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Chemical vapour deposition (CVD) synthesis of graphene on copper has been broadly
adopted since the first demonstration of this process'. However, widespread use

of CVD-grown graphene for basic science and applications has been hindered by
challenges with reproducibility? and quality’. Here we identify trace oxygen as a

key factor determining the growth trajectory and quality for graphene grown by
low-pressure CVD. Oxygen-free chemical vapour deposition (OF-CVD) synthesisis
fast and highly reproducible, with kinetics that can be described by acompact model,
whereas adding trace oxygen leads to suppressed nucleation and slower/incomplete
growth. Oxygen affects graphene quality as assessed by surface contamination,
emergence of the Raman D peak and decrease in electrical conductivity. Epitaxial
graphene grown in oxygen-free conditions is contamination-free and shows no
detectable D peak. After dry transfer and boron nitride encapsulation, it shows
room-temperature electrical-transport behaviour close to that of exfoliated
graphene. A graphite-gated device shows well-developed integer and fractional
quantum Hall effects. By highlighting the importance of eliminating trace oxygen,
this work provides guidance for future CVD system design and operation. The
increased reproducibility and quality afforded by OF-CVD synthesis will broadly
influence basic research and applications of graphene.

Since the first demonstration of CVD graphene growth on Cu (ref. 1),
many advances have been made in the understanding, control and
scaleup of the process. Seminal studies have provided understanding of
the growth process through techniques such as isotopic labelling* and
in situ monitoring>® and have demonstrated control over key factors
such as nucleation density”® and growth rate®. The initial demonstra-
tion of this process' has led to enormous interest as aroute to scaled-up
manufacturing, with subsequent advances including the development
of roll-to-roll processing'®, epitaxial growth on crystalline substrates
(germanium™and Cu(111) (ref. 12)), in situ Cu deposition** and control
of folds/wrinkles™ ™. Recent work has highlighted the accumulation of
amorphous carbon on the graphene surface as a key factor affecting
graphene performance®'¢”,

Inspite of these and many other advances, fundamental understand-
ingand control of the CVD growth processis still lacking. Forinstance,
although it has been experimentally established that the growth rate
increases with CH, concentration and decreases with increasing H,
concentration, there is not a well-accepted quantitative model of
the growth kinetics that can be used to guide synthesis. Likewise, the

fundamental processes influencing graphene quality are stillunclear.
Morebroadly, reproducibility of results remains a substantial challenge
in the field?, indicating the presence of hidden variables influencing
graphene synthesis that are neither well controlled experimentally
nor understood in theoretical models.

Here we willshow that trace oxygen, which canenter by means of leaks,
adsorptionandthe feed gases themselves, isthe key hidden variablein
low-pressure graphene CVD synthesis. Oxygen has been observed to play
many differentroles in graphene CVD synthesis'® . This work builds on
previous findings that oxygen can etch graphene at parts-per-million
(107°) concentrations® and that graphene can be grown without H, in
strictly oxygen-free conditions®. Using a purpose-built low-pressure
CVDreactor, we study the repeatability and growth kinetics of OF-CVD
graphene synthesis; introduce trace oxygen to explain its effects on
growthkinetics and graphene quality; and sensitively examine the qual-
ity of OF-CVD graphene by several techniques.

We find that OF-CVD growth is fast and highly repeatable. The
dependence of growth rate on graphene coverage, temperature and
methane/hydrogen partial pressure all show straightforward behaviour
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Fig.1|OF-CVDsystem design, influence of trace oxygen and high
reproducibility. a, System overview highlighting key componentstoreduce
oxidizingimpurities. b, Opticalimages of grain evolution for hydrogen-free
graphene growthwith P, =10 mTorr, for¢,=105s,30s,90sand120s. Toprow,
oxygen-free growth; bottomrow, growthwith P, =0.1 uTorr. Scalebars, 5 pm.

that can be quantitatively captured by compact models. We confirm the
role of oxygen as a hidden variable in two ways. First, we demonstrate
that trace oxygen strongly modifies growth kinetics and outcomes in
both H,-free and H,-rich conditions. Second, we discover alink between
trace oxygen and accumulation of amorphous carbon, with clearimpact
on electrical conductivity.

OF-CVD graphene shows high quality as assessed by Raman spec-
troscopy, with no evidence of surface contamination in scanning probe
microscopy. Electrical devices on SiO, show uniformly high mobility
and hexagonal boron nitride (h-BN)-encapsulated devices show perfor-
mance exceeding all previous reports for CVD graphene and rivalling
that of exfoliated graphene. In a graphite-gated device, we observe
fully developed fractional quantum Hall effectat B=15T.

OF-CVD system design, effect of trace O, and reproducibility

Figure lashows aschematic of the CVD reactor used in this study. The
systemis based on the hot-wall design most commonly usedinlabora-
tory research and operates at low pressure to best maintain system
cleanliness. High vacuumis achieved by turbomolecular pumping and
flows of CH,, H,, O, and Ar are controlled by mass flow controllers. All
gaslinesareelectropolished stainless steel with helium-leak-checked
metal fittings. Because research-grade gases commonly contain oxygen
impurities in the ppm range, we use ultra-large-scale integration
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¢, Graphene coverage versus t, withand without trace oxygen. d, Representative
images of graphene grains for eight distinct synthesis runs. Scale bars, 30 pm.
e, Average graphene grain nucleation density (ND) and grain area (GA) versus
sample number. Error barsindicate the standard deviation (10, n =10).

(ULSI)-grade gas (6N purity) and purifiers that remove impurities (H,O,
0,, CO,, CO) to <100 parts-per-trillion (1072) levels. Each gas line is
purged before being turned onto avoid transient pressure spikes (which
can cause uncontrolled graphene nucleation in the case of CH,; Sup-
plementary Fig. 9). Aturbo-pumped load lock enables sample exchange
without exposing the systemto air. Trace gas analysis verifies that the
partial pressure of oxygen-containing contaminants (H,0, O,, CO,, CO)
islessthan1pTorr (Supplementary Fig. 12). An exhaust throttle valve
isused to maintainaspecified total pressurein the synthesis chamber.
Partial pressures of the constituent gases (P, Py, Po,and Py,) are
calculated from flow rate ratios (Supplementary Information equa-
tion (S1)). Although the Sl unit for pressure is pascal (Pa), herein, Torr
will be the unit used, as it is common practice of the field; 1 Torr =
133.32236842 Pa. A complete schematic of the CVD system design can
be found in Supplementary Fig. 1.

Graphene CVD synthesis is performed using the typical processin
whichthe Cusubstrateis heated inahydrogen-richatmosphere tothe
growth temperature 7,~1,000 °C, followed by a growth phase with
CH, for duration ¢, and then cooling to room temperature. Details of
the growth process are given in Methods and growth parameters for
eachexperimentare summarized in Supplementary Table 1. Forinitial
studies (Figs. 1-3), we use Cu foil (Alfa Aesar 46365 Cu foil, 0.025 mm
thick, 99.8%) that is electrochemically polished to sub-nanometre
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Fig.2|Kinetics of graphene grain growth. Each data pointin this figure
representsadistinctgraphene sample, with relevant parameters determined
by image analysis, and error barsindicate the standard deviation (10, n = 10).
Growth conditions areas notedin each panel. a, Lateral grainsize L = -/Grain area
versus growth duration, ¢, with A, =0.b, L shows linear dependence ont, atearly

roughness, which reduces the thickness from 25 pm to 15 pm and
removes surface impurities. A typical growth substrateis4 mm x 2 mm,
which is pre-annealed in H, to increase grain size (hundreds of pm)
with predominantly (100) texture (Supplementary Fig. 21). To visual-
ize graphene domains after growth, the foil is heated in air at 200 °C
for1 minto oxidize exposed Cu, such that areas with graphene appear
shiny against a dull orange background.

Thetop row of Fig. 1b shows optical microscope images of substrates
after synthesis of graphene in the absence of H,. Isolated grains with
approximately 20 pm separation appear at t,=10 s and then grow
and merge to form a continuous film with no detectable pinholes at
t,=120s. The fourfold grain symmetry matches that of the under-
lying Cu(100), indicating that growth is supply-limited rather than
attachment-limited®.

With trace oxygen (POZ/PCH4 =10"% added during the growth stage,
grainsinitially grow but then shrink and disappear at higher ¢, (Fig. 1b,
bottomrow). To quantify the growth trajectory in each case, we used
opticalimage processing (Supplementary Fig. 3) to calculate the frac-
tional graphene coverage for each sample, with the results plottedin
Fig. 1c. Without oxygen, coverage increases smoothly with ¢,; with
trace oxygen, initial growth is similar but coverage subsequently
decreases and the graphene disappears. These findings support the
conclusions of earlier work?*? and extend it by demonstrating the
speed of OF-CVD growth and growth/etching trajectoryinthe presence
of trace oxygen.
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growthstage. ¢, Graingrowthrate L versus T,.Solid line shows exponential fit
withanactivationenergy of £,,,=1.7 + 0.06 eV.d, L versus Pey,-Solidlineis
linear fit. e, L versus P, forPg, =5.6 mTorr, 8.5mTorr, 11.3 mTorr, 14.1mTorr and
18.3 mTorr.f, Lversus PCH4/P?,;5. Dashedlineislinear fit.

To test the reproducibility of OF-CVD, we synthesized graphene for
t,=120 susing arecipe that achieves well-separated grains and meas-
ured the average nucleation density and grain areaover alarge region
(1mm?to 2 mm?). This process was repeated 12 times initially and then
eight more times after 9 months. Figure 1d shows opticalimages of the
resulting graphene grains for eight iterations with images from all 20
inSupplementary Fig. 4. AsshowninFig. 1e, the nucleation density and
grain areaare remarkably consistent, with a coefficient of variation of
13%, and are not affected by ambient conditions.

Kinetics of grain growth

The high speed and reproducibility of OF-CVD synthesis allows us to
study growth kinetics by tracking grain morphology for several samples
across which a given parameter (¢, Ty Pcn,, PHz) is adjusted. As dis-
cussed above, we find that OF-CVD growth begins with rapid grain
nucleation, followed by grainexpansion to achieve complete coverage.
The number of nuclei does notincrease with ¢, (Supplementary Fig. 6).
Figure 2aillustrates a typical trajectory for grain growth: the grain size
L =-J/GA initially increases rapidly with t,; grain growth slows as the
film approaches full coverage, at which point L =1/-/ND (images in
Supplementary Fig. 7). For simplicity, here we focus on early-stage
growth, inwhichgrains are well separated. AsshowninFig.2b for three
differentgrowth conditions, Linitially increaseslinearly with ¢,. There-
fore, only a single sample is required to determine the grain growth
rate [ = L/t foreach pointin Fig. 2c-f.



AsshowninFig.2c, L shows activated temperature dependence with
characteristicenergy (apparentactivationenergy) of £,,,=1.7 £ 0.06 eV.
Atfixed T, Lshowslinear dependence on Pcy, (Fig.2d). Together with
the fourfold grainshape, these findings support a picturein which the
growth rate is limited by the supply of carbon®?%, whichis in turn gov-
erned by catalytic dehydrogenation of CH, at the Cu surface.

We nextexplore how Lvaries with Py intheregimeinwhich Py > Py, .
As shown in Fig. 2e, L decreases with increasing P, , with [ « P>
(solid lines). The P;,?'S dependence indicates that at least one of the
stepsinthe CH,dehydrogenation processisinequilibrium. Therefore,
we assume that [ is determined by the surface density of methyl spe-
cies, [CH,], which s in turn determined by the (quasi-equilibrium)
dissociative adsorption of CH,and H,. Asimple model for the reaction
kinetics (details and discussion of underlying assumptions in Sup-
plementary Information section 9) gives

CH,
Keq PCH4
K&y

L o<[CHj] 1

inwhich KCH4 and KHz are equilibrium constants for the CH, and H,
dlssoaatlon reactlons respectively. Figure 2f confirms that the data
inFig. 2e collapse onto asingle linear function ofPCH4/P°'25, consistent
withthis model. We note that £, increases in the presence of H, (Sup-
plementary Fig. 11), consistent with modification of the equilibrium
of the intermediate reactions?.

Effect of trace O, on growth and quality in typical CVD
conditions

Trace oxygen plays akey role in controlling growth outcomes even
under typical (hydrogen-rich) CVD conditions, in which the reducing
atmosphere should offset etching by oxygen. In Fig. 3, we grow gra-
phene with P, =150 - 500 mTorr and Pcy, =3 - 10 mTorr, which are
typical ranges for studies reported in the literature, and flow oxygen
for the entire synthesis process (versus only the growth stage as
in Fig. 1) to mimic a CVD system with a small leak or other oxygen
contamination.

Figure 3a shows graphene coverage versus ¢, for Po,=0pTorr,
1puTorr, 4 uTorr and 8 uTorr (solid lines are guides to the eye). Without
oxygen, complete coverage is achieved in 12 min, following a similar
trajectory as in Fig. 2a, but with a slower rate owing to the addition of
hydrogen (Supplementary Fig.14a-c). Adding 1 pTorr of oxygen slows
growth by roughly afactor of 5, but full coverage is still achieved (Sup-
plementary Fig. 14d-f). For P, =4 pTorr and 8 pTorr, etching takes
over at large t, and full coverage is never achieved (Supplementary
Fig.14g-i). The onset of growth is also delayed. This delay does not
occurif oxygenisintroduced only with the methane (Supplementary
Fig.13) and therefore probably reflects suppressed nucleation when
the Cusurfaceis oxidized, consistent with previous findings'®*. Thus,
although hydrogen doesincrease the threshold for etching, trace oxy-
gen nevertheless strongly modifies both nucleation and growth rate
and can prevent growth of complete films.

Also, we find that trace oxygen plays an as yet unidentified role in
reducing graphene quality even when complete coverageis achieved.
To study the effect of oxygen on quality, we synthesized four samples
withidenticalz,=120 minandvarying Py . For these samples, we assess
three measures of quality: surface cleanliness, using atomic force
microscopy (AFM) and X-ray photoemission spectroscopy (XPS)
(Fig.3b); lattice defects, using Raman spectroscopy (Fig. 3c); and elec-
tronic transport (Fig. 3d).

The top row of Fig. 3b shows AFM images of two of these samples,
with furtherimagesin Supplementary Fig.16. Within anindividual Cu
terrace, the sample grown with Po,=0 uTorr is flat, whereas the sam-
ple grown with P, =1.32 uTorr shows a thin layer of contamination,
which can be further visualized by selective adsorption of Au (ref. 3)
(Supplementary Fig.17). XPS spectra (Fig. 3b, bottom row) show alarge

increase in the peak at 285.2 eV, indicative of sp>-bonded carbon, for
the sample with O,. We can thus conclude that the presence of trace
oxygen during CVD growth leads to accumulation of amorphous
carbon, which has recently been identified as a key indicator of gra-
phene quality**. The mechanism for this is not clear, although control
experimentsindicate that the contaminationis not astrictly gas phase
reaction (Supplementary Fig. 19).

Figure 3c shows representative Raman spectrafromeach ofthe four
samples after wet transfer to SiO,, withan expanded view of the D-peak
region shown in the inset. The D peak is negligible for P, =0 pTorr
and grows withincreasing P, , whereas the 2D peak shrinks; both trends
areindicative of the appearance of defectsin the graphene lattice. The
D-peaksignal shows astriated pattern (inset) that mirrors stepsinthe
Cu (further Raman mapping datain Supplementary Fig. 18).

For electrical-transport measurements, we used wet transfer to
assemble h-BN-encapsulated devices from each of the four graphene
films. Figure 3d shows the room-temperature electrical conductivity
(left panel) and Hall mobility (right panel) as a function of electron
density for all four samples. At fixed density, the conductivity and
mobility decrease with increasing P, , confirming that trace oxygen
degrades graphene performance in a regime that is broadly relevant
to applications.

High-quality OF-CVD graphene

We assess the quality of OF-CVD graphene using a combination of
scanned probe imaging, Raman spectroscopy and electrical-transport
measurements. Because CVD growth on Cu foil leads to wrinkles and
folds that can complicate interpretation, for these experiments, we
grow graphene on sapphire(0001)-supported Cu(111) films (Sup-
plementary Fig. 22), on which growth is epitaxial and wrinkles are
suppressed®. (Growth recipes are the same as for growth on foil; see
Methods and Supplementary Information). Graphene was transferred
from the growth substrate by wet transfer after etching the Cu or by
dry transfer after oxidizing the Cu surface®?* (Supplementary Fig. 25).

Figure 4a shows an AFM topography image of a graphene/Cu(111)
sample. Cuatomic steps are clearly visible and we find no evidence of
amorphous carbon contamination® (further AFM datain Supplemen-
tary Fig. 23). Imaging by scanning tunnelling microscopy (STM) clearly
resolves the graphene atomic lattice (Fig.4b, inset); alarger-areaSTM
scan (Fig. 4b) shows atomically flat Cu terraces, as well as a superlat-
tice with approximately 10 nm period arising from the moiré pattern
betweenthe Cuand graphene.Noamorphous carbonis observed over
several STM images (Supplementary Fig. 24). Thus we can conclude
that the OF-CVD graphene s free of surface contamination.

Tomeasure the intrinsic Raman spectrum of OF-CVD graphenein the
absence of substrate effects, we create a suspended membrane by wet
transfer toaholey carbongrid. The measured spectrumin Fig. 4c shows
high2D/G peak arearatio (A,/Ag = 13.75), indicative of high electronic
quality. No D peak is visible. On the basis of the noise level (inset), we
estimate that Ap/Ag < 0.01. This implies defect spacing of L, 2120 nm
(ref. 31), that is, point defect density less than 2.2 x 10° cm™. Raman
spectra and maps on three other substrates (as-grown on Cu(111), on
Si/Si0, and encapsulated in h-BN) (Supplementary Fig. 26 and Sup-
plementary Table 2) alsoindicate high quality and uniformity. No grain
boundaries are visible, consistent with epitaxial growth.

We next examine electrical-transport properties of the OF-CVD
graphene. An array of 50 devices created by wet transfer to Si**/SiO,
shows high uniformity and performance on par with previousreports
for ultra-clean graphene (Supplementary Fig. 27). For more precise
assessment of the intrinsic electrical-transport performance, we study
asmaller number of dry-transferred devices that are encapsulated
within h-BN to reduce environmental effects. Figure 4d,e shows the
average and spread of room-temperature electrical conductivity (o)
versus electron density (n) and Hall mobility () versus electron den-
sity (n) for three OF-CVD-grown samples and three samples created
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Fig.3|Effects oftrace O,ongraphene growthunder typical (hydrogen-rich)
CVD conditions. a, Graphene coverage asa function of ¢, for varied P, asshown.
Each datapoint representsadistinct graphene sample, witherrorbarsindicating
the standard deviation (1o, n=10). b, Surface cleanliness characterization of
graphene synthesized with trace O,. Top row, AFM height topography of the
Gr/Cusurface grownwith O-free and P, =1.32 pTorr, respectively. The Gr/Cu
surface with O,-free synthesis is free of contamination, whereas synthesis using
P,,=132 puTorrhas widespread amorphous carbonresidue. Scale bars,100 nm.
Bottom row, XPS analysis of graphene on copperimmediately after growth
with O,-freeand P, =132 uTorr, respectively. Theratio of sp*>-C/sp*Cincreased

from exfoliated graphene, whose performance closely matches pre-
vious reports (that is, mobility near the theoretical phonon limit for
n>2x10"2cm™)*, The OF-CVD graphene shows conductivity and
mobility that is extremely close to that of the exfoliated samples.
At low temperature (7 =1.6 K), the OF-CVD graphene shows ballistic
transport over the approximately 5 um sample size forn > 6 x 10" cm™
(Supplementary Fig. 28).

For low-temperature studies, the same dry-assembly method was
used to create a sample with a graphite back gate to screen charge
disorder from the SiO,. A double-log plot o versus n (Fig. 4f) indicates
aresidual carrier density of 3.5 x10° cm™. The narrow (8 x 10° cm™)
Dirac peak (inset) also reflects low charge disorder. Figure 4g-j sum-
marizes the low-temperature magnetotransport behaviour of this
device. Figure 4g shows the Landau fan obtained by plotting the lon-
gitudinal resistance (R,,) asafunction of nand applied magnetic field
(B). Well-developed integer quantum Hall states with R,, = 0 appear
below about 0.5 T, indicative of very high quality. Moreover, numerous
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conditions. a.u., arbitrary units. ¢, Averaged Raman spectra of Gr/SiO, samples
synthesized with varied P, . Raman characterization was collected with 532 nm
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fractional states appear at higher fields. Figure 4h shows a line plot of
R,.and Hall conductance (1/R,,) as a function of filling fraction (v) at
B=15T. Fully developed states with R, = 0 and clear plateaus in1/R,,
areseenforv= and Jand more states areseen forv=, 2,%and 7

For amore quantltatlve measure of quality, we used Shubnikov- de
Haas (SdH) oscillations to calculate the Landau-level broadening (/")
(Fig. 4i). Both the envelope of the SdH oscillations (Dingle plot) (Sup-
plementary Fig. 31) and the onset of oscillations yield '~15K over a
widerange of densities. As asecond measure of broadening, we measure
R.(T)todetermine the activation gaps for four fractional states (Fig. 4j
and Supplementary Fig. 30). The measured gaps are consistent with
the small value of I.

Discussion

These results reinforce conclusions of earlier work demonstrating
etching of graphene by trace oxygen?, and hydrogen-free growthinits
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20 nm(main),1nm (inset). ¢, Raman spectrum of suspended graphene collected
with 532 nm excitation (0.7 mW power, 120 s and 15accumulations). Inset shows
thelack ofanidentifiable D peak.Dataind and erefer to the h-BN-encapsulated
CVD graphene sample transferred using the polymer-free dry transfer method
with Si**/Si0O, gating. d, Room-temperature conductivity (o) versus density for
three CVD and exfoliated graphene devices. e, Room-temperature mobility (u)

absence®. Going beyond the previous work, we demonstrate the time
progression of grain growth and etching, establish that eliminating
oxygen leads to high reproducibility and show that oxygen strongly
modifies growth kinetics and outcomes even under hydrogen-rich
conditions.

We further establish that key aspects of early-stage grain-growth
kinetics can be captured by a compact model. This result will guide
continuing efforts to comprehensively understand graphene growth
kinetics, based on multiscale and multiphysics modelling of key steps
such as catalytic CH, dehydrogenation, surface diffusion of carbon
and attachmentat the grain edge. Moreover, this compact model is of
great practical utility because it quantitatively predicts how changing
methane and hydrogen partial pressures will modify the growth rate.

versus density for three CVD and exfoliated graphene devices. f-jrefer to the
h-BN-encapsulated CVD graphene sample transferred using the polymer-free
method with few-layer-graphene gating. f, Low-temperature (1.6 K) inverse
four-terminal resistance (1/R,,) versus density. The intercept of two lines
following the regimes of constant slope provides an estimate of the residual
charge-carrier fluctuations n*=3.5x10° cm™. g, Landau fan diagram of the
longitudinal resistance, R,,, asa function of density and magnetic field. h, R,
and1/R,,measuredat15T forv<2.R,,shows minima or zeros at the labelled
filling fractions.i, Landau-level broadening/; extracted from quantumlifetime 7,
(circles) and the onset of SdH oscillations (triangles) versus carrier density n.
j, Activation gaps for the observed fractional quantum Hall statesinthe N=0
level as afunction of filling fraction. SLG, single-layer graphene.

Thus, this work establishes that removal of trace oxygen provides both
reproducibility under fixed conditions and predictability of system
response when parameters are changed.

An entirely new finding in this work is the clear experimental link
between trace oxygen and amorphous carbon contamination, which
has attracted considerable recent attention as a key determinant
of graphene quality. Although numerous recent publications have
explored methods to minimize or remove amorphous carbon, none
hasidentified oxygen as an underlying factor. The microscopic mecha-
nism by which this occursisstillunclear and will be explored in future
investigations.

The OF-CVD graphene quality achieved here matches or exceeds
that in previous reports for CVD graphene. The surface cleanliness
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seen in scanned probe imaging (Fig. 4a,b) matches previous reports
for ultra-clean graphene using a copper foam technique®. The room-
temperature mobility of the h-BN-encapsulated samples (Fig. 4e)
exceeds that of previous reports for CVD graphene®*** by 10-13%; this
margin exceeds the difference between the mobilities OF-CVD and
exfoliated graphene (Supplementary Fig. 32a,b). The low-T charge dis-
orderand Landau-level broadening (Fig. 4i,j) are the smallest reported
for CVD graphene and comparable with the best results for exfoliated
graphene® . The fractional quantum Hall states observed here are
fully developed (with 6., = 0) at B=15T, whereas previous reports do
not achieve fully developed states even at B=35T (ref. 30) (Supple-
mentary Fig.32c).

The finding that trace oxygen controls graphene growth and qual-
ity provides valuable insight into the challenges of reproducibility
and quality in graphene CVD synthesis. Ina conventional CVD system,
oxidizingimpurities canenter in a variety of ways (for example, impuri-
tiesingas feedstock, leaks, adsorbates) with concentration that varies
overtime, leadingin turnto variable results. As one example, we have
seen that accumulation of copper (which can act as either a sink or a
source for O,) on the quartz reactor tube modifies sensitivity to trace
oxygen (Supplementary Fig. 15).

High reproducibility will allow for systematic investigation of other
factors beyond those studied here. For example, we observed that gas
pressure also controls nucleation density (Supplementary Fig. 8a,b),
anditshould be possible to develop quantitative understanding of this
process in future work. We have used this control to grow large-grain
(L>300 pum) OF-CVD graphene on Cu foil (Supplementary Fig. 8c) (it
should be possible to achieve millimetre-scale grains by further sup-
pressing nucleation®®). Likewise, with removal of trace oxygen as a
hiddenvariable, it will be possible to better understand how the copper
foil (grain orientation, impurities etc.) affects growth (Supplementary
Fig. 20). Finally, we find that oxidizing the Cu substrate after OF-CVD
graphenegrowthrequires elevated temperatures (see Methods) rather
than occurring under ambient conditions, as in previous work®. This
observationis consistent with recent reports®, Likewise, OF-CVD gra-
phene has proved to be more difficult to transfer using electrochemi-
cal delamination. This indicates that defects and/or contaminants
influence graphene transfer, which may explain why transfer of CVD
graphene also suffers from lack of reproducibility?.

OF-CVD graphene synthesis provides the reproducibility and qual-
ity needed for both fundamental research and applications. Adop-
tion of this method by groups in academic institutions and industry
(together with development of scalable transfer techniques) will affect
both fundamental research requiring ultra-high performance and
applicationsinsensing, electronics and optoelectronics. Inindustrial
settings, reduced need for hydrogen will reduce the need for costly
safety measures. Todemonstrate the transferability of these findings,
we were able to achieve closely matchingresultsinasecond (hot-wall,
low-pressure) OF-CVD systemin a different location and with a different
design (Supplementary Fig. 5). Further work willbe needed to establish
transferability to cold-wall and atmospheric-pressure CVD systems.
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Methods

Polycrystalline Cu(100) foil preparation

Polycrystalline Cu foils (Alfa Aesar Cufoil, 0.025 mm thick, 46365) were
electropolished to a thickness of 15 pum with a voltage bias of 2.04 V
controlled by a potentiostat with a three-electrode setup, at a rota-
tion speed of 15 Hz by the rotating disc method in phosphoric acid®
(85 wt% in H,0, Sigma-Aldrich W290017). The foils were first flushed
with a large quantity of deionized (DI) water to remove residual acid
and thenrinsed three times in DI water and dried with N,.

Single-crystal Cu(111) thin-film epitaxy on sapphire

Epi-polished 50.8-mm sapphire wafers diced along the c-plane (AdValue
Technology SS-1WCF-2-50) were first cleaned by annealing at 1,000 °C
for12 hiin a pure oxygen atmosphere, following previous reports™.
Each wafer was immediately loaded into a magnetron sputtering sys-
tem (AJA Orion 3) until base vacuum was achieved (1 x 1078 Torr),and a
1,000-nm-thick Cu film was deposited with the following conditions:
RF power 125 W, deposition rate 0.23 nm s™, argon partial pressure
of 4 mTorr, substrate rotation speed of 0.67 Hz and chamber tem-
perature of 20 °C. The wafer was then left in the chamber overnight to
cool. To promote Cu recrystallization, each wafer was then annealed
at 1,025 °C with 50 sccm Ar and 50 sccm H, at atmospheric pressure
for1hwithrapid cooling. Each Cu(111)/sapphire wafer was diced into
6-mm x 6-mm squares.

OF-CVD system design

The OF-CVD graphene system consists of atube furnace (Lindberg/Blue
M Mini-Mite Tube Furnace) with a 25.4-mm outer diameter quartz tube
(Technical Glass Products). A smaller (22.86 mm outer diameter) tube is
used to hold growth substrates. Gas cylinders are connected by means
of Diameter Index Safety System (DISS) adapters with nickel gaskets.
Allgastubingis electropolished stainless steel with VCR fittings (Stain-
less Design Concepts). Each purifier (SAES MicroTorr) and mass flow
controller (Brooks GF Series) was specified for the target gas flow. The
overall system pressure for each process was controlled with an exhaust
throttling valve (MKS 253B-20-40-1). The main-chamber base pressure
ismeasured witha cold cathode gauge (MKS 974B QuadMag), whereas
theactive process pressureis read by a capacitance manometer (MKS
627H21TBC1B). The synthesis process is automated to minimize human
error and increase reproducibility. All trace-gas species (<100 AMU)
within the OF-CVD reactor are monitored with using a residual gas
analyser (SRSRGA100).

When the OF-CVD main chamber requires venting for periodic main-
tenance, all vacuum piping and junctions are baked under vacuum
at 150 °C for 24 h. After the bake, the entire length of the quartz tube
is annealed at 1,090 °C under H, flow. To minimize growth-chamber
contamination, each substrate was placed inaquartzboatand loaded
into a home-built load-lock apparatus. During sample loading, the
load-lock chamber was kept at a positive pressure with a constant N,
flow to minimize exposure to ambient air. The load lock was pumped
to a cross-over pressure of 5 x 107 Torr and the main chamber was
pumped to 2 x 107 Torr before graphene growth.

OF-CVD graphene growth

The furnace was first heated to 500 °C in 100 mTorr H, (ULSI 6N) and
held for 30 min (¢,,,e,) for sample annealing. The temperature was
thenramped to the specified growth temperature (7,) with 100 mTorr
H,and held for 10 min (¢,,,) for a stabilization period. H, flow was then
cut off and the chamber purged with argon (ULSI 6N, 650 mTorr) for
1 min (¢,,). Next, argon flow was cut offand 5% CH, (ULSI 6N) diluted
inargon (ULSI 6N) was introduced into the growth chamber for the
specifiedgrowth time (¢,). Argon has anegligible effect on growth and
nucleation (Supplementary Fig. 10). For experiments incorporating
oxygen,10 x 107¢ (ULSI 6N) diluted inargon was introduced during the

growth stage. Finally, methane flow was cut off and a linear actuator
quickly moved the furnace away from the growth region, facilitating
rapid cooling to room temperature (¢, = 30 min) under 600 mTorr
H,. A visual representation of the typical OF-CVD graphene synthesis
processis shownin Supplementary Fig. 2.

Graphene transfer

Gr/Cu foil wet transfer on Si**/SiO,. The Cu foil was first mounted to
aglassslide on all sides with polymide tape before polymer spinning.
Athinlayer of poly(methyl methacrylate) (PMMA; 495 PMMA A4 from
Kayaku, rotation speed 66.67 Hz,1 min, bake at 140 °C, 2 min) was spun
followed by a thick layer of paraffin using methods modified from
ref. 40. First, the paraffin pellets (Sigma Aldrich #18634) were heated
at 110 °C, whereas the PMMA-covered sample was heated to 50 °C to
prevent paraffin solidification. Then the paraffin was quickly spunata
rotation speed of16.67 Hz for 10 s without further baking. The sample
was then mounted onto aglassslide onall sides with polymide tape with
the polymer side facing down. The backside graphene was removed
with 1 min of O, plasma at 100 W. The sample was then floated on top
of APS-100 copper etchant (Transene) until the Cu was completely
etched. The sample was rinsed with DI water five times and transferred
to a hexamethyldisilazane (HMDS)-treated Si**/SiO, substrate (oxide
thickness 285 nm). The HMDS treatment along with the stiff paraffin
layer were crucial steps to avoid trapped water in the Gr/SiO, interface.
The sample was left to dry for 24 h at room temperature. The sample
was submerged to acetone to remove the PMMA layer, thus lifting off
the entire paraffinlayer. Finally, the sample was rinsed with isopropyl
alcohol IPA and dried with N,.

Gr/Cu(111) wet transfer on Si**/SiO,. The Gr/Cu(111) film was first
mounted onto a glass slide on all sides with polymide tape before
polymer spinning. A thin layer of PMMA (495 PMMA A4 from Kayaku,
rotation speed 66.67 Hz, 1 min, bake at 140 °C, 2 min) was spun. The
sample was then submerged in awatch glass containing APS-100 cop-
per etchant until the Cu was completely etched, allowing the PMMA/
Gr to float to the liquid surface. The sample was rinsed with DI water
five times and transferred to a HMDS-treated Si**/SiO, substrate. The
sample was left to dry for 24 h at room temperature. The sample was
submerged in acetone to remove the PMMA. Finally, the sample was
rinsed with IPA and dried with N,.

Gr/Cu(111) wet transfer on holey carbon grids. The preparation of
suspended graphene sampleis performed using a IPA-assisted method
reported recently*. A holey carbon grid (Quantifoil coated with 50-nm
Au) was adhered to the Gr surface using 1 pl of IPA as a sealant. This
processincreased the yield of the transferred graphene. The Cu etch-
ing and rinsing process was the same as the aforementioned transfer
onto Si**/Si0,. After DIrinsing, the sample was dipped in IPA and dried
naturally inambient conditions.

Gr/Cu(111) dry transfer for h-BN encapsulation. The Gr/Cu(111) film
was first placed into a humidity-controlled environment to promote
formation of Cu,0O within the Gr/Cu(111) interface®. The sample was
left in an oven at 75 °C for 12 h to fully oxidize the interface (Supple-
mentary Fig. 25). Polydimethylsiloxane (PDMS) for the glass transfer
slides was prepared from SYLGARD 184 by mixing ten parts base and
one part curing agent. The PDMS was then mixed well and placed in a
vacuum desiccator for bubble reduction. The resulting mixture was
poured into a plastic Petri dish and cured at 60 °C for 48 h. To create
aglass slide for transferring h-BN onto the graphene surface, PDMS
was cut into a2 mm x 2 mm square and gently mounted onto a glass
slide. A liquid PDMS drop was introduced onto the square with cur-
ing at 60 °C for 2 h to impose the top surface with a larger curvature
to finely control layer-by-layer pickup. A polypropylene carbonate
(PPC) layer was spun on top of a bare silicon wafer, released with a
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hole-punched Scotch tape and then transferred to the PDMS surface.
The final PPC/PDMS slide was heated at 100 °C for 5 min to flatten the
top surface.

After picking up the h-BN, the h-BN/PPC/PDMS stamp was brought
into contact with the graphene surface at about 45 °C to peel up
from the Cu,O (polymer-free method used in Fig. 4d-j) or the SiO,
(polymer-assisted method used in Fig. 3d) surface. The graphene was
then encapsulated with another h-BN flake (for the graphite-gated
device, afinal layer of graphite with thickness approximately 10 nm was
picked up subsequent to the bottom h-BN flake) and the PPC film was
released at 120 °C on the target substrate. The PPC was then removed
with room-temperature acetone for1h.

Graphene characterization

AFM measurements were performed using a Park FX40 AFM system
in tapping/NCM mode with SSS-NCHR probes (NANOSENSORS).
Measurements were performed at room temperature (300 K).

STM measurements were performed using acommercial Omicron
ultra-high-vacuum STM system. Epitaxial graphene on Cu(111) sam-
ples were mounted onto metallicsample holders using a vacuum-safe
silver paste (EPO-TEK H20E). Samples were then transferred into the
STM chamber. A chemically etched tungsten STM tip was conditioned
and calibrated on an Au(111) single crystal before the measurements.
Measurements were performed at room temperature (300 K).

Electron backscatter diffraction (EBSD) measurements were per-
formed using a Zeiss Sigma VP scanning electron microscope with a
EDAX Hikari Plus detector. Grain orientation data were collected with
20 kV acceleration voltage.

Raman characterization of Gr/SiO, and graphene suspended on
holey carbon grids were performed using a commercial Renishaw
inVia Raman spectrometer with 532-nm excitation and collection
in a180° back-scatter geometry (1,800 lines per mm grating). All
Raman mapping for Gr/SiO, used a 50x objective (0.75 numerical
aperture). Spectral map parameters for 7 um x 7 pm area Gr/SiO,
(Fig. 3c) were 1 mW power, 1s and one accumulation at 0.1 pm step
size (N =4,900). Spectral analysis for suspended graphene (Fig. 4c)
used a100x objective (0.85 numerical aperture) with the following
parameters: 0.7 mW power, 120 s and 15 accumulations. Spectral
map parameters for 40 pm x 40 pm area Gr/SiO, (synthesis on Cu
foil) (Supplementary Fig. 18a-d) was with 1 mW power, 1s and one
accumulationat 0.3 pmstep size (V=17,161). Spectral map parameters
for 40 pm x 40 pm area Gr/SiO, (synthesis on Cu(111) film) (Supple-
mentary Fig. 26d-f) were 1 mW power, 1s and one accumulation at
0.25 pmstep size (N =26,896). Measurements were performed under
ambient conditions.

Raman mapping of Gr/Cu and h-BN-encapsulated Gr was performed
using a commercial HORIBA LabRam HR Evolution confocal micro-
scope with 473-nm excitation and collection in a 180° back-scatter
geometry (1,800 lines per mm grating, 100 pm confocal hole) through
a100x objective (0.9 numerical aperture). Spectral map parameters
for 20 pm x 20 pm area Gr/Cu(111) (Supplementary Fig. 26a-c) were
1 mW power, 60 s and two accumulations at 1 pm step size (N =441).
For the 3 pm x 3 pm h-BN-encapsulated graphene (Supplementary
Fig.26g-i), the map was collected with 0.6 mW power, 20 s and two
accumulations at a step size of 0.1 um (N =1,380). All measurements
were performed under ambient conditions.

XPSwas performed using aKratos Axis Ultrasystem withamonochro-
matic AlKa (1,486.7 eV) excitation source operating at15 kVand 10 mA.
Samples were pumped to a base pressure of at least 3.0 x107° Torr
(4.0 x1077 Pa). Kinetic energies of ejected electrons were measured with
a hemispherical energy analyser located at a photoelectron take-off
angle of 90° to the surface. A pass energy of 20 eV was used. Binding
energies were normalized to Cu2p from the copper substrate. We con-
ducted data analysis with Shirley backgrounds in CasaXPS fitting to
Voigt functions.

Device fabrication

Foreachlithography step, abilayer resist consisted of copolymer (MMA
(8.5) MAA EL10 from Kayaku, rotation speed 66.67 Hz, 1 min, bake at
150 °C,2 min) and PMMA (950 PMMA A2 from Kayaku, rotation speed
66.67 Hz,1 min, bake at 150 °C, 2 min). Each PMMA/MMA mask was first
patterned by means of electron beam lithography (NanoBeam nB4).
The Hall bar geometries for Gr-Si**/SiO, devices were etched using O,
plasma (60 sccm) with 30 W RF power and 40 mTorr process gas pres-
sure in aninductively coupled plasma reactive ion etching (ICP-RIE)
system (Oxford Plasmalab100). The h-BN-encapsulated devices were
etched with the edge-contact method? using CHF,:0, (40:4 sccm) gas
mixture with 10 W RF power and 40 mTorr process gas pressure inthe
same RIE system. Metal electrodes for all devices were deposited using
electron-beamevaporation (Angstrom Engineering Nexdep) consisting
of Cr/Pd/Au (2 nm/20 nm/60 nm).

Electrical characterization
The Gr-Si**/SiO, devices were measured at room temperature in a
vacuum probe station (Lake Shore Cryotronics model FWPX) using
asemiconductor device analyser (Keysight Technologies BISOOA).
The h-BN-encapsulated samples were measured in a *He cryostat
with a base temperature of 300 mK with a superconducting mag-
net up to 15 T. Four-terminal resistance measurements were carried
out using alow-frequency lock-in technique at a frequency of 17 Hz.
The carrier density was tuned by applying voltage on the Si**/SiO, or
few-layer-graphene gate with a DC source meter (Yokogawa). Further
details on measurement configurations and geometry corrections
for the h-BN-encapsulated sample can be found in Supplementary
Figs.28 and 29.

Data availability

Experimental data relevant to figures in the main text and data of
numerical calculations are available at https://doi.org/10.5281/
zenodo.10957342*, All other raw data are available from the corre-
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