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ABSTRACT

In this paper, recycled low purity copper foils ¢8Bare tested after a multiple-use process for
obtaining single-layer graphene (SLG). The graph#aasfer technique based on water
electrolysis (bubbling) is used for the preservatmf the Cu foils in multiple graphene
deposition cycles. Preliminary cleaning by @asma remove carbon residues from the copper
surface. The Cu foils are then cleaned with hydwrah (HCI) or acetic acid (CECOOH)
solutions, used as chemical baths, and the resuttgared. Atomic force microscopy used to
check the Cu foil roughness, a critical parameterttfie growth of SLG, shows root-mean-
square roughness of 4.61, 28.00, 3.50 nm, for newfdl, after acetic acid, and after
hydrochloric acid treatments, respectively. FulVemage of SLG was obtained only during
the third usage of Cu foils, i.e., after two reaygl cycles. Carrier mobility measured on
graphene field-effect transistors fabricated aéiach recycling cycle, show values of 814
(1728) and 1847 cftVs (1147 criVs), for electrons (holes) after one and two réinge
cycles, respectively, thus demonstrating the impnoent of the quality of the graphene with
the number of Cu recycling cycles. Devices fabadatvith graphene grown on the initial,
low-purity, Cu foil did not show transistor behawio

Keywords: Copper purity; multiple-use, electrolys#sgh-mobility, single-graphene.
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Single-layer graphene (SLG) has a planar honeycsimizture of sp bonded atoms. The
atomic structure of graphene gives rise to excapti@lectrical, optical, mechanical, and
thermal propertie$? The high carrier mobility of graphene, and thebgrolar character, i.e.,
the possibility to quickly shift from electron tmle transport, makes this material attractive
for innovative applications based on field-effeesistors in which the graphene is the active
layer (GFETS). In these devices, a gate voltagé&ralsithe carrier concentration. The point of
transition from electron to hole transport is adlizharge neutrality point, or Dirac poift,

and corresponds to the minimum conductance of éwece. The position of this point in an
external gate voltage scale is dependent on angeharesent at or close to the surface of
graphene at the microscopic scale, which modutagsarrier concentration by a mechanism
called local gating. Any changes in the Dirac p@asition translate into changes in transistor
channel resistance, for a fixed external gate gelt®ased on this mechanism, GFETs can be
used as gas sensors, chemical sensors and bicsangoextreme sensitivity and record-low
limit of detection®”’

Single-layer graphene (SLG) can be obtained by amchl exfoliation®, molecular beam
epitaxy (MBE) **° thermal-chemical vapor deposition (T-CVE)*? epitaxial growth on
silicon carbid&®, among other less used techniques. Exfoliatedhgra® provides the highest
quality material (lowest number of defects, highestrier mobility). However, this method
does not apply to large-area fabricatféti***> The graphene grown by MBE has good quality
and is applicable for large-area fabrication. Hogrethe costs involved are very high, mainly
due to ultra-high vacuum conditions requiréd’ and low throughput. The elevated cost of
the substrate and the difficulty in obtaining SEGmit the use of epitaxial growth on silicon
carbide. T-CVD deposition is most promising forglarscale production of graphene devices,
as it allows for the continuous deposition of gy over large ared$!® with a uniform

coverage, and device grade electronic propertig€3VD works by the decomposition at high
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substrate, typically a high purity transition metalg., Co, Ni, Cu, Mo¥°??foil or film.
Copper is the most common catalyst because itHebktwest carbon solubility of all known
graphene catalysts which prevents carbon exodiffusion upon substm@ieling, hence
enabling full coverage with single-layer graphene.

For electronic device fabrication, T-CVD graphenaisinbe first transferred onto an
electrically insulating substrate. The most commmethod used for the transfer of graphene
implies the transition metal catalyst dissolufith In the prospect of large scale production of
graphene, efforts have been made in the reducfitimeamaterial costs, in particular the high
purity metal used as the catalyst. Some have e\l reuse of the copper remaining in the
etchant solutioff, while others use dry transfer technique to altoe reuse of the copper.
Another transfer method, the electrochemical detativrf® (or hydrogen bubbling), was
later proposed, with prospects of enabling theeaishe coppéf catalyst while allowing for
the use of graphene grown on both sides of theerofgd substrate. There are many studies
about recycling processes for catalyst substratemne approach, Sodium hydroxide (NaOH)
is used as the electrolyte mixed with diluted psitas persulfate (KS,0g) to perform a soft
etch of coppéf, cleaning it from oxides and residues forming dgrthe electrochemical
process. The method was later extended to platiioils®’, tungsten foil&, and copper thin
film on silicor™. While the first experiments used NaOH 1Mt was later found that a
lower concentration of 0.25 M leads to a cleanaphene transfef’ In another approach, a
solution of sodium chloride (NaCl) and a bettertoolnof the potentials ensure a reduction of
any copper oxidé’ Y. Wang recommends the use of th&S}Os for graphene transfer, using
the electrochemical procedures to remove the grapheross the hydrogen bubBfesdn a
more recent approach, Wang et @iroposed the use of carbonic acid during eleceoital
delamination to facilitate its copper catalyst e@d studied the quality of graphene after

multiple uses of the copper.
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presented, using electrolysis as the transfer ndéthén electrochemical transfer method
with K;S,03 was used for recycling the copper foil catalystd atfferent post-transfer
cleaning processes, namely using acidic and pldssatments, for the reuse of the foil, are
compared. We assess the quality of the coppemafal graphene coverage and compare the
electronic properties of GFET devices made afteltipie growth (up to three times) on the
same catalyst substrate.

2. EXPERIMENTAL PROCEDURE

In this study, graphene is grown intentionally ow Icost, low purity (98%, Goodfellow, 2%
other metallic elements measured by supplier) cofipke which leads to graphene with low
electronic quality after the first release. Therefagraphene from the first batch is discarded.
The foil is then recycled according to one of theocpdures described below. The
experimental procedure, including the graphene trpwlectrochemical delamination, and
characterization of graphene, is shown on the ftbert in Figure 1. Graphene transistors are
fabricated with the material resulting from depiosis on recycled Cu foils, according to the
schemes (A) and (B) described below.

(A) 2 samples for 1 recycling iteration with HCI 6H3;COOH, respectively;

(B) 1 sample for 2 recycling iterations with HCI.

The performance is compared with that of transsstabricated with graphene transferred by
Cu dissolution from fresh, high purity (99.999 %lfadesar, 2% other metallic elements

measured by supplier) Cu foils.
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Figure 1: Workflow used in this work. The processsts with copper foil catalyst low purity
for multi-layers graphene growth. The first steqhie deposition at 102; the growth and
dissolution transfer were characterized by Ramarcspscopy. The second step is the
removal of the graphene or the thin film graphtied to the low purity of catalyst) from the
copper foil; third is to clean the surface of coppath oxygen plasma and finishing with
Acidic bath to remove the residues. The analysisopiper is done by scanning electron
microscope, X-Ray electron diffraction scanning),Adomic Force Microscope. The sixth
step is to transfer graphene with a dissolutionhudtto allow the electrical characterization
of graphene. The growth and dissolution transferendharacterized by Raman spectroscopy.
The seventh step is to make the Graphene transistor

A preliminary study is accomplished using 12 snmadices cut from a large Cu foil fully
covered with graphene grown under the same reapeitons (see Methods), to test all
possible combinations of the values of the recgcharameters used in this study: presence or
absence of oxygen plasma, two different acidictgms (Hydrochloric acid (HCI) and acetic
acid (CHCOOH)). The duration of the copper cleaning in mcgblution is optimized. The

copper surface is analyzed in three different sagypihich differ in the duration of the bath:
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after some change in the color of the copper saréaises. The extended duration sample is
removed from the bath when the surface does natgehanymore, and the medium duration
is a time chosen randomly between short and lomgtidns. Substrates are analyzed by AFM
(Atomic Force Microscope), SEM (Scanning electromcroscope), and XEDS (X-Ray
Electron Diffraction Scanning) (see the top loog-igure 1). After this study, it is concluded
that recycling Cu foils without ©plasma treatment is not satisfactory (Figure 2ded)
cleaning the surface. It is also concluded thatdimation of the acidic baths lower than 30
min for HCI (Sigma-Aldrich, 37%) and 18 h for @EOOH (Sigma-Aldrich, ReagentPfus
>99%) produces poor results for cleaning the serfatherefore in the next batch of
experiments, only two combinations of the Cu fdéaming parameters are selected: a) O
plasma treatment followed by HCI bath for 30 min; @ plasma treatment followed by
CH3COOH bath for 18 h.

In scheme (A), graphene is grown 2 times in subseiguepositions on the same Cu
substrate. After the first growth, iteration grapbewas transferred by electrolysis, thus
removing it without destroying the copper. Afteetiecond growth iteration, the transfer is
performed by Cu dissolution for GFET fabricatiordan standard conditions. In scheme (B),
graphene is grown 3 times in subsequent depositarthe same Cu substrate. After each of
the first two growth iterations, it is transferrbyg electrolysis, removing the graphene while
preserving the copper foil. After the last growthogess, the transfer is done by Cu
dissolution for GFET fabrication using our standardcess. The transistors resulting from
these transfers were then compared with GFETs dated from high-purity Cu and
transferred by substrate dissolution using thedstahprocess.

2.1. Growth of graphene

The new copper foils (98 % purity, 38n thick and 50 x 50 mfy are characterized by

scanning electron microscopy (SEM, FEI Nova NanoSEd) and atomic force microscopy
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from the SEM) for compositional analysis.
Graphene was grown by T-CVD (ET3000 EasyTube FastNCVD Corporation) on the
copper substrates characterized before. Briefly gitowth steps are (i) heating of the copper
foil at 1020 °C for 40 minutes in a,Hatmosphere, followed by (ii) methane/hydrogen
(50/300 sccm) atmosphere for 45 minutes. Both stapsealing, and deposition, are done at a
pressure of 0.5 Torr. Immediately after growth, piy@ne is characterized by Raman
spectroscopy on the native copper substrate.

* Characterization, growth, and use of graphene
The Raman spectra were obtained, in the backscattgeometry, with a Witec Alpha300R
confocal Raman microscope using a 532 nm frequdoapled Nd:YAG laser for excitation
with Paser= 1.5 mW incident on the sample. The number oplgeae layers is obtained from
the intensity ratio between the 2By6 ~2700 crit) and G (o ~1590 cn) modes, where
monolayer of graphene is associated,gfld > 1**. The intensity of the D modes§ ~1350
cm?) and corresponding intensity ratio between D andn@les are used to estimate the
presence of defects
2.2. Electrolysis transfer
After the graphene growth and characterization @oper, both sides of the copper foil are
spun with a 630 nm layer of polymethyl methacryl@MA, positive resist for e-beam
lithography, model AR-P 679.04, Allresist). Thislyuoer layer supports the graphene during
all the steps of the transfer process, forming ebrane.
Electrochemical delamination is performed in an emys solution of potassium sulfate
(K2SO, [0.05 mM], Sigma-Aldrich, ReagentPfu$99%) by applying a voltage of 10 V
between the electrodes into glass Dfiraontainer supported by vertical tweezer as the

positive electrode. The current was in the rangk wfA. The release of graphene from the Cu
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when copper is the cathode, following the reactfdn:
Equation1 2H,0 + 2e~ - H, + 20H™

The anode half-reaction is:
Equation 2 3Cu?* + 40H™ + 2e‘i Cu,0 + Cu0 + 2H,0

With the formation of copper hydroxidé%

Equation 3 Cu?* + 20H™ - Cu(OH),

The floating graphene/PMMA samples are recovereah fihe electrolytic solution, cleaned in
ultrapure water, and then transferred and driedsdree way as in the case of the copper
dissolution.

2.3. Copper foil recycling

Half of the copper samples for recycling were sutedito an oxygen plasma treatment and
followed to the chemical bath. The plasma elimiagbessible carbon residues on the Cu
surface, which would influence the copper evaporatiuring the high-temperature annealing
and deposition, resulting in a Cu roughness inerdaHowever, the @plasma causes the
formation of copper oxides at the surface. Becdlisse oxides, grown under harsh plasma
conditions, in general cause a reduced qualityturae growtf, they were removed.

The samples are submitted to either one of twonalgabaths: 2 % acetic acfdor 2 %
hydrochloric acid®***° These acidic solutions cause the removal of mxiokesent at the
surface. They also etch part of the copper. Thetimaequations that describe these cleaning
procedures are:

Equation 4 CuO + 2CH;COOH = Cu(CH;C00), + H,0

Equation 5 Cu,0 + 4CH;COOH = 2Cu(CH;C00), + H,0 + H,

for CH;COOH cleaning and,

Equation 6 4H* +4Cl™ + 0, + 4Cu = 2H,0 + 4CuCl

for HCI cleaning.
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1, 6, and 18 h for C}€OOH.

After the chemical bath, each copper foil was ctigre&zed as described above for the new Cu
foil, and used for the next graphene growth batclcgss.

2.4. Transfer by dissolution

The transfer by dissolution is used as the laststea step after the foil was already used
multiple times. It serves at the same time as ereete transfer method, since it is known

to provide excellent coverage of the final substrat

After graphene growth, the copper is spin-coateda side with 630 nm PMMA at 1000
rpm, then baked at 80 °C for 8 minutes. The oppasiie of the copper is treated with an
oxygen plasma, removing the graphene that grewhahdide. The copper foil is then left
floating on a solution of iron chloride 0.5 M at 36 for 30 min until the copper dissolves.
The floating PMMA with graphene attached at thetdoatside is transferred to a solution of
2% HCI for 30 min, then to a de-ionized (DI) wabath for 30 min. The HCI and DI-water
cleaning steps are repeated 5 times.

The pre-patterned substrate is then used to sé¢wmfidating graphene/PMMA film. Before
this step, the substrate was primed with Hexameéisildzane (HMDS, Merck >99%) vapor
to increase its hydrophobicity and adhesion. Wéietwveen the substrate and PMMA is
gently pushed away using a nitrogen gun, and thesample is dried at 180 °C for 12 h in an
oven. After the sample cools down, PMMA is remotgdan acetone bath for 2 h.

2.5. Photolithography

The final substrates for graphene transistors, the. substrates with source, drain, and gate
contacts are fabricated by optical lithography @e#verg DWL 2000, laser 405 nm, 120 mW
maximum power, head 4 mm, 200 mm monocrystalliieosi wafer size, um resolution).
The substrates have a buried gate contact (50 nantdlum) covered with 200 nm of SIO

deposited by CVD. The access vias to the gate comexre performed by reactive ion etching
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SiO; insulator by ion-milling (Nordiko 7500). The GFETgere designed to have channel
width-over-length ratiosW/L, of 1 (W = 50um, L = 50um) or 3 W = 75um, L = 25um).
The final substrate of 25 x 25 Mmontains 416 GFETSs.
The Graphene layer is patterned by photolithograp$ing positive photoresist (AZ1505,
MicroChemicals) photoresist then etched by a plaastang process. After patterning, the
photoresist is removed in an acetone (Sigma-Algifdetth for 2 h without ultrasounds.
2.6 Electrical characterization
The carrier mobility of graphene grown from recytleopper foil is compared with the
mobility of graphene monolayer from new copper fmltalyst high purity (99.999%). The
carrier mobility is extracted from transistor tréerscurves that are obtained in a three probe
measurement station using a Picoammeter Keithl8y §Brain-source circuit) and a Source-
meter Keithley 2410 (Gate-drain circuit), and custeoftware to automate the measurement
loop. The transistors are characterized by foraridOuA current between source and drain
while sweeping the gate voltage between -50 and W50he carrier density and carrier
mobility for electrons and holes are obtained bitinly the transfer curves to the
transconductance model described by Equation 7.
Equation 7 Ips = H%C(VGS)VDS
Ips is drain-source curreni, is the carrier’'s mobilityW is the width L is the lengthC is the
geometric gate dielectric capacitance (200 nm 6 86 shown section 3.3) angdand \bs
are gate-source and drain-source voltages, respBhcti
3. RESULTS AND DISCUSSION

3.1.Characterization of Cu surface
Figure 2 shows images of a copper foil after at fgsaphene deposition, transfer, and
recycling using the procedure with an acidic batiCbi;COOH (Figure 2c¢), or HCI (Figure
2d), and also by a combination ot Plasma followed by CECOOH (Figure 2e), or HCI

11



\FIYUIT £1). FIYUIT £a S1UWS UIT AL SPTULG,ILaNGLU RV, Ul Scicuteu arcas niuvarcd in
the SEM images 2c and 2d. The SEM images were doder an electron beam accelerated
between 5 -10 kV. The magnification of the pictuness at 50000 times. Figure 2b is a SEM
image of a used Cu foil, shown for comparison, whée inset shows the same Cu foil after
O, plasma. For each chemical bath, the effect ofetirpinary cleaning step with plasma

can be seen in Figure 2e and Figure 2f, fog@BIOH and HCI, respectively.

1000 e I
- Dt
——Clean 685 % Cu

.+ 02 plasm 100 % Cu
CEpea 804 % Cu

a) Used Cu

Intensity

06 07 08 08 10
Energy (keV)

CH,COOH

‘e

Plasma + CH,COOH Plasma + HCI
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Figure 2 Eftect ot Q plasma and acidic treatment In the recycling process. a) XEDS
analysis of the copper foil recycled with €HDOH [2 %] treatment from selected areas in
c) and of the copper surface aftep Plasma of the inset in b); b) SEM image of a used
copper foil and inset of a copper foil submitted toplasma showing selected area used for
the XEDS analysis in a) is shown in the inset; c) SEM image of cémpeecycled with
CH3COOH [2 %], for 18 h showing selected areas used for the XEDS analysa3; d)
SEM image of copper foil recycled with HCI [2 %], for 30 min, and aptimage of copper
foil is shown in the inset; €) SEM image of a copper foil recywidd O, plasma and with
CH3;COOH [2 %]; f) SEM image of a copper foil recycled with @@asma and HCI [2 %)]
solution, and optical image of the copper foil after 7 min in the HCI [2s&blition inset.
(XEDS Oxford x-act / SEM FEI Nova NanoSEM).
The blue curve (a cumulative spectrum of the ans&dé the blue rectangle of Figure 2c)
shows an effectively cleaned copper area, with meesidual O and C peaks. The dashed
orange curve (a cumulative spectrum of area inidelashed orange rectangle of Figure 2c)
shows a prominent C peak, from contaminating residithe dotted red curve (a cumulative
spectrum of the area inside the dotted red reatafl Figure 2b) shows an O peak
attributable to oxide formation due to plasma ciegnFigure 2e-f shows the SEM images of
a copper foil recycled with Oplasma followed by CECOOH (Figure 2e) and HCI (Figure
2f) for 18 h and 30 min, respectively. Comparing tigures corresponding to treatment with
the same acidic solution (GEOOH in Figure 2c and Figure 2e and HCI in Figudeaad
Figure 2f), the @ plasma process followed by acidic bath improves @u foil quality.
Concerning the SEM images in Figure 2b, Figure,2ei$ clear that the Cu surface after one
recycling process, independently of the acidic smuused, becomes more homogeneous,
presenting a minimum quantity of residues when cmexg with the used Cu foil. Moreover,
the HCI solution originates some holes, as seéiigare 2f.
The surfaces of the recycled Cu samples were stumieAFM in tapping mode at 512 kHz.
Figure 3b-c presents the AFM images of two recyd&ad foils using @ plasma and

CH3COONH solution (Figure 3b) and,@lasma and HCI solution (Figure 3c). For compar;so

images of a new copper foil are also presentedi(Eiga).
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Figure 3 Effect of recycling with @plasma and acidic solutiong) AFM height image of a
new copper foil; b) AFM height image of a Cu-recycled witlpasma and CECOOH [2
%] solution; c) AFM height image of a copper foil recycled withplasma and HCI [2 %]
solution. The AFM and SEM measurements were not performed at the saphe @@a.
(Bruker Dimension Icon, tip: Nanosensors PPP-NCHR tapping mode, 324 Kz SEM
image scale of the copper foil is doubled than the recycled coppers.

The peak-to-peak amplitudéy) and root-mean-square roughnesg.§ were measured on
the pristine sample and after the recycling pro¢eggire 3a-c). The AFM characteristics for
the pristine copper foil ard,, = 28.3 nm andrus = 4.61 nm. The peak-to-peak amplitude
and roughness obtained for Cu substrate recyclied @G-:COOH sharply increases £, =
146.4 nm andrus = 28 nm, whereas, the parameters obtained foreCycled using HCI
gives almost the same values as obtained withrikgne Cu foil: Ay, = 28.9 nmygrus = 3.50
nm.

According to these results, the copper recyclingg®©, plasma and acidic solutions (HCI
and CHCOOH) leads to a clean, although irregular surfadereover, the AFM study
reveals that after sample cleaning using HCI, tnéase roughness becomes equivalent to
that of the pristine Cu foil. Therefore, the comdaruse of hydrochloric acid solution angd O
plasma treatment is the right approach for coppeyaling.

3.2. Graphene characterization by Raman spectroscopy

Figure 4 shows the Raman spectra of graphene sampiiée still on the catalyst (Figure 4a
and b) and after transfer to the final Si/g&gDbstrates (Figure 4c and 4d). The Raman signal

of graphene on Cu substrate shows a broad backgjteamd associated with the reflection of
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peaks at 2700, 1590, and 1350 care vibrational modes assigned to for graphene.peak

at 1590 crit (with integrated areas) corresponds to the in-plane stretching vibratnhe

spf carbon bonds, like in graphite, is the integrated intensity of the peak at 1350 @nd
corresponds to the breathing modes of six-atomsringguiring a defect or an edge for its
activation. 35 around 2700 chis an overtone of the D mode only visible in gramé, due to
single-layer confinement. The electron mobilityreases with larger crystallite size and less
graphene numbers of layers, so less intensity 80 £81* peak and more intensity in the
2700 cni peak is desirable. Single-layer graphene is cheniaed by a ratio ofb/1 > 1.

Figure 4a and Figure 4c show Raman spectra repeatsenof the graphene grown on one-
time recycled Cu foil (% use of Cu foil). Figure 4b and d show Raman speepresentative
of the superior quality graphene grown on two times/cled Cu foil (8 use of Cu foil). The

Witec system was set up in 1.5 mW on a 532 nm veangth laser.

Recycled 1 time Recycled 2 times

—=HGI2x%

b)

HC (L) =2.0
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——Hel 2
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Figure 4: Representative Raman spectra of the graphene grown oH a$e2copper toil
(after the ' recycling process); b) "3 use copper foil (after the"@recycling process);
Raman spectra of graphene after transferring from"&)titne used copper foil and and d)
3 time used copper foil. The different Raman curves presented in &) andespond to
different samples. The curve in d) was measured on the same graphene film as in b).
It is seen that the graphene quality improves wita increasing of the number of Cu
recycling cycles observed only on graphene Ramautisg after transfer and Figure 4c-d,
because the copper foil has metal luminescence its@if avoiding a precise analysis. For the
graphene on one time-recycled Cu foil Raman spebaa®D peak was observed as well as
ion the copper foil recycled 2 times.
Important to note, after the'tecycling process of the low-purity copper folketgraphene
quality is already reasonable, independently ofGheaecycling process used, as shown by the
Raman spectra in Figure 4a and Figure 4c. Indded bt defects peak is not seen in the
Raman spectra taken on Cu, while monolayer grapieemketected. After transfer to the
Si/SIG, substrate using the PMMA membrane, the peak ofdéfects becomes apparent
(Figure 4c). A remarkable improvement is observethe Raman spectrum typical of SLG
with few defects shown in Figure 4d, obtained frgnaphene on SiOfrom the Cu il
recycling process, using HCI [2 %] solution. Simikgpectra are obtained in all analyzed
points of this sample.
3.3. Electrical characterization of GFETs
Figure 5a shows histograms with statistical resaftshe channel resistancBg, of 563
GFETSs selected from 3 batches of 416 devices edtAB(devices in total). The devices are
fabricated using graphene transferred from coppeydated using three different pathways,
according to schemes (A) and (B) in section 2. dlection criterion was arbitrarily setfe
ch < 10 KQ, which separates the transistors considered od goality from the otherdR_(, >
10 k), which were discarded. The yield is the ratibAeen the number of devices wiig,

< 10 k2 and 416. The results are distributed as follovgs: devices (yield = 38%) using HCI

cleaning and scheme (A), i.e., after 1 recyclinghe Cu foil (red columns); 334 devices
16
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devices (yield = 17%) using HCI cleaning followirsgheme (B), i.e., after 2 recycling
processes of the Cu foil (black columns). Figuresbbws the statistical results of the channel
resistance in 388 GFETSs (yield = 93 %) using graphieom a new copper foil, Alfa Aesar

(99.999 % of purity).

416 GFET patterned per new copper foil.

g [N G49 (93%) 388 GFETs

416 GFET patterned per each copper foil reused using acid solution as HCI or CH,COOH 200

120 B G29 2x (17 %) 72 GFETs HCI
B G50 1x (38 %) 157 GFETSs HCI 17514
N G49 1x (80 %) 334 GFETs CH,COOH
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Figure 5 a) Histogram showing GFET-channel resis@amising graphene grown on copper
recycled using CECOOH (£ recycling) and HCI (T and 2 recycling). The data selection
(563 GFET, of which 334 of HCI 1 time, 157 of C@®OH, and 72 of HCI 2 times) was made
based on the resistance (<1®@Xk b) Histogram showing GFET-channel resistancengisi
graphene grown on new copper foil.

For processes following method in (A) and HCI clegn(1-time cleaning and 2-times
cleaning, as shown in section 2), the mode of tEeemental distribution is 3.5k and
90% of the devices have R < 58K157 devices). For the GHOOH cleaning, the most
probable resistance of the 334 GFETs is 2284nd the 99 percentile is 4.9®. When using
the HCI process 2 times on the same copper fdigviing scheme (B), the average resistance
is 4.8 2, and the 99 percentile is 8.4® for 72 GFETs. The statistical results of the
resistance for 388 GFETs fabricated with grapherevg on high-purity Cu foils, for
comparison, show an average of 0@ tke 90" percentile is 1.0R.

In Figure 6 the transfer normalized curves in gatétage for different transistor sets
originating from the three Cu treatments processeshown: 21 GFETSs originating from Cu

substrates treated with GEIOOH according to the scheme (A) (black color); GEETS

17
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according to the scheme (B) (red color). It is st the graphene grown on treated copper
foil has a relatively high mobility even after tHest recycling treatment in HCI or
CH;COOH: 1147 cfiVs and 814 cfiVs for electrons, and 889 éfs and 1728 cAiVs

for holes, respectively. As discussed earlier, ¢cbpper foil roughness, after GEIOOH
treatment is higher than after HCI treatment, tileese transfer curves indicate that the
roughness of catalyst substrate is not the onlipfadictating the performance of the device.
The electrical study confirms that, for growing ghmane, the surface quality of recycled
copper foil increases with multiple uses. As shawrfigure 6, the transfer curves of the
GFETs using graphene grown on Cu foil recycled ewitth HCI show higher mobility (1847
and 997 cfVs, for holes and electrons, respectively) andetieb shape than those from
devices fabricated from graphene on Cu recycled amice with HCIl. The results are
comparable with those from devices made of singyeil graphene obtained from high purity
new copper foil, with 1393 and 1875 @s for holes and electrons, respectively, as shown

in Figure 6d.

2.7x10° 2.4x10°
- G49 CH,COOH 1x

- G50 HCI 1x

2.4x10° — 2.1x10°

a) | b)
2.1x10°

1.8x10°

1.5x10°

Conductance (S)

1.2x10°

9.0x10*

6.0x10"

Gate Voltage (V) Gate voltage (V)
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Figure 6 Representative transfer curves normalized in gate voltage of thesti@sswith
different graphene from different copper foils catalyst provided byrelifeacid bath
recycling. a) CHCOOH solution 1 time, b) HCI solution 1 time, ¢) HCI solution 2 tid)e
Single layer graphene transfer curve grown on new copper foil with outliopd ® extract
the carriers’ mobility.

Copper foil roughness and surface homogeneity héter graphene quality. In the recycling
process of Cu foils, using (plasma treatment previously to a chemical batsgential for
surface homogeneity, as shown by SEM results. Tiadity improves because the copper foll
after cleaning has less surface impurities, makirg carbon less soluble on the catalyst
surface. We assume that the native copper oxideseotration on the catalyst surface is the
same in new copper foil as in recycled copperdad that they are removed in the annealing
step that precedes graphene deposition. When negy€u multiple times, HCI chemical bath
prepares a better Cu surface for graphene growth @COOH chemical bath, as shown by
AFM results. The quality increase probably becatsetreatment of the copper foil removes
the contamination from the surface turning the ecarlbess soluble on the copper. The
annealing step does not remove impurities as sgahebgrowth of amorphous carbon thin
film on low purity copper.

4. CONCLUSION

Both single layer and multilayer graphene were graw Cu foil recycled once using HCI or
CH3COOH. Full coverage of single-layer graphene (withihe presence of the multilayer)

was only achieved on Cu foil after the second riegdteration with HCI, demonstrating the
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is essential to the reusable process because mjetre surface allows the growth without
blocking zones due to a dirty surface. The anngatep does not remove the dirty particles
that determines the purity of the catalyst.

The transistors made of single-layer graphene growrrecycled copper had the highest
carrier mobility with values of 1847 é&iVs and 1147 cAiVs for holes and electrons,
respectively. In conclusion, the recycling procekghe low purity copper foil (98 %) allows
for multiple uses of the same copper foil for graipd deposition with an enhancement of the
carrier mobility, and with increasing quality agthumber of cycles of the copper recycling
also increases.

5. ACKNOWLEDGMENTS

G. Machado Jr. acknowledges a Ph.D. grant (no. &B2612-5) from CNPq — Brazil. Work
supported by the Portuguese Foundation for SciandelTechnology (FCT) in the framework
of the Strategic Funding UIDB/04650/2020 and by theject POCI-01-0145-FEDER-

028114 (GRAPHSENS).

20



.

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

NLrrLnNLINGCL

Novoselov, K. S., Mishchenko, A., Carvalho, A.N&to, A. H. C. 2D materials and
van der Waals heterostructur&gience (80-. 853, aac9439 (2016).

Vieira, N. C. Set al. Graphene field-effect transistor array with intggd electrolytic
gates scaled to 200 mh.Phys. Condens. Matt@8, 85302 (2016).

Zhu, W., Perebeinos, V., Freitag, M. & Avouris, Carrier scattering, mobilities, and
electrostatic potential in monolayer, bilayer, amnithyer graphenePhys. Rev. B -
Condens. Matter Mater. Phy&0, (2009).

Negishi, R., Ohno, Y., Maehashi, K., Matsumoka, & Kobayashi, Y. Carrier
Transport Properties of the Field Effect Transstaith Graphene Channel Prepared
by Chemical Vapor Depositiodpn. J. Appl. Phy$1, 06FD03 (2012).

Castro Neto, A. H., Guinea, F., Peres, N. M.NRwyoselov, K. S. & Geim, A. K. The
electronic properties of grapheritev. Mod. Phys81, 109-162 (2009).

Zhang, M.et al. High-performance dopamine sensors based on whafgigne
solution-gated transistorAdv. Funct. Mater24, 978-985 (2014).

Kuila, T.et al. Recent advances in graphene-based bioserBimsens. Bioelectron.
26, 4637-48 (2011).

Novoselov, K. Set al. Electric Field Effect in Atomically Thin Carbonlfis. Science
(80-.).306, 666 LP-669 (2004).

Starke, U. & Riedl, C. Epitaxial graphene on ®@M1) and [Formula: see text]: from
surface reconstructions to carbon electronic®hysics. Condens. Mattt, 134016
(2009).

Garcia, J. Met al. Graphene growth on h-BN by molecular beam epit&ofid State
Communl152, 975-978 (2012).

Nandamuri, G., Roumimov, S. & Solanki, R. Cheahivapor deposition of graphene
films. Nanotechnologyl, 145604 (2010).

Mattevi, C., Kim, H. & Chhowalla, M. A reviewf @hemical vapour deposition of
graphene on coppel. Mater. Chem21, 3324-3334 (2011).

First, P. Net al. Epitaxial graphenes on silicon carbiddRS Bulletin35, 296-305
(2010).

Vlassiouk, l.et al. Large scale atmospheric pressure chemical vappositeon of
grapheneCarbon N. Y54, 58-67 (2013).

Tao, L.et al. Uniform wafer-scale chemical vapor deposition ahphene on
evaporated Cu (111) film with quality comparableetdoliated monolayerd. Phys.
Chem. Cl116, 24068-24074 (2012).

Childres, I., Jauregui, L., Park, W., Cao, H.Ghen, Y. Raman Spectroscopy of
Graphene and Related Materialslew Dev. Phot. Mater. Resl-20 (2013).
doi:10.1016/B978-0-444-53175-9.00016-7

Novoselov, K. Set al. A roadmap for graphenBlature490, 192-200 (2012).

Obeng, Y. & Srinivasan, P. Graphene: Is itfthare for semiconductors? An overview
of the material, devices, and applicatioldectrochem. Soc. Interfac0, 47-52
(2011).

Yamada, T., Ishihara, M., Kim, J., Hasegawag&Mijima, S. A roll-to-roll microwave

21



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

piasiiia uliciinval vapul utpuldiuuvll PJIuLToo  1VUIE Umyulvil vl 294 111l VVIuLh

graphene films at low temperatuf@arbon N. Y50, 2615-2619 (2012).

Gao, Let al. Repeated growth and bubbling transfer of graphetie millimetre-size
single-crystal grains using platinuiat. Commun3, 699 (2012).

Bartelt, N. C. & McCarty, K. F. Graphene growth metal surfacesMRS Bull.37,
1158-1165 (2012).

Hao, Y.et al. The Role of Surface Oxygen in the Growth of Lafjagle-Crystal
Graphene on Coppegcience (80-. 342, 720-723 (2013).

Kim, H. et al. Copper-Vapor-Assisted Chemical Vapor Deposition High-Quality.
ACS Nand/, 6575-6582 (2013).

Chen, Y., Gong, X.-L. & Gai, J.-G. Progress @iwllenges in Transfer of Large-Area
Graphene FilmsAdv. Sci3, 2198-3844 (2016).

Kwon, K. C., Ham, J., Kim, S., Lee, J.-L. & Kin%. Y. Eco-friendly graphene
synthesis on Cu foil electroplated by reusing Qinants Sci. Rep4, 1-7 (2014).

Wang, Y.et al. Electrochemical delamination of CVD-grown graphdiha: Toward
the recyclable use of copper catalysES Nand, 9927-9933 (2011).

Banszerus, Let al. Ultrahigh-mobility graphene devices from chemioczpor
deposition on reusable copp8ci. Advl, e1500222—e1500222 (2015).

Totu, E., Segal, E., Luca, N. Considerationsthen texture of the copper electroless
films. Rev. Roum. Chim0 (9), 859-866 (1995).

Zou, Zet al. Uniform single-layer graphene growth on recyclablegsten foilsNano
Res.8, 592-599 (2015).

Pizzocchero, Fet al. Non-destructive electrochemical graphene trarfséen reusable
thin-film catalystsCarbon N. Y85, 397—-405 (2015).

De La Rosa, C. J. let al. Frame assisted H20 electrolysis induced H2 bugblin
transfer of large area graphene grown by chemigpbrdeposition on Cé\ppl. Phys.
Lett. 102, 2011-2015 (2013).

Cherian, C. Tet al. ‘Bubble-free’ electrochemical delamination of C\paphene
films. Smallll, 189-194 (2015).

Wang, M. C.et al. A sustainable approach to large area transferraptgne and
recycling of the copper substrafe Mater. Chem. G, 11226-11232 (2017).

Ferrari, A. C. & Basko, D. M. Raman spectroscap a versatile tool for studying the
properties of graphenBlat. NanotechnoB, 235-246 (2013).

Malard, L. M., Pimenta, M. A., Dresselhaus, &.Dresselhaus, M. S. Raman
spectroscopy in grapheriehys. Rep473, 51-87 (2009).

Vlassiouk, l.et al. Graphene nucleation density on copper: Fundamental of
background pressuré. Phys. Chem. €17, 18919-18926 (2013).

Losurdo, M., Giangregorio, M. M., Capezzuto&Bruno, G. Graphene CVD growth
on copper and nickel: role of hydrogen in kinetrsl structurePhys. Chem. Chem.
Phys.13, 20836 (2011).

Chavez, K. L. & Hess, D. W. A Novel Method dtking Copper Oxide Using Acetic
Acid. J. Electrochem. So48, G640 (2001).

Chavez, K. L. & Hess, D. W. A Novel Method dtking Copper Oxide Using Acetic
22



40.

41.

MAULIU. J. LITULUUULIITITL. OUWHO, U4V \(2VuuUl).

Larabi, L., Benali, O., Mekelleche, S. M. & ldr Y. 2-Mercapto-1-methylimidazole

as corrosion inhibitor for copper in hydrochloricica Appl. Surf. Sci253, 1371-1378
(2006).

Gorantla, Set al. A universal transfer route for grapher¢anoscale6, 889-896
(2014).

23



Highlights
e SLG were obtained using low purity Cu foils (98%) after multiple graphene growth.

*  Water electrolysis was used for catalyst recycling combined with acidic solutions for cleaning the
Cu foils.

e Atomic force microscopy and Raman spectroscopy were used to check Cu foil roughness and
graphene structure, respectively.

e Carrier mobility measured are 814 cm?/Vs and 1847 cm?/Vs for electrons after one and two
recycling cycles, respectively.
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