear identification of the graphene layer under the optical
microscope, both as a standalone film as well as in the presence
of the metal contact. We can notice that the absolute intensity
obtained for the Raman signal when graphene is on the bottom
(device flipped upside down) was approximately reduced by one
order of magnitude with respect to the conventional measure-
ments with graphene on top (Fig. S4a). This reduction can be
attributed to optical losses along the light path. Around 40% of
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the laser power is attenuated after transmission through the
substrate (Fig. 1b), and an additional 40% attenuation affects
the backscattered Raman signal, resulting in an overall atten-
uation of c.a. 16%, which aligns well with the experimental
observations. Despite this decrease in absolute intensity, the
relative peak intensities, positions, and full widths at half
maximum (FWHM) remained virtually unchanged (Table 2) and
were independent of the measurement direction. This outcome
constitutes the second validation step, confirming the robust-
ness of our approach for acquiring micro-Raman signals in the
upside-down configuration, enabled by the specifically engi-
neered transparent substrate.

Thus, considering the validity of our approach, we moved to
compare the results obtained from the graphene and the gra-
phene-metal interface. First, comparing the Raman measure-
ments performed on graphene outside and under metal contact
(Au/Cr/G/a-SiN) in VdP test structures, we obtained a reduced
Raman signal-to-noise ratio for the latter.

Raman spectroscopy revealed an overall increase in the D
band and a decrease in the 2D in the metallic contact area (Au/
Cr/G/a-SiN) compared to pristine graphene. This general trend
can be observed both from the comparison of individual spectra
(Fig. 2a) as well as from combined data presented in histograms
(Fig. 2b-2d) and from Raman maps (Fig. 3). This spectroscopic
evidence supports the conclusion that the metallic contact (Cr)
on top of graphene induces a significant amount of defects. An
increase in defects is commonly observed in metal/graphene
interfaces in the literature and depends on the metal used for
contact and on the deposition technique.?® In the specific case
of Cr, an increase in the disorder was reported, even if it seems
quite limited compared to Ti or other metals.” An increase in
disorder in graphene has also been observed after the deposi-
tion of a dielectric layer on top of graphene, which is trans-
parent to visible light and allows Raman spectroscopy to be
performed after deposition. For instance, Al,O; deposited by
sputtering shows similar Raman results in terms of increased
disorder, as indicated by the rise of the D band.”” Similarly, an
increase in disorder was reported after the encapsulation of
graphene with Si;N,.”® The broadening and decrease in the
intensity of the 2D band have a less straightforward explana-
tion. However, the literature suggests that a decrease in the 2D

Table 2 Raman spectral parameters extracted for graphene on oxide (G/SiO5) and on transparent substrate (G/a-SiN) in top configuration (2nd
and 3rd columns), and in upside down configuration (4th and 5th columns) without (G/a-SiN) and with top contacts (Au/Cr/G/a-SiN) for the VdP

test structure

Raman configuration Standard (G on top)

Upside down (G on bottom)

Sample G/SiO, G/a-SiN G/a-SiN Au/Cr/G/a-SiN
D/em ™! 1367 + 2 1371+ 2 1368 + 1 1363 + 3
G/em™ '™t 1589 + 1 1589 + 2 1587 £ 2 1583 £ 2
2D/em ™! 2728 + 3 2729 + 4 2726 £ 5 2723 £ 5
D'/em™* 1625 + 2 1625 + 3 1625 + 3 1620 + 2
I/l 0.08 + 0.03 0.08 + 0.03 0.09 + 0.03 0.39 + 0.06
FWHM(2D)/cm " 41+ 3 43 + 4 45+ 4 68 + 10
Lpllg 1.5 + 0.5 1.2+ 0.4 1.3+ 0.4 0.5 + 0.1
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Fig. 2 (a) Representative Raman spectra of graphene with (Au/Cr/G/a-
SiN curve) and without (G/a-SiN curve) metallic contact; histograms of
(b) Ip/lg, () FWHM of 2D and (d) Ip/lg for Au/Cr/G/a-SiN vs. G/a-SiN.
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(a) Scheme of the Raman measurement set-up for graphene on

a transparent substrate in upside down configuration. (b) Micrograph
of the VdP test structure with graphene under metallic contact (Au/Cr/
G/a-SiN) at left and graphene without metallic contact (G/a-SiN) at
right; the black rectangle represents the area of the sample probed by
micro Raman. Raman maps of intensities of (c) FWHM for 2D signal, (d)
IZD/IG and (e) ID/IG-
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Fig. 4 Correlation analysis of 2D-G positions on G/a-SiN and Au/Cr/
G/a-SiN. The dotted red line represents the direction of doping (slope
0.7), while the black dotted line represents the strain (slope 2.2).

band intensity relative to the G band occurs due to the inter-
action of graphene with metals, like for graphene on copper® or
for graphene covered with a thin metallic film, only few nano-
meters thick.”” In the present work, we observed a significant
increase in the D signal due to an increase in defects and
a decrease in the 2D band intensity, which could be associated
with an increased electron-defect scattering rate. Furthermore,
the broadening of the G band (FWHM of G from 26 cm ™" to
>50 cm™ ') supports that the defect density related to the Ip/Ig
ratio has a drastic shift from low defect concentration to high
defect concentration.*® The overall increase in defects is also
confirmed by the rise in the D’ band.*

Only a minor relative shift of the G band was observed (Table
2 and 2D vs. G dispersions in Fig. 4), with no significant change
in 2D peak position. This is partially in contrast to the findings
reported for bottom contacts by Sakavicius,"” where an increase
in compressive strain was observed near the contact edges, with
no increase in defects due to the bottom contact geometry,
which avoids direct metal deposition on top of the graphene
layer.

In the present work, no significant variation in strain due to
contact was observed, while a slight decrease in p-doping
occurred in graphene after the deposition of the metal. This is
not in contrast with the main results reported in the literature
for graphene/metal interfaces, with a few nanometers of metal
deposited on top, where the G band presented in some cases
a positive 10 cm ™ shift associated with an increase in graphene
doping,"” while in other cases, a negative shift of around
11 cm™ " was reported.® From our result, the decrease in doping
due to G redshift is limited to few em™".

The Raman maps obtained in the TLM area, where a 12 x 44
um?® area was probed on the device with 20 um graphene
channel width, with 6 pm width metal contacts (Fig. S5), reveal
that the signals from the 3 contacts (5, 10, and 15 pm) exhibit
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the same characteristics as those obtained under the larger VdP
contact (Fig. 3). This demonstrates that the approach presented
here can be applied to study graphene locally under different
metal contact configurations. In particular, the regions with
and without metal can be distinguished using the Raman map
of the FWHM of the 2D peak and the intensity ratio of the D and
2D peaks over the G signal (Ip/Ig and Ip/lg). The achieved
resolution allows for the investigation of the single contact of
a device. However, the overall spatial resolution in the Raman
mapping using the upside down configuration presented in this
work is >2 um, while that obtained in the common set-up is <1
um. The reduced resolution is due to internal reflections
broadening the effective size of the laser spot on the sample.

Conclusion

In summary, the experimental approach developed to access the
graphene-metal interface via Raman spectroscopy was success-
fully validated. Raman analysis performed on operating devices
(TLM and VdP structures) revealed a significantly higher defect
density at the graphene/metal interface (Au/Cr/G/a-SiN)
compared to bare graphene, accompanied by a slight reduction
in p-type doping. These findings are consistent with the observed
increase in sheet resistance under metal, as obtained from the
electrical characterization of linear TLM devices. The proposed
technique also enables the investigation of the correlation
between the amount of defects and contact resistance using
various metals and/or different deposition techniques, offering
a valuable tool for investigating the origin and mechanisms
behind contact resistance. We acknowledge that the most accu-
rate approaches for defect estimation involve techniques such as
C-V sweeping and related methods. Nonetheless, in this study,
we demonstrate that Raman spectroscopy can be effectively
employed as a rapid and simple tool for evaluating the damage
induced in the graphene layer during top metal contact fabrica-
tion. This assessment is performed by directly comparing Raman
spectra collected on the same device in two distinct regions: bare
graphene and graphene buried beneath the metal. The structural
insights obtained in this way are further complemented with
electrical measurements of the graphene/metal contact,
including sheet resistance and contact resistance, thereby
providing a comprehensive and integrated description of the
system. Notably, the approach described can be extended to
graphene directly grown on a transparent substrate, such as
sapphire,®® or to graphene transferred on any transparent
substrate. Moreover, using this approach, Raman measurements
can be performed simultaneously with electrical measurements,
permitting the study of materials and devices under operating
conditions that correlate structural properties (provided by
Raman spectroscopy) with electrical properties in real time.** The
method will be further implemented and verified using other
metals (nickel, platinum and gold) for generalization.
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