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provide valuable insights into the properties of metal−
graphene interfaces and the process associated with metal
deposition on graphene.
In our experimental setup, we deposited aluminum (Al) with

thickness ranging from 5 to 20 nm using an electron beam
evaporator onto a quartz substrate, over which a square-shaped
graphene sheet had been transferred prior to the deposition.
We observed that when the thickness of Al is between 10 and
12 nm, there is an obvious difference in transparency in the
region with graphene vs the region directly deposited on the
substrate, immediately after the sample was taken out of the
deposition chamber, as shown in Figure 1a. This difference is
less obvious when the thickness of Al is less than 10 nm or
more than 12 nm. Therefore, we further extended our
investigation to additional nine metals including platinum
(Pt), cobalt (Co), nickel (Ni), chromium (Cr), copper (Cu),
titanium (Ti), iron (Fe), yttrium (Y), and silver (Ag). For each
metal, we deposited 10−12 nm in thickness onto graphene.
We found that, for certain metals such as Ti, Fe, and Ag, a
noticeable difference in transparency or color is shown for the
region on top of graphene vs the region directly on the
substrate (Figure 1b). Conversely, for other metals, including
Ni, Co, and Pt, the optical differences were barely noticeable,
as shown in Figure 1b. Additionally, we noted that when
deposition proceeds under high vacuum (≤2 × 10−7 Torr), the
optical differences for 10 nm Al on graphene and 10 nm Ti on
graphene become considerably less. Particularly for Ti, the
difference becomes unnoticeable, as shown in Figure 1c.
To elucidate the causes of the change in optical contrast, we

studied the metal−graphene interface structure in evaporated
Al, Ti, and Ni. We employed a range of analytical techniques,
including XPS, XRR, Raman spectroscopy, UV−vis trans-
mittance, and sheet resistance measurement. We will show
below that the change in transparency observed in Al-graphene
and Ti-graphene comes from interfacial oxidation at the
metal−graphene interface, resulting in the formation of a metal
oxide layer. In contrast, we did not observe interfacial
oxidation at the Ni-graphene interface, aligning with its

indistinct change in transparency. We propose a model based
on the metal work function and interaction with graphene to
offer insights into identifying metals prone to interfacial
oxidation, and we discuss the role of the background vacuum
level during deposition in determining the extent of oxide
formation.

T RESULTS
From the group of metals in Figure 1b, we present detailed
studies of Al, Ti, and Ni as representative of the behaviors we
observed. We compare Al deposited on graphene, which shows
an enhancement in transparency, with Ni deposited on
graphene, which does not. We selected Ti because the results
are sensitive to the vacuum level in the chamber: the
enhancement of transparency is observed in low vacuum and
becomes minimal when deposited under high vacuum (Figure
1c).
A 10 nm Al is deposited using electron beam evaporation

onto CVD-grown graphene on a transparent quartz substrate
(growth and transfer method in Supporting Information). The
deposition is conducted using a closed chamber evaporator
with nitrogen as backfill gas (Ebeam Temescal- LL, Mode:
Temescal FC2000. It provides base pressure up to 2 × 10−7

Torr with >1 h pumping down. The deposition rate is
controlled to be 0.5 Å/s at room temperature (details in the
Supporting Information). The difference in transparency for
the regions on and off graphene is observed immediately after
deposition. To find out whether there is a change over time in
the ambient environment, we measured UV−visible trans-
mittance over 560 days. As shown in Figure 2a and Figure S1a,
the difference in transmittance increases from 7.5 to 18% after
35 days and to 23.8% after 561 days, while the transmittance of
the region that is directly on the substrate increases much
slower. The sheet resistance of the region above graphene
increases more than five times (from 42 to 234 Ω/square) after
237 days and keeps increasing over a longer period (Figure 2b,
Figure S8). X-ray reflectivity (XRR) was measured on the
sample right after deposition and suggests an α-Al2O3−Al-

Figure 1. (a) Schematic diagram of the metal thin film deposited on graphene. Graphene (grown by CVD) was transferred on transparent quartz
substrate, and then 10−12 nm thin metal film is deposited. On the right is a photograph of 12 nm of Al deposited on graphene. The area on top of
graphene appears more transparent. (b) Photographs of various metals deposited onto graphene (vacuum level at 8×10−6 Torr for all samples).
Metals including Y, Ag, Al, Ti, Fe, Cr, and Cu show noticeable change in optical contrast for the area on top of graphene, while for Co, Ni, and Pt,
the optical contrast are less clearly visible. (c) Different changes in transparency as Al or Ti were deposited under different vacuum levels.
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AlxOy-graphene structure (Figure 2c). To further examine the
interface structure, we measured the XPS depth profile on the
same sample. The sample was sputtered with an Ar ion gun,
and signals for Al 2p, C 1s, and O 1s orbitals were collected at
each round. The information depth for this sample is around 3
nm,17 and the sputtering rate is roughly 0.5 nm/min. As shown

in Figure 2d, the surface initially shows strong Al oxide and
oxygen peaks. As sputtering continues, the aluminum oxide
peaks decrease, while Al metal peaks increase. The oxygen peak
also decreases, indicating a region dominated by the Al metal.
However, as the sputtering continues, the Al metal peak
decreases and finally disappears, while the Al oxide peak and

Figure 2. Characterizations for 10 nm Al deposited on graphene. (a) UV−vis transmittance (300−850 nm) measured over a period of 35 days, the
second graph overlays signal from 0 day (dashed lines) and 35 days (solid lines), both calibrated according to transmittance of CVD-grown
graphene (insets: photographs of Al-graphene-quartz sample, brighter square region contains graphene). (b) Sheet resistance measured over time.
(c) XRR profile with simulated layered structure, with the top two layers modeled with linear gradient density. The inserted table shows detailed
information on each layer. The first layer with density from the top 4 to bottom 2.6 g/cm3, indicating a transition from α-Al2O3 (3.99 g/cm3) to Al
(2.7 g/cm3). Meanwhile, the second layer’s density is at the top 2.5 g/cm3 and the bottom 4.4 g/cm3, indicating a transition from Al to AlxOy. ρ:
density; h: thickness; Ra, roughness. (d) XPS depth profile by Ar ion sputtering (sputtering time marked at each curve).
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oxygen peak increase in intensity. Meanwhile, the carbon peak
for graphene emerges, which indicates that the sputtering has
reached the Al-graphene interface. From the XPS depth profile,
it is clear that for the film on top of graphene the Al
underneath the surface Al oxide layer is not pure Al but has
noticeable oxide content, especially when it is closer to the Al/

graphene interface. This is in contrast to the XPS depth profile
of the 10 nm Al deposited on quartz as further discussed in the
Supporting Information (Figure S2). To eliminate the
influence of surface oxidation of Al, we deposited 5 nm Ni
on top of 10 nm Al on graphene in the same chamber to
prevent oxidation from the surface. Ni is chosen as a protection

Figure 3. Characterizations for 10 nm Ti on graphene deposited under high vacuum (2 × 10−7 Torr) (insets: photographs of Ti-graphene-quartz
sample, square region on the left is graphene). (a) UV−vis transmittance (300−850 nm) measured over time, the second graph overlays signal
from 0 (dashed lines) to 35 days (solid lines), both calibrated according to transmittance of CVD-grown graphene. (The UV−vis transmittance for
Ti/graphene/quartz and Ti/quartz shows minimal difference, and the transmittance is <3% higher over 35 days.) (b) Sheet resistance measured
over 35 days. (c) XRR profile with simulated layered structure, first and third layers modeled with linear gradient density. The inset table shows
information for each layer. ρ, density; h: thickness; Ra: roughness. (d) XPS depth profile by Ar ion sputtering (sputtering time marked at each
curve).
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layer since in our later experiment for Ni deposition on
graphene, we did not observe the oxidation of Ni. The XPS
depth profile and XRR both imply a Ni−Al−AlxOy-graphene
structure (Figure.S3). These results suggest that the change in
transparency for the region on top of graphene is due to
interface oxidation, and the oxidation appears to continue in an
ambient environment but slows over time. This oxidation
behavior appears to differ from the formation of surface α-
Al2O3 of Al in air, since the surface α-Al2O3 is dense, which
prevents Al from being further oxidized, as typically there is no
continuation of oxidation over time. To measure the thickness
of the interfacial AlxOy layer, we conducted cross-sectional
atomic-resolution transmission electron microscopy (TEM)
analysis on samples of 10 nm Al followed by 5 nm Ni
deposited on graphene (deposition at 2 × 10−7 Torr). The
electron energy loss spectroscopy (EELS) mapping of the
elements Al, O, and C within the cross-sectional region reveals
the presence of an oxide layer, approximately 5 nm in
thickness, above the graphene (Figure S4)

We now discuss the Ti-graphene interface formed after the
evaporation of 10 nm Ti on graphene. As observed in Figure
1c, the deposition of Ti is highly sensitive to the vacuum level.
Thus, we performed deposition under three vacuum levels: 2 ×
10−7 (high vacuum), 2 × 10−6 (mid vacuum), and 8 × 10−6

Torr (low vacuum). Different vacuum levels are controlled by
varying the time of pumping down before the deposition
(experimental details in the Supporting Information). Figure 3
shows the sample deposited under high vacuum, while the
samples deposited at 2 × 10−6 and 8 × 10−6 Torr (mid and low
vacuum) are included in Figures S5 and S6, respectively. When
deposited under a high vacuum, the region that is on top of
graphene has roughly the same transmittance as the region
directly on the substrate. No change in transparency is visible
after the sample is left in the air for 35 days, and we measured
only a 3.4% difference in transparency after 561 days (Figure
3a, Figure S1b). The sheet resistance of the region containing
graphene increases only 12% (from 223 to 250 Ω/square) after
237 days in the ambient environment (Figure 3b). We first

Figure 4. Characterizations for 10 nm Ni deposited on graphene. (a) UV−vis transmittance (300−850 nm) of 10 nm Ni on graphene on quartz
and 10 nm Ni on quartz (inset: photograph of Ni-graphene-quartz sample, square region outlined contains graphene). (b) XRR profile with the
predicted layered structure. The table inserted shows detailed information on each layer. ρ: density; h: thickness; Ra: roughness. (c) XPS depth
profile by Ar ion sputtering (sputtering time marked at each curve).
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collected XRR information for the sample right after
deposition (Figure 3c). Then, the XPS profile is collected for
the Ti 2p, C 1s, and O 1s lines, at a sputtering rate of around
0.3 nm/min, as shown in Figure 3d, which indicates the TiO2
layer on top of Ti metal. At the interface, the C 1s signal shows
a strong peak at 281.5 eV, which is distinct from the graphene
peak at 284.5 eV. This peak is identified as carbide, indicating
the formation of TiC during deposition. For this high vacuum
condition, even without a clear transparency contrast, the O 1s
XPS and XRR data still indicated a small amount of oxidation.
We conclude that 10 nm Ti on graphene has a sandwich
structure: TiO2−Ti-TiCxOy, with the majority being TiC and a
trace amount of oxide at the Ti-graphene interface.
For Ti deposited on graphene under conditions in which the

base pressure in the chamber is higher during deposition, the
region deposited on top of the graphene appears more
transparent (Figure 1(b)). When Ti is deposited under 2 ×
10−6 Torr, the region containing graphene is 4.6% higher in
transparency. The difference increases to 12.11% after 534
days (Figure S1(c)). When deposited under 8.6 × 10−6 Torr,
the region deposited on top of the graphene is even more
transparent with a difference of 6.2% in transparency right after
Ti deposition. The difference increases to 16.6% after 512 days
(Figure S1d). In both cases, XRR results indicate a structure of
TiO2−TiCxOy-graphene (Figures S5b and S6b). Also, the XPS
depth profile shows a strong O 1s signal throughout the
thickness of the Ti layer, implying that Ti becomes partially
oxidized during the deposition (Figures S5c and S6c). Apart
from these two vacuum conditions, we also deposited Ti on
graphene at a vacuum level of 5 × 10−7 Torr. We collected
XPS depth profiles on two adjacent spots, on-graphene and off-
graphene, on the same sample of 10 nm Ti deposited on
graphene on a quartz substrate. As shown in Figure S7, Ti is
partially oxidized when deposited on graphene, which is not
the case if deposited on quartz, and the degree of Ti oxidation
on the graphene is intermediate between the high vacuum (2 ×
10−7 Torr) and medium vacuum (2 × 10−6 Torr) conditions.
To summarize the case of Ti, the transparency contrast is more
sensitive to the vacuum levels than that found for Al. For Ti,
clear transparency contrast was only observed in lower vacuum
conditions (≥5 × 10−7 Torr), but from O 1s XPS depth
profiles, there is always oxidation, which increases as the
vacuum level degrades.
To compare with Al and Ti, we studied the interface

structure of 10 nm Ni deposited on graphene. The region on
top of graphene shows negligible enhancement in UV−vis
transmittance as compared to the region directly on the
substrate, whether Ni is deposited under high or low vacuum
levels (Figure 4a at 2 × 10−7 Torr, Figure 1c at 8.6 × 10−6

Torr). XPS profile and XRR results both indicate a sharp
transition from the Ni metal layer to the graphene layer,
without an oxide layer at the interface (Figure 4b,c).
To understand the different behaviors when Al, Ti, and Ni

are deposited on graphene, we looked into the intrinsic
properties of metals and their interactions with graphene. The
interaction of metals with graphene has been categorized into
physisorption and chemisorption.14 Physisorption is a weaker
interaction with low absorption energy (0.03−0.05 eV per
carbon), and the equilibrium interfacial distance is >3.0 Å.
Chemisorption is a strong interaction with an equilibrium
interfacial distance of <2.5 Å and higher adsorption energy
(0.09−0.4 eV per carbon), due to the substantial overlap
between the wave functions of d electrons in the metal and π

electrons in graphene.14 As shown in Table 1, Al, Ag, and Pt
are categorized as physisorbed metals, which interact with

graphene through a relatively weak van der Waals force. Also,
Ti, Ni, and Co are categorized as chemisorbed metals.14,18,19
This aligns well with our Raman results, which are also
consistent with the literature.20 We measured the Raman
spectrum before and after deposition for 10 nm Al, Ti, and Ni
on graphene. Deposition of Al causes a minor change in the G
and 2D peaks, implying weak interaction. In contrast, the
deposition of Ni or Ti induces a significant decrease in
intensity on both peaks, especially the 2D peak, which implies
a strong interaction with graphene (Figure 5a,b).

T DISCUSSION
By considering both the work function of the metal relative to
that of graphene and the type of interaction occurring between
the metal and graphene, we propose the following mechanism
(Figure 5c,d). During the deposition process, for metals with a
work function lower than that of graphene, such as Al, there is
charge transfer between the metal and the graphene, causing
the metal to be electron-deficient while graphene to be doped
n-type. Since graphene adsorbs oxygen and water from the
ambient,22−25 under a relatively low background vacuum level
(1−8 × 10−6 Torr), part of the adsorbed water and oxygen
molecules remain on the graphene surface and form oxygen
anions. Since physisorbed metals have poor wettability on
graphene, the metal follows island growth after nucleation.26,27
Before graphene is fully covered with metal, the oxygen anions
absorbed on graphene react with the metal that contacts
graphene, which is electron-deficient, and forms an interfacial
metal oxide. The amount of oxidation becomes less as the
deposition continues (likely because the distance is larger from
the graphene surface), and the film that forms is a mixture of
the metal and metal oxide (as indicated by the XPS depth
profile and XRR data). Once the sample is taken out of the
vacuum chamber, it appears that the interfacial oxidized layer is
not as dense as the typical surface oxidation layer (e.g., α-
Al2O3), and the oxidation still continues for a period of time.
Since the oxidation of metal atoms leads to changes in light
absorption in the visible regime, the interfacial oxidation layer
causes a noticeable change in optical contrast, which is
observed for Ti, Ag, Fe, and Al. For Ti, since it is a
chemisorbed metal on graphene with a lower work function,
this process is highly dependent on the vacuum condition. We
expect that the oxidation of Ti on graphene, which happens at
lower vacuum conditions, goes through a similar mechanism as

Table 1. Binding Energies (Eb), Equilibrium Atomic
Distances (Deq), and Work Function (WF) of Various Metals
with Graphenea

type metals Eb (eV/atom) Deq (Å) WF (eV)
physisorbed Al 0.027 3.59 4.28
physisorbed Ag 0.043 3.26 4.26
physisorbed Cu 0.033 2.96 4.65
physisorbed Pt 0.038 3.18 5.65
chemisorbed Ti 0.327 2.13 4.33
chemisorbed Ni 0.125 2.07 5.15
chemisorbed Co 0.160 2.11 5.0

aData taken from references: interaction types,14 binding energies
(Eb),18,19 equilibrium atomic distances (Deq),14 and work function
(WF).21
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proposed in Figure 5c. However, at higher vacuum, surface-
induced hybridization between Ti and graphene is observed
rather than the oxidation of Ti at the interface. In Figure 5d,
we plot the work functions of various metals in comparison to
graphene’s work function. When the metal’s work function is
lower than graphene’s, charge transfer happens at the interface,
which causes the metal to be electron-deficient. The previously
adsorbed oxygen on graphene could serve as the oxidation
source (the amount of oxygen should also depend on the base
pressure in the chamber), and metal could be oxidized by
taking up the oxygen from the graphene’s surface. The possible
atomic-scale processes involved can be (1) when a metal atom
is contacting graphene, due to the difference in work function,
charge transfer happens via the move of electrons and holes,
leaving the metal atom positively charged and (2) the adsorbed
oxygen on graphene’s surface (no bond formation with
graphene) got taken up by metal atom and forms an M−O
bond. Both hypothesized processes are illustrated in Figure 5c.
For metals with a work function higher than that of graphene,

such as Pt and Ni, such a metal oxidation process would not
occur, which is consistent with our observation of no obvious
change in optical contrast.
For Al, it has been reported that when depositing 1−2 nm Al

on graphene using electron beam deposition, the Al layer is
quickly oxidized, and serves as a nucleation layer that enables
atomic layer deposition (ALD) of Al2O3.28 However, the role
of graphene in enabling this oxidation has not previously been
discussed. Based on our analysis, during the deposition of the
metal film in the chamber, graphene facilitates the oxidation of
Al through charge transfer, resulting in an interfacial AlxOy
layer. For the deposition of Ti on graphene, our results suggest
that the interaction between graphene and metal plays a
significant role, which leads to higher sensitivity to the vacuum
level during deposition. Under relatively high vacuum level (2
× 10−7 Torr) (Figure 3), due to the strong interaction between
graphene and Ti, surface-induced hybridization occurs, and
there is minimal oxidation at the interface between Ti and
graphene. As shown in Figure 5a,b, the attenuation of

Figure 5. (a) Raman spectra for bare graphene, 10 nm Al on graphene and 10 nm Ni on graphene (vacuum level during deposition: 2 × 10−7

Torr). (b) Raman spectra for 10 nm Ti on graphene, deposited under different vacuum levels (from top to bottom: low V: 8 × 10−6 Torr; mid V: 2
× 10−6 Torr; high V: 2 × 10−7 Torr). (c) Illustration of our proposed graphene-enhanced interfacial oxidation mechanism: the top route shows the
charge transfer and oxidation process of a single metal island on graphene, while the bottom route shows that during deposition all metal islands
that are contacting graphene get oxidized, resulting in formation of an interfacial metal oxide film on graphene. (d) Energy diagram of 10 metals
work function with regards to the work function of graphene,21 and the indication of whether color change is observed when metal is deposited on
graphene.
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graphene’s G and 2D peaks is due to the strong interaction
between Ti atoms and graphene, which broadens the G peak
and quenches the 2D peak. This is consistent with the previous
study on Ti-graphene hybridization, in which both G and 2D
peaks reappear after etching away the Ti with HF. This
indicates that graphene is not damaged during deposition.29
However, as the vacuum level becomes lower (which means
that there is more oxygen or H2O in the chamber), interfacial
oxidation takes over. This can also be observed in the change
of the Raman spectrum under different vacuum levels (in
Figure 5b, under high vacuum level, due to the strong
interaction between graphene and Ti, there is a large
downshift, broadening of the graphene G peak, and quenching
of the 2D peak; while the G peak and 2D peak gradually
recover as the vacuum level worsens). We also note that the C
1s spectrum from the XPS depth profile shows both TiC and
graphene at the interface, as also observed in other reports of
Ti deposition on graphene.29,30 It is highly possible that the
TiC signal is a result of the reaction of Ti with the residual gas
in the deposition chamber as well as polymer contamination
on the graphene surface, rather than a direct reaction with
graphene.29−31 This explains the observation that at a lower
vacuum level, which implies a higher concentration of
background gas, the TiC peak appears earlier in the depth
profiling than the graphene peak (Figures S5 and S6). For the
deposition of Ni onto graphene, this process appears to be
insensitive to the vacuum level during deposition. We did not
observe a change in transparency for the area containing
graphene, nor the formation of carbide or oxide layers at the
Ni-graphene interface (Figures 1b and 4). This can be
understood by the high work function of Ni in comparison
with Al and Ti. Under relatively high base pressure (8.6 × 10−6

Torr), Ni does not oxidize as easily as Al and Ti.

T CONCLUSIONS
In conclusion, our study has revealed a phenomenon involving
a change in transparency when depositing 10−12 nm of metals
onto graphene that was transferred on a transparent substrate.
To understand this phenomenon, we focused on aluminum,
titanium, and nickel to study their interactions with graphene.
Our findings collectively point to the formation of an
interfacial oxide layer at the metal−graphene interface as the
cause of the observed changes in transparency. Our model and
observation show that the metal work function and type of
interaction with graphene act as a guide to determine whether
interfacial oxidation is expected and whether deposition
conditions strongly influence the extent of oxide formation.
For the case that interfacial oxidation is not desirable, we
suggest careful in situ baking before deposition to remove the
adsorbed gas molecules on graphene and the use of an
ultrahigh vacuum deposition tool to avoid oxidation. While this
metal−metal oxide-graphene structure is promising, partic-
ularly in the case of forming tunnel barrier contacts for
graphene channel devices. Graphene’s long spin-diffusion
length at room temperature makes it a standout choice for
spintronic devices.32 During the fabrication process, it is often
necessary to form tunnel barrier contacts for the injector and
detector magnets. This study elucidates the formation of
interfacial oxide layers, which is highly relevant when
optimizing tunnel barrier contacts for graphene spin channel
devices. For Al, the use of interfacial oxide has already been
demonstrated in graphene transistors,33 and in carbon
nanotube transistors using graphene as a cold-source contact

and Al as a gate electrode.34 This study, therefore, contributes
valuable insights whenever metal is deposited onto graphene
for different device fabrications.
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