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Graphene is an ideal candidate as a component of flexible/wearable electronics due to its two-dimensional nature
and low gate bias requirements for high quality devices. However, the proven methods for fabrication of gra-
phene thin film transistors (TFTs) on fixed substrates involve using a sacrificial polymer layer to transfer gra-
phene to a desired surface have led to mixed results for flexible devices. Here, by using the same polymer layer
(parylene C) for both graphene transfer and the flexible substrate itself, we produced graphene TFTs on the
wafer-scale requiring less than |2 V| gate bias and with high mechanical resilience of 30,000 bending cycles.

1. Introduction

Two-dimensional (2D) materials have been extensively studied since
the seminal work with graphene in 2004 [1]. In recent years, its research
has transferred from fundamental to be more industrially targeted. Be-
sides high charge carrier mobility (u), flexibility and optical trans-
parency make graphene desirable for next-generation flexible electronic
devices. For many applications, such as transparent conductors, the
current market standard is indium tin oxide (ITO), while for flexible
applications ITO cannot provide even minimal flexibility or mechanical
resilience usually associated with polymers [2]. Meanwhile, miniaturi-
zation in the semiconductor industry and introduction of additional
performance requirements such as mechanical stress and low power
consumption create new figures of merit (FOM) for the future electronic
components [3].

Graphene, as one of the most known 2D material, has shown rapid
progress towards flexible electronic applications over the last several
years [4-7]. The application area and role of graphene in devices may
vary from simple transparent conductive electrodes or active material in
physical, chemical and biological sensors to channel layer in transistors
[8]. A key features for an ideal transistor, as the central device building
block in modern electronics, would be a high on/off ratio, high carrier
mobility and thermal conductivity, long-term stability of semi-
conductor—dielectric interface and many others [9]. Unfortunately,
limitations of material’s properties force us to agree with some tradeoffs.
Hence, graphene-based field-effect transistors (GFET) possess high off-

current and a low on/off ratio, which limits their logic application
[10]. A typical on/off ratio of CVD graphene-based devices is as low as 5,
thus we are we are not focusing on improvement of this characteristic
[11]. On the other hand, extraordinarily high mobility opens path to
high-frequency application [12,13]. Moreover, considerable efforts
have been done to “broaden” graphene zero-band gap and enhance on/
off ratio by utilizing bilayer, patterning graphene to nanoribbons and
using hybrid graphene/organic semiconductor as active layers [14,15].
Particularly, hybrid materials can be beneficial for both parts as organic
field-effect transistors (OFET) have achieved significant results in on/off
ratio, however the average field-effect mobility remains very low [16].
Nevertheless, a successful integration of graphene-based TFTs on flex-
ible substrates can be considered as a one step forward. A significant
challenge in such devices brings the requirement for optimized gate
dielectrics to achieve stable and reliable performance. Low operating
voltages (achieved either through high-k gate, or with devices with low
residual carrier doping), as well as bending tolerance are very important
for successful operation of flexible graphene devices. Great efforts on
high-capacitance (high-k) gate dielectrics for flexible low-voltage tran-
sistors have been reported in various research articles [17-19]. How-
ever, a top-gate geometry significantly limits process temperatures and
post-thermal treatments for gate dielectric materials to 200 °C or lower.
On the other hand, poly-para-xylylene polymer (known as parylene) has
been reported in recent research as a gate dielectric [16,20-22], a
substrate [6,23] and a passivation layer against moisture [24,25]. In
particular, parylene C, which has chlorine functional group added to the
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monomer unit, is known for improved dielectric constant and the
highest biocompatibility rating for plastics (ISO-10993, USP class VI).
The parylene deposition process taking place in vacuum enables
pinhole-free thin film formation and mechanical flexibility.

Thus, parylene C can contribute to the development of scalable in-
tegrated manufacturing pathways for the most industrially favored
graphene growth process: chemical vapor deposition (CVD) on catalytic
substrates such as Cu or Ni. A direct graphene transfer from catalytic
substrate without supporting polymers and irreplaceable protective
layer would preserve it from undesired contaminants during processing
[26,27]. Compare with other polymers such as PMMA and PDMS, par-
ylene C is more suitable for processing due to stability at high temper-
atures and ability to resist basic solvents. The cleanest graphene device
interfaces have been achieved with h-BN crystals [28-30] and metal
oxide layers such as Al,03, TiO5 and NiO [25,31,32]. However, the use
of these materials is limited by either scalability, or post-process func-
tionality in device performance. The use of parylene C to transfer gra-
phene or as a dielectric layer would be efficient and clean way to process
graphene-based devices. In particular, a reduction of thermal or physical
stresses on graphene layer during parylene deposition and nanometer
accuracy control of film thickness allow to utilize it in transfer and
fabrication processes [6].

In this paper, we utilize parylene C (from here and below also as
parylene) as the support layer for transfer of wafer-scale CVD-grown
graphene, and fabricate flexible TFT with graphene as channel and
parylene C as both gate and substrate. The graphene transistors have a
top-gate coplanar structure and fabrication steps are compatible with
standard planar processes. In order to improve adhesion between gra-
phene transferred on parylene we tune surface property by deposition of
thin alumina (Al;03) film by low temperature atomic layer deposition
(ALD) and characterize its wettability. The fabricated structures are
carefully evaluated and show high electric performance as well as par-
ylene C demonstrate reliable dielectric strength.

2. Description of fabrication process

The initial preparation was based on standard SiOy/Si substrates
which are fully compatible with existing cleanroom processes. 25 pm of
parylene C was deposited on HMDS treated SiO»/Si, and followed by
annealing at 360 °C for 30 min on the prefabricated substrate to
decrease surface roughness (see Supporting information Figure S1). In
order to achieve good adhesion and high mobility of parylene/graphene
film on parylene/SiO4/Si substrate, we utilized 10 nm of ALD Al,Os3 as
an intermediate layer between graphene and parylene substrate. Thin
ALD Al,O3 layers could incorporate with other polymer to improve
barrier performance without detrimental impact on flexibility [24]. In
this work, Al,O3 incorporates with parylene to tune surface wettability.
The adhesion of graphene to the substrate and unintended doping
remain the most critical barriers for large-scale flexible graphene de-
vices. Surface roughness of parylene/SiOy/Si substrate and Al,Os/par-
ylene/SiO,/Si stacks were evaluated by atomic force microscopy (AFM)
and wettability surface properties by contact angle (CA) measurements.
Ideally, pristine graphene has hydrophobic behaviour with CA ~ 92°
[33], which turns to more hydrophilic (or slightly hydrophobic) in real
experiments with CA ~ 68° [34]. Substrates with hydrophobic behav-
iour (CA > 92°) would be beneficial for pristine graphene [35]. How-
ever, while wettability of CVD graphene films increases with processing,
a substrate with matching hydrophobicity would be more favourable
because surfaces with similar wetting properties would have similar
surface energies that result in better bonding. ALD Al;O3 tends to change
surface properties of graphene depending on deposition conditions [34].
The final Al;O3 surface chemistry can be controlled by ending the ALD
process at trimethylaluminum (TMA) pulse and purge or water vapor
pulse and purge, which makes surface more hydrophobic or hydrophilic,
respectively. Roughness independent tunable wettability of Al,Os3 films
has allowed to find the most energy preferable surface of prefabricated
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substrate for graphene transfer.

Fig. 1 shows graphene TFT fabrication process with parylene C used
for both dielectric layer and substrate itself. Prior to Cu removal, CVD
grown graphene film covered with 500 nm thick parylene C layer was
immersed to deionized water (DIW) to oxidize Cu and reduce adhesion
with graphene (step 1) [36]. After parylene/graphene film was trans-
ferred onto the prefabricated Al,Os/parylene/SiO4/Si substrate (step 2),
the stack was annealed at 360 °C for 30 min, which caused a reduction
of parylene C thickness deposited on graphene to ~ 300 nm. Optimi-
zation data on parylene C thickness, roughness and thickness reduction
by annealing is shown in Supporting information Table S1. Then one-
dimensional (1D), edge type of contacts were formed by Oy plasma
parylene/graphene etching, followed by Cr/Au evaporation at an angle
of 5° from each side (step 3). These 1D metal-to-graphene contacts show
very low line resistivity of ~ 100 Q/pm in comparison to traditional
surface contacts [37]. Graphene TFT channel patterning was followed
by gate electrode formation divided into two parts (step 4). Firstly, Ti/
Au metal finger above fluorinated parylene C channel area were
patterned. The fluorination improves adhesion to parylene surface
[38-40], however it reduces the parylene C thickness by 150 nm,
resulting in final 150 nm thickness parylene film on the graphene TFT.
Moreover, Ti was chosen as better adhesion metal layer for the parylene
top gate [41,42]. Secondly, the whole structure was covered with a 50
nm parylene layer to avoid edge contacting of gate electrode. Finally,
through openings to the gate electrode performed by O, plasma etching
of parylene, metal finger was connected to distant contact pads by Ti/Au
evaporation. At the last stage of fabrication process, parylene/gra-
phene/Al;O3/parylene structure was delaminated from SiO3/Si sub-
strate by gentle peeling (step 5). Using the reduced adhesion energy
between parylene and SiO5/Si by HMDS [43], cutting parylene layer
around the edges with a sharp blade and gentle manual force was suf-
ficient to achieve delamination. In order to facilitate reliability of
fabrication process, several arrays consisted of 6 devices in each were
manufactured and served for different examination. Fig. 2 shows
example of parylene/graphene/parylene TFT arrays fabricated on 4 in.

A reference array was also fabricated, where graphene layer was
transferred via a conventional PMMA method and 30 nm of ALD Al,O3
served as a gate dielectric. Fabrication of a such reference devices using
exactly the same processes, chemicals, and cleanroom allows us to
determine that the TFTs performance improvements are directly as a
result of our parylene process and not due to potentially many other
confounding factors that would be introduced if compared to PMMA-
based devices made by other methods. For the reference devices, the
bottom contact patterning was fabricated first, then 2 nm of seeding
layer was deposited prior to ALD of Al;03. Comparison of graphene
doping level by different seeding layers utilized for further Al,O3
deposition is shown in Supporting information Figure S2 and the
deposition details in Table S2.

3. Results and discussion

Fig. 3 shows AFM images of parylene/SiO,/Si substrate roughness
before and after Al,O3 deposition, the insets show CA measurement
results. It is important to mention, that there was no significant change
in average roughness (Raye) Or the root mean square roughness (Ryps)
before and after Al1203 deposition R,ye remained ~ 6 nm. Meanwhile,
the substrate with deposited Al,O3 showed better adhesion to graphene
and resulted in higher transfer uniformity.

Utilizing the supporting substrate as a functional layer in further
processing has a number of benefits, such as protecting graphene film
from undesired polymer residues affecting the transport properties of
graphene [44] as well as providing a consistent moisture barrier present
from the beginning of graphene processing. Our graphene films were
transferred with the support of 500 nm parylene film directly deposited
on graphene on Cu, and after several processing steps the thickness of
parylene C film was reduced to 150 nm in the final device structure
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Fig. 1. Fabrication process of graphene TFT with parylene C as dielectric layer and the substrate. Step 1: 500 nm parylene C deposition. Step 2: graphene/parylene
film transfer onto the prefabricated Al,O3/parylene/SiO,/Si substrate and annealing of whole structure. Step 3: Formation of edge bottom contact. Step 4: Channel
patterning, fluorination of channel area, gate electrode formation. Step 5: Peel-off from SiO,/Si.

where it was utilized as a gate dielectric.

3.1. Transport measurements

Transferred parylene/graphene films with dimensions of 2 x 2 cm?
were electrically characterized in air using a Linkam LN600P stage [11].
Fig. 4(a) shows average gate-dependent transport curves for a devices
array after removal from the Si substrate (black dashed line), and after
1000 bends (blue solid line). Prior to bending the device showed a low
level of residual n-doping (~ 1.5 x 10'! em™2) and u of ~ 4500 cm?/Vs.
Despite polymer residues being attributed to decreased graphene device
performance, graphene on smooth/continuous polymer can lead to
excellent transport characteristics [45], consistent with our polymer-on-
graphene device design. The device required Vg <|1 V| to observe the
charge neutrality point (CNP).

This array was then subjected to 1000 bending cycles and the TFT
characteristics were remeasured. The CNP shifted to right and a residual
p-doping was observed at ~0.5 x 10! cm™2, with u at ~ 1500 cm?/Vs.
The post-bending device performance degraded (increased n, decreased
) which is attributed to mechanical damage from bending introducing
defects which provide electrons to the channel requiring additional
positive Vg to observe the CNP, and with the defects acting as scatterers
reducing u [46]. Importantly, the total applied gate bias required to
observe the CNP was less than |1 V| for both conditions. Moreover,
leakage currents through the top-gate were always less than 0.1 nA/
pum~2 over the full Vgstop bias range (see supporting information
Figure S3a). For the PMMA-transferred reference array (no bending) the
residual doping was significantly larger, measured asn ~ 2 x 10'? cm ™2
(CNP at Vg =16 V) with u of ~ 1000 cm?/Vs as shown in supporting
information Figure S3b.

In addition, device capacitance and dielectric breakdown were
measured using the device configuration shown in supporting infor-
mation Figure S5. With 12 devices (2 arrays) measured, the median
capacitance was 10 nF/cm?, which is consistent with previous mea-
surements of parylene C of similar thicknesses [47]. The median
breakdown voltage was 160 V, indicating a dielectric strength of 0.89 V/
nm. The breakdown voltage was nearly two orders of magnitude greater
than the measurement range required for graphene TFTs in Fig. 4 (a).

In order to test degradation in ambient conditions, additional devices

were measured by van der Pauw method using a Hall system at a room
temperature in ambient air, with magnetic field strength of 1 T. A
parylene-gated device with Hall mobility of ~ 2000 cm?/Vs was
measured on the first day after bottom contact patterning and again at
the end of the fabrication process. The device was stored for a month in
ambient conditions showed no degradation in comparison with a
reference sample, where gate dielectric deposition was performed after
bottom contact patterning (see Supporting information Figure S4). In
addition to low mobility degradation, device processing sequence shown
on Fig. 1 enables fabrication of hysteresis-free GFET with long-term
stability by measuring graphene device at a rate of approximately 1
V/s change for the gate bias [11]. Moreover, consistent fabrication
process including annealing in vacuum, deposition of passivation/
dielectric layer and following annealing has proven low residual charge
hysteresis [48] and linked to that neglectable mobility degradation.

3.2. Bending measurements

The performance of a flexible parylene gated array was measured as
a function of number of bends as described previously [6] and shown in
Fig. 4(b) inset. No significant change in devices conductivity was
observed between 1 and 10,000 bending cycles with each bend equiv-
alent to 2% strain (as determined [6]). A slight increase in conductivity
(0) (>5%) is measurable over the 10,000 cycles, this effect may be
attributed to reversible doping changes from variations in ambient hu-
midity [49] or permanent damage resulting in a doping increase and the
subsequent increase in measured 6. The devices then showed significant
o degradation of over 90% after ~30,000 cycles before becoming un-
measurable. In comparison, the reference array (Figure S4) was no
longer measurable when removed from the fixed substrate before even a
single bend. The full degradation of devices is likely caused by cracks
caused physical separation from a source and drain contacts or because
of separation of graphene from a metal contact.

4. Conclusion

Fabrication of a scalable flexible parylene-graphene transistors was
realised and requirement for low operating voltages (Vg< |1 V|) ful-
filled. Parylene/graphene/parylene transistors showed mobilities of u
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(b)

Cr/Au
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Fig. 2. (a) Graphene based TFT arrays on 4” wafer, the inset shows optical
microscope image of a fabricated TFT device, (b) Schematic illustration
showing the structure of the parylene/graphene/parylene TFT device.

= 4500 cm?/Vs before bending and 1500 cm?/Vs and after 1000
bending cycles of 2% strain. The conductance of parylene/graphene/
parylene devices showed no significant change in conductance after
10,000 bending cycles, and were still operating after 30,000 cycles. Such
a result can be explained by mechanical stress during bending causing
the degradation of the metal-contact parylene interface or large isolating
cracks in graphene. Devices with full parylene fabrication showed
significantly better device performance and flexibility resilience in
comparison to an equivalent traditional PMMA-transferred devices.
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-20.0 nm

Height 600.0 nm

Fig. 3. AFM images of substrate roughness (a) parylene/SiO,/Si substrate
roughness, (b) Al,O3/parylene/SiO,/Si substrate roughness. The insets show
CA measurements.

5. Methods
5.1. CVD

Growth of Graphene. Growth of large-area 6” monolayer graphene
was carried out by commercial CVD system (Black Magic CVD system
Aixtron BM6) and home-built rapid photo-thermal CVD system [50].
Commercial Cu foils (25 um, 99.8% purity, Alfa Aesar product 7440508)
were used as the substrate. Typical growth process in Black Magic CVD
system was performed at a constant pressure of 4.1 mbar. First, Cu foil
was annealed for 30 min at 850 °C using a 20 sccm flow of Hy, diluted by
1500 sccm of Ar. Reduction step was followed by a 10 min graphene
deposition at 1025 °C by introducing additional 7 sccm of CHy4. Subse-
quently, the CH4 flow was closed, and the chamber was cooled to a
temperature below 150 °C and opened to ambient air. Electropolishing
in orthophosphoric acid for 15 min removed tarnishing and roughness of
Cu surface. The electrolytic solution was prepared using 55% H3PO4 and
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Fig. 4. (a) Gate-dependent transport properties of parylene-based graphene devices. (b) Change in conductance of flexible graphene device. Inset: Schematic of

bending machine in extended and bent position equivalent to 2% strain.
two-Cu-electrode system was polarized by —1.5 V.

5.2. Graphene/parylene films preparation

Parylene C deposition was carried out in a commercially available
deposition system PDS-2010 Labcoater 2 (Specialty Coating Systems).
25 g and 15 g of di-para-xylylene (Parylene C dimer) were used to
conformally deposit 25 ym and 15 um films, respectively. An aqueous
solution of NaOH was employed for electrochemical delamination
(bubbling transfer) as an electrolyte while Cu was polarized at —5 V to
delaminate parylene/graphene.

5.3. ALD

Deposition of Al,O3 layers was carried out by commercial ALD
reactor Beneq TFS-500 at 120 °C with TMA and H20 as precursors with
nitrogen as the carrier gas. For Al,O3 deposition on graphene, a thin Al
film (nominally 2 nm) was used as a seeding.

5.4. Characterization

Commercially available Reflectometer FilmTek 2000M was utilised
for parylene thickness measurements. Data was collected and averaged
from several points according to software measurement map and fitting
curve. All thickness measurements were carried out on monitor par-
ylene/SiO,/Si piece.

AFM images and surface roughness were characterized by using an
atomic force microscope (AFM, Dimension 3100 by Digital Instruments-
Veeco, Plainview, NY) and silicon AFM tips with apex radius of 10 nm in
tapping mode.

The contact angle (CA) measurements were carried out on com-
mercial Biolin Theta Contact Angle Meter, where water drops on the
surface of graphene/Cu samples were measured as follows: a droplet of
the liquid was deposited by a syringe which was positioned above the
sample surface and the image captured by a high resolution camera was
analysed to determine the contact angles.

Hall system used to perform measurements by van der Pauw method
had a sample size of 2 x 2 cm? and it operated at a room temperature in
ambient air, with the magnetic field strength of 1 T.

Graphene TFT measurements were performed with a custom-built
setup based on a Linkam LN60OP stage with environmental and tem-
perature control described here [51]. The LabVIEW program was used to
control source—drain and gate voltages (Keithley 2400), multiplexing/

voltage measurements (Keithley 2700 with Keithley 7709 multiplexing
unit). The measurements were performed at room temperature at at-
mospheric pressure.

5.5. Fabrication process

The parylene/graphene etching for contact defining was performed
in Oxford Instruments Plasmalab80Plus parallel plate RIE system with
water cooled graphite biased substrate electrode. The process gases were
O3 and Ar at pressure of 10 mTorr and forward power of 50 W for 3 min.
Fluorination of parylene C film was performed also in Oxford In-
struments Plasmalab80Plus with SF¢ flow of 100 sccm, forward power of
100 W and 20 mTorr pressure for 1 min.
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