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The unique electronic properties of graphene have 
received considerable attention and make it an exciting 
material as the channel for nanoelectronic devices 
[1–5]. Despite its promising properties, the formation 
of good electrical contacts to graphene remains a 
key bottleneck for many applications even though a 
substantial amount of research has been devoted to this 
subject [6–15]. Due to its atomically thin nature, the 
graphene underneath metal electrodes can be heavily 
modified. For example, the density of states (DOS) 
of the graphene under the contacts can deviate from 
the typical Dirac cone found in pristine graphene, 
especially when the metal-graphene coupling strength 
is large [16–19]. At the same time, a difference in work 
function between the metal and graphene results in 
contact-induced doping of the graphene [7, 9, 19–25], 
increasing the number of conduction modes under the 
contacts [9]. The combination of the DOS modification 

and contact-induced doping effects largely control 
the electronic transport through metal-graphene 
interfaces, and they depend on the work function of the 
metal [18, 20, 21], the metal-graphene distance [20, 21] 
and the wettability of the metal [26].

Even though it is clear that the metal-graphene 
interface is crucially important, this interface is often 
contaminated with resist residues originating from the 
processing of the graphene into devices. The fabrica-
tion of devices from large areas of graphene comprises 
patterning of the graphene to define the channel region, 
and metallization to form the contacts. Both the pat-
terning and metallization conventionally include pho-
tolithography or electron-beam lithography steps in 
which the graphene must be covered by a resist film. 
However, removal of the resist film is a real challenge 
and a residue of the resist is known to remain on the gra-
phene after processing [27, 28]. The resist residue is an 
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Abstract
Graphene field-effect transistor devices were fabricated using a bottom-up and resist-free method, 
avoiding common compatibility issues such as contamination by resist residues. Large-area CVD 
graphene sheets were structured into device channels by patterning with a focused ion beam. 
Platinum contacts were then deposited by direct-write atomic layer deposition (ALD), which is a 
combination between electron beam induced deposition (EBID) and bottom-up area-selective ALD. 
This is a unique approach that enables nucleation of Pt ALD on graphene, and therefore these devices 
are the first reported graphene devices with contacts deposited by ALD. Electrical characterization 
of the devices confirms ambipolar transistor behaviour with typical field-effect mobilities in the 
range of 1000–1800 cm2 V−1 s−1. We observe clear signs of strong Pt-graphene coupling and 
contact induced hole doping, implying good contact properties in contrast to the conventionally 
weak bonding between Pt and graphene. We attribute these observations to the reduced amount of 
resist residue under the contacts, the improved wettability of the Pt due to the use of ALD, and the 
formation of a graphitic interlayer that bonds the Pt more strongly to the graphene. We conclude 
that direct-write ALD is a very suitable technique for metallization of graphene devices and to study 
the intrinsic properties of metal-graphene contacts in more detail. In addition, it offers unique 
opportunities to control the metal-graphene coupling strength.
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uncontrolled processing by-product and can drastically 
alter the metal-graphene interface, e.g. by influencing 
the metal-graphene distance and metal wettability. As a 
result it controls the metal-graphene coupling strength 
and contact-induced doping [19] and has been shown 
to increase contact resistance [29–31].

Performance of graphene devices may be improved 
by using alternative patterning and metallization 
schemes, which avoid the use of resist films and offer 
better control over the metal-graphene interface prop-
erties. For example, earlier we have shown that direct 
cutting of the graphene by a focused ion beam is a viable 
alternative to conventional patterning techniques [32]. 
A Ga ion beam can be used to make thin cuts in the 
graphene to electrically isolate device channel regions 
without using any resist films. For alternative metal-
lization schemes, atomic layer deposition (ALD) has 
been proposed as a technique for ideal metal-graphene 
contacts as it improves the morphology of the metal 
[9]. However, due to the chemical inertness of the gra-
phene, nucleation of the ALD films is very problematic. 
ALD films on graphene are usually not closed as the 
metal(oxide) films nucleate preferentially on defects 
and grain boundaries [33–35]. Moreover, the combi-
nation of conventional lithography and ALD intro-
duces significant challenges such as reflowing of the 
resist films at the temperatures required for metal ALD 
[36]. Both issues can be avoided by using direct-write 
ALD, which is a previously introduced technique that 
allows bottom-up deposition of ALD contacts [37–39]. 
Briefly, direct-write ALD combines the direct-write 
patterning technique of electron-beam induced depo-
sition (EBID) with ALD to fabricate high-quality plati-
num (Pt) structures without the need for conventional 
lithography, resist films or lift-off steps. A thin seed layer 
of Pt/C is first deposited directly in the desired shape by 
EBID. An area-selective ALD process then transforms 
the seed layers into pure Pt structures by depositing Pt 
only on the seed layers (and not on the surrounding 
substrate) while it simultaneously purifies the seed lay-
ers by combusting the carbon in the oxygen half-cycles. 
Note that the EBID Pt/C material itself has a very high 
resistivity [40] of more than 106 µΩ cm (which makes 
it unsuitable as contact material directly), while direct-
write ALD Pt structures exhibit a near-bulk Pt resistiv-
ity [38] of 11  ±  2 µΩ cm. By applying this technique 
for the deposition of graphene contacts, we can sig-
nificantly reduce the amount of resist residue under 
the contacts and on the graphene channel and study 
the intrinsic properties of metal-graphene interfaces  
carefully.

In this work, we demonstrate graphene devices fab-
ricated without the use of resist films by a unique com-
bination of (i) direct patterning by focused ion beam 
and (ii) contact metallization by direct-write ALD of 
Pt. The device fabrication steps are shown schematically 
in figure 1. We use electrical measurements to demon-
strate good device performance in terms of field-effect 

mobility, and investigate the intrinsic properties of 
resist-free metal-graphene contacts. The devices show 
clear evidence for contact-induced doping and unex-
pected strong Pt-graphene coupling, which is explained 
by the reduced impact of resist residue under the con-
tacts, the high quality of the Pt-graphene contact inter-
face obtained by direct-write ALD, and the formation 
of a graphitic interlayer that improves the bonding 
between the Pt and the graphene. Finally, we speculate 
that controlling the properties of this interlayer may 
offer much needed control over the metal-graphene 
coupling strength and the ability to tune contact prop-
erties as desired.

Methods

Graphene
Large-area graphene was grown by chemical vapor 
deposition (CVD) and then transferred to a 90 nm SiO2/
Si substrate using a standard polymethyl methacrylate 
(PMMA) transfer process [41]. The Si substrate is 
highly p-doped and acts as a back-gate in electrical 
measurements.

Resist-free fabrication
The resist-free fabrication of graphene devices consists 
of the following steps which are depicted schematically 
in figure 1: (a) defining and isolating the channel region 
by directly patterning the graphene with a focused ion 
beam (FIB), (b) and (c) direct-write ALD of Pt to contact 
the graphene device channel. Both steps avoid the use 
of resist films. An FEI Helios 650 DualBeam system was 
used to pattern the graphene by Ga FIB. Small cuts of 
about 500 nm in width are patterned with an ion dose 
of 10 C m−2, which is sufficient to electrically isolate 
the channel region [32]. The FIB process was optimized 
to prevent damage to the graphene in the channel by 
scattered ions as described elsewhere [32]. In the same 
DualBeam system, the contact pattern seed layers were 
then deposited by a standard Pt EBID process using 
MeCpPtMe3 precursor. Typical electron beam settings 
include an acceleration voltage of 5 kV, beam current of 
20 nA and total electron dose of 1.2 nC µm−2. Finally, a 
home built ALD reactor was used to selectively deposit 
Pt on the contact seed layers by 500 cycles of an area-
selective ALD process, using MeCpPtMe3 and O2 gas 
precursors at a substrate table temperature of 300 °C. 
More details about the direct-write ALD process are 
available in the supporting information (stacks.iop.org/
TDM/4/025046/mmedia) and in previous publications 
[37–39].

Electrical characterization
Electrical characterization was carried out in a Janis 
micro-manipulated vacuum probe station, using a 
Keithley 4200-SCS parameter analyzer. Samples were 
annealed overnight at 475 K in vacuum (~10−4 mbar) 
to desorb contaminants from the graphene and reduce 
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the ambient doping of the graphene. Measurements 
were carried out in vacuum after cooling the sample 
down to room temperature.

Results

Fabrication
The resist-free process for the fabrication of transfer 
length method (TLM) devices is depicted schematically 
in figure 1 and described in detail in the Methods. 
Figure 2 illustrates the various stages of the resist-free 
fabrication process by scanning electron microscopy 
(SEM) and optical images. Figure 2(a) shows the 
graphene after FIB patterning of the device regions.  
The central rectangle defines the device channel, 
while the remaining cuts serve to electrically isolate 

all contacts from each other and from the bulk of the 
graphene. Figure 2(b) shows an example of a seed 
layer deposited by EBID, before it is transformed into 
pure Pt. As is typical for EBID, the seed layer contains 
~85% carbon and therefore shows dark contrast [38, 
39]. Finally, figures 2(c) and (d) show a completed 
device (after electrical measurements) where the area-
selective ALD process has turned the seed layers into 
high-quality Pt [37, 39]. From our previous work [39], 
the thickness of the carbon-containing EBID seed layer 
(before ALD) deposited with a similar electron dose 
(~1 nC µm−2) is known to be approximately 8 nm, 
and it contains approximately 85% carbon. However, 
exposure to oxygen gas during the ALD process purifies 
the seed layers by combusting the carbon. After ALD, 
the seed layer is no longer distinguishable as a separate 

Figure 1. Schematic depiction of the three steps in the resist-free device fabrication process. (a) Directly patterning cuts into the 
large-area graphene by Ga FIB to define the central channel region. (b) Local deposition of the Pt/C contact pattern seed layer by 
EBID. (c) Area-selective Pt ALD by cycle-wise and alternating exposure to MeCpPtMe3 and O2 gas to transform the seed layers into 
pure Pt contacts.

Figure 2. (a) SEM image of the CVD graphene after device channel definition using FIB cuts. (b) SEM image of Pt/C contact seed 
layers deposited by EBID, before thickening and purification by ALD (the gas injection system was blocking the top-right corner due 
to misalignment). The dark contrast is caused by the high amount of carbon (~85%). (c) Optical microscope image of a completed 
device after contact deposition by ALD. The scratches in the Pt originate from probe needles used during the measurements.  
(d) Zoom-in of the channel region of the same device, where L depicts the channel length of one channel.

2D Mater. 4 (2017) 025046
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layer and the contacts consist of pure Pt all the way 
down to the substrate [39]. The final thickness of the 
contacts is estimated to be approximately 22 nm in these 
devices. Additional information about the purification 
of the seed layers in relation to our previous work can 
be found in the supporting information.

Some unintentional Pt deposition can sometimes 
be observed in the regions where the FIB was used to 
remove the graphene, most clearly where the contacts 
cross the FIB cuts. This may be caused by oxygen vacan-
cies in the SiO2 substrate created by the FIB exposure, 
which activate the substrate and may cause the Pt pre-
cursor to adsorb or decompose [42, 43]. However, the 
deposition does not cause short-circuiting since it is in 
the form of disconnected particles and does not extend 
across the entire FIB cut (see supporting information).

Since graphene is very sensitive to irradiation from 
ion and electron beams [32, 44–47], it is important to 
ensure that the FIB, EBID and ALD processes are not 
damaging the graphene. Figure 3(a) shows a Raman 
spectrum of the smallest channel of a completed device, 

compared to the spectrum of the same graphene before 
device fabrication. The presence of only a small D-peak 
shows that damage in the graphene is minimal, but not 
completely prevented. Figure 3(b) shows a map scan 
of the D peak intensity across the device channels. As 
expected, the graphene is damaged around the FIB cuts, 
but the damage is reduced to background levels within  
1 µm. There is no change in D peak intensity around the 
contacts indicating that the EBID and ALD processes do 
not damage the graphene channels.

Device quality
The graphene devices were electrically characterized to 
confirm that they operate as typical graphene devices 
and to assess their electrical performance. Since we 
used a 2-probe measurement configuration, the 
electrical measurements include contact resistance 
(which is an important device property) but also a 
parasitic series resistance from the metal leads (paths 
from the large ‘contact pads’ to the channel). This 
parasitic metal lead resistance is small and negligible 

Figure 3. (a) Raman spectrum of the graphene before and after device fabrication measured in the center of the smallest channel. A 
small D-peak is present indicating a minimal amount of damage during fabrication. (b) Map of the Raman D peak intensity across 
all device channels, indicating that the graphene is only damaged around the FIB cuts but not in the channel or around the contacts. 
The contacts are visible as low intensity areas because the Raman signal is much weaker when measured through the Pt. The distance 
scales are in µm and colorbar scale is absolute intensity.

Figure 4. (a) Output characteristics of a typical device (device ‘3’) showing linear VDS–ID behaviour in the measured range for  
the 5 consecutive channels with length L. The data has been corrected for the metal lead resistance. Solid lines are linear fits.  
(b) Transfer characteristics of the same device as (a), showing the 2-probe device resistance as a function of back-gate voltage for the 
5 consecutive channels. The data has been corrected for the metal lead resistance. Solid lines are numerical fits using equation (1).

2D Mater. 4 (2017) 025046
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in typical devices. However, due to the long length of 
the paths in the devices in this work the metal lead 
resistance is not negligible and contributes about 
330–650 Ω depending on the channel measured. Since 
the metal lead resistance is not relevant for the device 
properties, the data in figure 4 has been corrected for 
contribution of the metal lead resistance as described 
in the supporting information. Any contact resistance 
however is still present in the data.

Figure 4(a) shows the output characteristics for 
each of the 5 consecutive channels (of length L) of 
a typical device. The drain current ID is plotted as a 
function of the drain–source voltage VDS and shows 
a linear behaviour in the measured range of 0 – 0.1 V. 
The drain current decreases at longer channel lengths 
due to an increasing contribution of the channel 
resistance.

Figure 4(b) shows the transfer characteristics 
of the same device (data for the remaining devices is 
shown in the supporting information). The two-probe 
device resistance is shown as a function of the back-
gate voltage VGS for the five consecutive channels. The 
devices behave as typical graphene devices, with the 
resistance peaking at the Dirac point VDirac, which is 
located at positive gate voltage for every channel due 
to some residual channel doping by the ambient. Two 
interesting features are visible: (i) the location of the 
Dirac point shifts to higher gate voltages as the channel 
length decreases, and (ii) the curves are asymmetrical 
with a higher resistance on the positive gate voltage side 
of the Dirac point (VGS  >  VDirac). Both features can be 
explained by the presence of contact induced doping 
effects, which will be discussed in detail later.

The transfer characteristics in figure 4(b) can be 
used to extract the field-effect mobility µ of devices by 
fitting the device resistance R with the commonly used 
model in equation (1), as proposed by Kim et al [48]:

( )

( ) ( )
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= +
+

+ − + −

ε −
R V R
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0
2

2
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Here, W and L are the channel width and length, εSiO2is 
the permittivity of the gate dielectric of thickness tox and 
e is the electronic charge. The additional term quadratic 
in VGS  −  VDirac with fit parameters α and β fits the 
asymmetry of the data as proposed by Di Bartolomeo 
et al [49]. The field-effect mobility µ, the contact 
resistance RC, the intrinsic charge carrier density at the 
Dirac point n0, and the gate voltage of the Dirac point 
VDirac are used as the remaining fit parameters.

The resulting fits are shown using the solid lines in 
figure 4(b), and the extracted field-effect mobility µ is 
shown in figure 5 as a function of the channel length 
for several representative devices. The mobility ranges 
between ~1000 to ~1800 cm2 V−1 s−1 and varies from 
device to device, possibly due to graphene quality vari-
ation. We do not observe a clear trend in channel length 
dependence, as expected for these length scales [50]. 
These mobilities are similar to typical CVD graphene 
devices [51–54] and are the same as mobilities obtained 
by large-scale van der Pauw measurements on similar 
graphene layers, indicating that the devices are per-
forming well.

Contact resistance
The contact resistance RC of the Pt direct-write ALD 
contacts was measured by employing the transfer 
length method (TLM). At each gate voltage, the device 
resistance (corrected for the metal lead resistance) is 
extracted from the transfer characteristics of the five 
consecutive channels and plotted against the channel 
length L. The device resistance R should depend linearly 
on the channel length (assuming diffusive transport and 
homogenous sheet resistivity ρ of all channels), while 
the intercept at extrapolated L  =  0 should yield the 
contact resistance according to ( ) /ρ= +R L R L W2 C , 
where W is the channel width. Figure 6(a) shows the 
resulting plot of a representative device for a number 
of different gate voltages. Extrapolating the resistance 
by linear fits clearly shows an apparently negative 
contact resistance. Like the shift of the Dirac point and 
the asymmetry of the transfer characteristics discussed 

Figure 5. Field-effect mobility µ as a function of the channel 
length for five devices (1–5), ranging from about 1000 to 
1800 cm2 V−1 s−1.

Figure 6. Transfer length method (TLM) measurement of a 
representative device (‘3’), showing the device resistance as 
a function of the channel length L (for several different gate 
voltages) to extract the contact resistance at L  =  0.

2D Mater. 4 (2017) 025046
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earlier, the extraction of an apparently negative contact 
resistance is another observation that can be caused by 
contact induced doping [8, 55].

Discussion

When graphene is contacted by metallic contacts, a 
charge transfer occurs in order to equilibrate the work 
function difference between the metal and graphene. 
Because the density of states (DOS) in graphene is very 
low (especially compared to the metal contacts), a small 
charge transfer leads to a large shift in the Fermi level 
of the graphene [20, 21], not only under the contacts 
but extending some distance LD into the channel 
[22]. Effectively the contacts dope the graphene near 
the contacts with either electrons (n-type) or holes 
(p-type), with the strength and polarity depending 
not only on work function difference, but also on the 
metal-graphene distance due to chemical interaction 
[20, 21]. However, the type of charge carriers in the 
bulk of the channel is controlled by the electrostatic 
gate potential. When the type of charge carriers 
induced electrostatically by the gate is different than 
the type of charge carriers induced by the contacts, a 
p–n junction forms near the contacts which increases 
the device resistance, see figure 7(a). As a result of 
the p–n junction the device transfer characteristics 
become asymmetrical. For example, if the contacts 
induce hole doping the p–n junction forms for gate 
voltages VGS  >  VDirac and the resistance is higher on 
the positive side of the Dirac point. The asymmetry 
can be clearly observed in figure 4(b), and it can be 
further quantified by calculating the ‘odd resistance’, 
which is the difference in the device resistance on both 
sides of the Dirac point. The odd resistance is shown in 
the supporting information and quantifies that there 
is indeed a higher resistance for VGS  >  VDirac in these 
devices, indicating that the contacts show hole doping 
behaviour. Hole doping is expected for Pt contacts 
due to its high work function [20, 21]. Additionally, 

we previously observed a similar effect in carbon 
nanotubes contacted by Pt direct-write ALD [56].

The contact induced doping also shifts the Dirac 
point, as is observed in figure 4(b). The shift becomes 
more apparent as the channel length is decreased, as a 
relatively larger part of the channel is doped. The direc-
tion of the shift can be used to determine the type of 
contact doping [24]: electron (hole) doping shifts 
the Dirac point to more negative (positive) gate volt-
ages when the channel length is decreased. The Dirac 
point shift for the Pt direct-write ALD contacted 
devices is plotted as a function of the channel length in  
figure 7(b). Apart from one outlier (device ‘5’), all 
devices show a significant shift to more positive gate 
voltages for smaller channels, which is another indi-
cation of hole doping from the Pt to the graphene. 
According to Ifuku et al [19], the doping length LD may 
be extracted from the data in figure 7(b) as an exponen-
tial fit parameter. However, no exponential behavior is 
observed for these devices, therefore the doping length 
could not be estimated.

Finally, the extraction of apparently negative con-
tact resistance when using invasive contacts (crossing 
the entire channel) is also attributed to contact dop-
ing effects [8, 55]. If the contact quality is high and the 
contact doping effect is strong, the additional doping 
extending into the channel effectively changes the 
channel resistance (even at the Dirac point). This low-
ers the contact resistance as measured by e.g. TLM, and 
apparently negative contact resistances can occur when 
the effect exceeds the actual contact resistance. There-
fore, in this case it is impossible to accurately measure 
the actual contact resistance, even with other popular 
geometries such as four-point probe measurements. 
While this is beyond the scope of this work, the contact 
doping effects can be excluded by using non-invasive 
contacts [14, 22].

The graphene devices demonstrated in this work 
show clear evidence of strong metal-graphene coupling 
strength and substantial hole doping from the Pt ALD 

Figure 7. (a) Band diagram of a graphene channel with contact induced doping indicated by the separation between Dirac point 
ED and Fermi level EF (in case of hole doping). The doping extends a distance LD into the channel. For positive VGS, a p–n junction 
increases the device resistance causing asymmetry in the transfer characteristics. (b) Shift of the Dirac point ΔVDirac (relative to the 
longest channel) for five representative devices (1–5). For every device except ‘5’, the Dirac point shifts to higher gate voltages when 
the channel length is decreased.

2D Mater. 4 (2017) 025046
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contacts to the graphene: a shift of the Dirac point as 
function of the channel length, asymmetrical transfer 
characteristics and apparently negative contact resist-
ance as measured by TLM. We identify three mech-
anisms that may explain the observed results. (i) First 
of all, the resist-free fabrication substantially reduces 
the amount of resist residue between the contacts and 
the graphene. Even though some resist residue may be 
present from the graphene transfer process, the subse-
quent steps do not add additional residue. This results 
in a cleaner contact interface, a reduced metal-graphene 
distance and a larger coupling strength between the Pt 
and graphene [19]. (ii) Secondly, the direct-write ALD 
metallization potentially improves the wettability of 
the Pt to the graphene due to the chemical nature of 
the technique compared to physical sputtering. As an 
example, we have recently shown that carbon nano-
tubes (CNTs) contacted by direct-write ALD of Pt show 
an improved wettability [56]. While conventional Pt 
contacts to CNTs typically yield bad wettability to the 
CNT, resulting in poor device performance (compared 
to e.g. Pd contacts), Pt direct-write ALD contacts yield 
device performance comparable to Pd. (iii) Finally, the 
deposition of a Pt/C seed layer by EBID (before its sub-
sequent transformation to Pt by ALD) can influence the 
bonding of the Pt to the graphene. Even though the bulk 
of the contacts are transformed to pure Pt and the EBID 
seed layer is no longer distinguishable after ALD [39], 
it is likely that a very thin graphitic interlayer remains 
at the Pt-graphene interface. While Pt itself typically 
physisorbs very weakly to graphene [20, 21], the gra-
phitic interlayer may result in much stronger chem-
isorption (larger coupling strength), as has been shown  
previously for both graphene [57] and carbon nano-
tubes [58].

The three mechanisms discussed all influence the 
coupling strength between the metal and graphene, 
and the contact induced doping from the metal to 
the graphene. The metal-graphene coupling is cru-
cially important because it effects the density of states 
(DOS) in the graphene under the contacts. When the 
metal-graphene coupling is strong, the DOS under the 
contacts distorts and increases especially at the charge 
neutrality point [17, 19], depicted schematically in 
 figure 7(a). In this case the larger density of carriers 
screens a gate potential, and the Fermi level under the 
contacts cannot be modulated by the gate [17, 59]. The 
Fermi level is effectively pinned, resulting in the forma-
tion of a p–n junction on one side of the Dirac point and 
asymmetrical transfer characteristics. A weak coupling 
on the other hand leaves the conical DOS of pristine 
graphene mostly intact [20, 21]. Due to the vanishing 
DOS a small charge transfer already results in a large 
Fermi level shift. The Dirac point can therefore be mod-
ulated by the back-gate potential relatively freely even 
under the contacts [16, 17]. For this reason, weakly cou-
pled contacts often show a secondary resistance peak in 
the transfer characteristics [15, 17, 60–62]. The main 
peak still originates from the minimum conductivity 

in the channel (line up between Fermi level and Dirac 
point in the channel), while a secondary peak originates 
from the lineup of the Fermi level and the Dirac point 
under the contacts, which happens at a different gate 
potential. The secondary peak may become unobserva-
ble if it is too broad or overlaps with the main peak. This 
happens when the metal-graphene coupling is strong, 
or if the contact induced doping is too small [17]. The 
devices in this work show a large contact induced dop-
ing effect, but the transfer characteristics do not show 
a secondary resistance peak. This indicates that the 
Pt-graphene coupling is relatively strong. It should be 
noted that it is not immediately clear whether weak or 
strong metal-graphene coupling is preferred. For very 
weakly coupled contacts, the minimum contact length 
required for highly transmissive contacts (low contact 
resistance) becomes larger [17], which hinders device 
scaling. Interestingly however, very strongly coupled 
contacts also lead to an increase in device resistance 
due to an overlap between the main and secondary 
resistance peaks [17]. Therefore, ideally the coupling 
strength should be controlled to find the best com-
promise, e.g. weak enough to allow sufficient contact 
induced doping, but at the same time strong enough 
to avoid the requirement of large contact lengths. The 
Pt/C seed layer in the direct-write ALD metallization 
scheme provides a unique approach to possibly con-
trol the metal-graphene coupling. For example, the 
coupling may be influenced by the thickness and the 
composition of the seed layer (controlled by EBID pro-
cess parameters), or by varying process conditions such 
as purification of the seed layers prior to the ALD step 
[39]. So far the seed layer properties have been chosen 
only on the basis of obtaining nucleation of the selec-
tive ALD process, and a study of their influence on the 
electrical properties of devices is left for future work.

Conclusions

In conclusion, we have demonstrated resist-free 
fabrication of graphene devices. The graphene device 
channels were patterned directly by focused ion 
beam (FIB). Metallization was performed by direct-
write ALD in which seed layers (deposited by EBID) 
are transformed into pure Pt by an area-selective 
ALD process. The use of resist films was avoided in 
both steps, such that the impact of resist residue is 
significantly reduced. The fabricated devices show 
good performance with typical graphene transfer 
characteristics and field-effect mobilities ranging 
from approximately 1000–1800 cm2 V−1 s−1 as is 
typical for supported CVD graphene. Furthermore, 
despite the typically expected weak bonding for Pt, 
the devices show clear evidence of strong Pt-graphene 
coupling and substantial contact induced hole doping 
from the Pt to the graphene. These effects are likely 
caused by the reduced amount of resist residue 
under the contacts, the improved wettability of the 
ALD metal and the formation of an atomically thin 
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graphitic interlayer between the Pt and graphene 
as a result of the EBID seed layer. Furthermore, the 
seed layer may be a unique approach to controlling 
the metal-graphene coupling by simply changing its 
thickness and composition.
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