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ABSTRACT: We systematically study the eﬀects of residual
oxygen in the bulk of Cu foil catalysts on the chemical vapor
deposition (CVD) of graphene. While oxidation is widely
used to remove impurities in metal catalysts and to control the
nucleation density of graphene, we show that minute
concentrations of residual bulk oxygen can signiﬁcantly
deteriorate the quality of as-grown graphene highlighted by
an increased Raman D/G ratio, increased propensity to
postgrowth etching, and increased fraction of multilayer
graphene nucleation. Starting from commercial Cu foils, we
show that a simple hydrogen annealing step after the initial oxidation allows us to lower the residual oxygen level as measured by
time-of-ﬂight secondary ion mass spectrometry to produce graphene of signiﬁcantly higher quality. This can be eﬀectively
combined with a short hydrocarbon exposure time of 10 min to achieve near full monolayer graphene coverage, suitable for
emerging industrial applications. We show that residual oxygen can have an equally signiﬁcant impact on Fe-catalyzed h-BN
CVD and discuss the underlying mechanisms with parallels to well-known processes in metallurgy, catalysis, and vacuum
science.

■

INTRODUCTION
Controllable, reproducible, and scalable growth of graphene
and related 2D materials remains the foremost challenge for
both research and any technologies exploiting their unique
properties. The chemical vapor deposition (CVD) of graphene
and hexagonal boron nitride (h-BN) on transition metal
catalysts has become the most widespread growth method for
large monolayer domain size and large-area continuous
ﬁlms.1−36 The ever increasing uptake of such CVD is driven
by simple reactor designs, high tolerance parameter spaces, and
the relatively low costs. Signiﬁcant progress has been made in
understanding the key underlying reaction mechanisms
underpinning such graphene and h-BN CVD.13,20,37−41
Speciﬁcally for catalysts of low carbon solubility such as
Cu,42 the introduction of oxygen via partial preoxidation of the
catalyst and/or a gaseous precursor during the CVD process is
known to have a range of beneﬁcial eﬀects.6,18,25,27,28,32,34,43−45
Oxygen has been shown to be highly eﬀective in removing preexisting deleterious carbon and thus enable orders of
magnitude lower graphene nucleation densities.18,44 Thus,
large graphene domain sizes can be achieved which are
required for emerging industrial applications; particularly in
electronics and photonics. Oxygen is known to modify the
growth characteristics: in a gaseous form it acts in many ways
similar to hydrogen as an additional etchant34,43 which can
© 2019 American Chemical Society

permit an increased growth rate of graphene when other
parameters are reoptimized.46 When present in the catalyst foil,
it has been shown, in certain parameter spaces, to increase the
growth rate of graphene and increase the dendricity of
graphene domains.6,46 The numerous eﬀects of controlled
oxygen use highlight also the possible reliability issues when
unintentional sources of oxygen, for example reactor walls or
lower purity commercial Cu foils, are not thoroughly
investigated. When graphene and h-BN are exposed to high
levels of oxygen they can become oxidized, reducing the quality
of the ﬁnal materials. The problem of oxygen in metals like Cu
is far from new, and applications such as vacuum seals,47
nuclear waste management,48 and cryogenics have driven a
number of reﬁnement techniques that reduce the oxygen levels
in Cu. Cu is widely employed as catalyst also for other
industrial reactions ranging from methanol oxidation to CO2
reduction,49 and while the catalyst might not be in bulk form
for the actual application, bulk metal crystals are widely used as
model systems for which recent literature highlights the
potential signiﬁcance of process-dependent oxygen surface
segregation.50
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Figure 1. CVD process ﬂow schematic summarizing the key growth parameters.

approach allows us to control the concentration of oxygen in
the bulk of the catalyst, which in the following we refer to as
CO. Graphene growth occurs during an exposure stage of
length tgrowth in CH4, H2, and Ar (ﬂow rates ratio 0.32:64:576
sccm, respectively). In order to induce etched holes into the
graphene, employed here as a means of characterization, an
exposure step in H2 and Ar (170:470 sccm) for a time tetch = 20
min was added for select samples. The samples were cooled in
Ar to <200 °C in approximately 1 h.
Optical microscopy (5× objective) was used to record 2560
× 1920 pixel images of 7.36 mm2 areas on randomly selected
areas of the samples. Scanning electron microscopy (SEM) was
performed on a Carl Zeiss Gemini 300 microscope with a 5 kV
accelerating voltage. The nucleation densities and areas of
graphene and etched graphene holes were measured using a
custom image processing code built using OpenCV51 and
Python. The processing consisted of binarizing the image to
reveal the graphene domains, from which their areas and
number could be ascertained. The domains, as recognized by
the code, were ﬁltered to remove outliers and approximately
nonhexagonal domains, reducing the number of miscounts due
to partial domains at the edge of the image, domain mergers,
and optical artifacts. The number of domains per image ranged
from 3 to 241, and ﬁve images were taken per sample for the
graphene nucleation/area measurements. For etched graphene
holes the number of domains ranged from 0 to 197, and six
images per sample were taken.
A section of each graphene sample was removed from the
growth catalyst and placed onto 285 nm thermally grown SiO2
on Si (500 μm) wafers for further characterization. The
“bubbling” transfer method was used.52 First 995k A4 PMMA
resist (diluted 1:3 in anisole) was drop cast onto the graphene
on Cu foil. After the polymer scaﬀold had dried, a section of 1
cm × 3 cm PMMA/graphene/Cu was cut out from the each of
the foils. The PMMA/graphene was then removed from the
catalyst using a potential diﬀerence of 3.5 V in 0.5 M NaOH to
electrochemically delaminate the PMMA/graphene stack from
the catalyst and transferred to a bath of deionized (DI) water.
This PMMA/graphene was then rinsed in a further DI water
bath and then scooped up with the target substrates, followed
by drying in air for 12 h, which was followed by baking at 115
°C for 1 h. The polymer was removed with acetone, and the
samples were washed in IPA before drying with N2 gas.
Raman spectroscopy (Renishaw inVia system) was used to
characterize the transferred graphene islands and ﬁlms. In

Our starting point here builds on this previous literature, and
we employ ex situ oxidation of commercial Cu foils as a ﬁrst
preparatory step for the graphene CVD process. We focus
here, however, on the eﬀect of residual oxygen in the bulk of
Cu catalysts that this common pretreatment induces. While the
concentration of such residual oxygen can be below the typical
elemental detection limits of techniques like energy dispersive
X-ray analysis (EDX) or X-ray photoelectron spectroscopy
(XPS), we show that it can signiﬁcantly impact the CVD
process and deteriorate the quality of as-grown graphene
highlighted by an increased Raman D/G ratio and an increased
propensity to postgrowth etching. We show that a simple
hydrogen annealing stage can decrease the residual oxygen
level as measured by time-of-ﬂight secondary ion mass
spectrometry (TOF-SIMS), producing graphene of signiﬁcantly higher quality, while also reducing the fraction of
multilayer graphene. This can be eﬀectively combined with a
short hydrocarbon exposure time of 10 min to achieve full
monolayer graphene coverage, suitable for emerging industrial
applications. We show that residual oxygen can have an equally
signiﬁcant impact on Fe catalyzed h-BN CVD, and we discuss
the underlying mechanisms with parallels to well-known
processes in metallurgy, catalysis, and vacuum science.

■

EXPERIMENTAL METHODS
Motivated by its common use in both research and industry,
we focus on 25 μm 99.8% Cu foil (Alfar Aesar). We note that
this is not the highest purity available, but instead, it reﬂects
the demand for low cost and contamination tolerant process
development. The Cu foils were cut down to 6 cm × 6 cm
sheets, sonicated in acetone (99.9% analytical grade), followed
by sonication in isopropyl alcohol (IPA, 99.9%), and dried
with N2 gas. The foils were then oxidized at 200 °C in a
preheated, atmospheric oven for a period of 2 h leading to a
uniform Cu oxide approximately 200 nm thick (see Figure S2).
Figure 1 schematically highlights the CVD process steps and
relevant parameters. All CVD graphene growth experiments
are performed in a commercial Aixtron Black Magic Pro 4 in.
cold wall system with a base pressure of approximately 0.05
mbar. The total pressure for all heating, annealing, growth, and
cooling stages is 50 mbar. The CVD process starts with
ramping up in Ar to a temperature of around 1065 °C achieved
within 20 min. The foils are then annealed in Ar for a time tAr =
30 min. Importantly, then an annealing step in H2 and Ar
(100:500 sccm) was introduced for a length of time tH2. This
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Figure 2. (a) Box plots of the oxygen (O−) concentration of commercial Cu foils annealed for tH2 = 0, 45, and 240 min. The inset schematically
highlights the diﬀerence between bulk levels of oxygen and the surface oxide which is due to atmospheric exposure. The yellow triangles represent
the mean O− level. (b) Depth proﬁle of Cu foil for tH2 = 240 min showing the O− ion count. (c) A 3D map of O− (green) and C2− (red) ion count
for tH2 = 240 min. The C2− count reﬂects the graphene domains present on the Cu surface.

This was done in order to mitigate the diﬀerence in ion yields
of diﬀerent Cu crystal orientations across diﬀerent samples or
even within the same sample. The sputtering process is
homogeneous across the surface and the surface roughness was
observed to propagate throughout the sputter process. Data
processing was carried out by selecting relevant peaks in the
ToF-SIMS spectra and monitoring their change in intensity
over the course of the depth proﬁling. C2−, O−, and Cu2− were
used to monitor the levels of carbon, oxygen and bulk copper,
respectively. C2− was chosen to be more representative for
carbon than monatomic C− which is more prone to fragment
from other residual oxides or other adventitious species. Good
indications of bulk Cu represent polyatomic species such as
Cu2− or Cu3−, from which Cu2− was chosen due to a higher
intensity level. Here, the bulk was deﬁned as starting from the
point at which the Cu2− signal level saturated and the O−
signal decayed up to a stable level. The spectra were calibrated
using both low and high mass elements, and the peaks were
assigned in good agreement with theoretical vs experimental
isotope identiﬁcation.

order to gather a fair statistical average of the quality of the
graphene ﬁlm, a minimum of 900 Raman spectra were
acquired per sample over a 150 μm by 150 μm area (visually
bilayer free) for the continuous ﬁlms, using a 50× objective
and an excitation wavelength of 532 nm. Due to the variation
in the domain sizes of noncontinuous graphene, multiple
Raman spectra were acquired over at least two separate
domains per sample for a minimum of 100 spectra per sample.
The statistical results are compiled from all Raman spectra
taken on all domains in that sample, with outliers (Raman
spectra with D/G ratios of greater than 0.1) removed from the
statistics.
For h-BN CVD, we use pristine Fe foils (Goodfellow, 99.8%,
100 μm thick). The Fe foils were cleaned in acetone/IPA and
annealed at 940 °C for 30 min in 1 × 10−2 mbar pure NH3
atmosphere. To initiate growth, borazine was added at 4 ×
10−4 mbar partial pressure (in addition to NH3) for 5 min. For
oxidized Fe foils (5 min, 350 °C), the foils were heated and
annealed in Ar atmosphere (1 × 10−2 mbar) for 30 min and
then annealed in NH3 (1 × 10−2 mbar) for 30 min, followed by
a borazine exposure (in addition to NH3) at 6 × 10−4 mbar for
10 min. Finally, for the carburized h-BN growth, oxidized Fe
foils were successively annealed in Ar atmosphere (1 × 10−2
mbar) for 30 min and in NH3 (1 × 10−2 mbar) for 15 min with
an additional dose of C2H2 (3 × 10−3 mbar in addition to
NH3) for 15 min, followed by borazine at 4 × 10−4 mbar (in
addition to NH3) for 10 min. After the growth, for all samples,
the heater was switched oﬀ and the system was rapidly cooled
(200 °C/min initially).
ToF-SIMS measurement were performed using a ToF-SIMS
IV instrument (ION-TOF Gmbh, Germany) at a base pressure
<5 × 10−9 mbar. Each depth proﬁle was acquired by analyzing
a 150 μm × 150 μm surface area (128 × 128 pixels, randomly
rastered) centered within a 400 μm × 400 μm sputtered region
in a noninterlaced mode (alternating data acquisition and
sputtering cycles). Elemental analysis was carried out using 25
keV Bi3+ ions from a liquid metal ion gun (LMIG), with a spot
size less than 5 μm in spectroscopy mode, with a cycle time of
100 μs, and an ion current of 0.1 pA. For sputtering, 10 keV
Cs+ ions with a current of 30 nA oriented at 45° to the sample
were employed. The 3D proﬁles were constructed by
interleaving the vertically resolved surface area images acquired
during depth proﬁling. All depth proﬁles were normalized to
the total ion intensity, using a point-to-point normalization,
allowing the most consistent comparison between the samples.

■

RESULTS AND DISCUSSION
We adopt a foil oxidation procedure of heating in ambient
conditions as a starting point to potentially improve graphene
growth as reported in previous literature.18,27,28,45,53 We ﬁnd
that the initial thickness of oxide on the Cu foils does not have
much impact, apart from at the extremes: low temperatures/
short times of oxidation failed to give a reliable decrease in
graphene nucleation density while higher oxidation temperatures (>300 °C) and longer times resulted in the Cu oxide
detaching from the metal and therefore inhomogeneous and
rough oxides. The oxidation procedure (see Methods) was
chosen as the oxidation was reasonably slow, homogeneous,
and capable of reproducing previous research on growth.18
Our focus here is on the bulk oxygen concentration CO in
the Cu foil, and while this can be minute, we show it can have a
signiﬁcant eﬀect on both the nucleation density, Nnuclei, and
defect density of the graphene ﬁlm. We compare these minute
oxygen levels using TOF-SIMS, and Figure 2 shows how we
deﬁne and diﬀerentiate between what we refer to as surface
and bulk oxygen: bulk oxygen is deﬁned as the region in the
depth proﬁle where the ion count (normalized to the total ion
count) no longer varies signiﬁcantly and is observed to plateau.
We emphasize that this refers to a post growth state after
atmospheric exposure and that during CVD the oxygen proﬁle
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ﬁrst minute of growth. This observation suggests that the level
of secondary graphene nucleation is low, and once nucleated
the dissociated carbon from the precursor mainly drives
growth of existing graphene domains. It is also important to
consider the areas of nucleated domains. Figure 3d shows the
trend in Anuclei for the two diﬀerent values of tgrowth: for both
tgrowth the average area of graphene domains as a function of tH2
plateaus at Anuclei = 1.5 × 103 μm2 and Anuclei = 3.5 × 103 μm2,
respectively. Also noticeable is the increasing diﬀerence in
Anuclei between the two tgrowth, representative of an increasing
net growth rate of the graphene domains, which then tends to
a constant at the plateau. This trend indicates the presence of
an additional etchant, oxygen, which is being removed by
hydrogen annealing. We note that the eﬀect of hydrogen here
in conjunction with oxygen is diﬀerent to previous reports on
the sole use of hydrogen to pretreat Cu surfaces.54,55
For the unoxidised Cu foil for tgrowth = 1 min (see
Supplementary Figure S3) a much larger Nnuclei of >1.7 ×
106 cm−2 is observed. This value is comparable to the work of
Braeuninger-Weimer et al.18 who for similar growth conditions
in the same CVD reactor reported Nnuclei = 1 × 106 cm−2. It is
important to note that the domains are clearly ordered along
the rolling striations of the Cu foil, highlighting that the carbon
contamination is signiﬁcantly contributing to the nucleation
events. It was diﬃcult to ascertain Anuclei of the graphene on
untreated Cu due to the merger of domains and the high
Nnuclei; nevertheless, the average measured area of Anuclei = 12
μm2 implies a signiﬁcantly lower domain growth rate than even
the smallest islands after oxidation (Anuclei approximately 200
μm2). The areas of Figure S3 with much higher nucleation
densities have smaller domain areas, indicating that the growth
rate here is likely limited by the low carbon availability per
nuclei.41
Figure 4 shows the results obtained from Raman spectroscopy analysis of the graphene for growth times tgrowth = 1 min,
1.5 min (islands), and 30 min (continuous), which are
particularly striking. Parts a and d of Figure 4 show optical
images of example transfers of the graphene islands. Figure 4b
shows the signiﬁcant diﬀerence in average D/G peak ratios
between tH2 = 0 min, tH2 = 30 min, and tH2 = 60 min for
graphene grown to continuous coverage (tgrowth = 30 min),
while Figure 4c plots the obtained D/G peak ratio for diﬀerent
tgrowth and tH2. Both the error bars corresponding to standard
deviation of the data set, and the variation between points and
samples shown in Figure 4c is noted and attributed to the
transfer process. All transfers were done identically in the same
strength NaOH solution, using Pt as an electrode, transferred
onto identically processed pieces of the same 285 nm SiO2
coated wafer in an attempt to keep consistent baseline
conditions. A general trend can still be observed and indicates
that the average D to G peak ratio of graphene steadily
decreases with longer tH2 for both islands and once full
coverage is reached. This strongly implies that the average
quality of graphene has improved as less defects are present,
which correlates to the removal of CO prior to growth.
The etching of hexagonal holes in graphene using a
hydrogen-rich atmosphere after growth has been studied
before,26,56−59 and it can be used as a visual conﬁrmation of
graphene alignment.8 To etch the continuous graphene, an
etching time of tetch = 20 min (Figure 1) was added after tgrowth
= 60 min, whereby the longer growth time was chosen to
ensure full merger and growth of the graphene ﬁlm to limit the

can show process and time dependent behavior. The box plots
in Figure 2a are created from the data points in this plateau
region (seen in Figure 2b), showing that in the CVD process
outlined in Figure 1 we can control CO via the length of the
hydrogen anneal step, tH2.
While Cu oxide on the surface of the foil is easily reduced in
typical CVD processes, the oxygen in the bulk of the foil acts as
a reservoir and permeates to the surface continuously during
2D material growth, and we postulate that this is causing the
signiﬁcant changes outlined here. In this context, the 2D
materials (graphene on Cu and h-BN on Fe) themselves can
be thought of as extremely sensitive probes of this bulk oxygen,
which is typically very diﬃcult to detect with other methods.
We compare the TOF-SIMS measurements and systematic
CVD experiments with varying tH2 and two diﬀerent lengths of
tgrowth. Figure 3 shows the variation of the density of graphene

Figure 3. (a) Optical microscope image of graphene grown with tH2 =
0 min and tgrowth = 1 min. (b) Optical microscope image of graphene
grown with tH2 = 240 min and tgrowth = 1 min. (c) Average nucleation
density of graphene domains after tgrowth = 1 min and tgrowth = 1.5 min
growth against tH2. (d) Average area of graphene domains after tgrowth
= 1 min and tgrowth = 1.5 min growth against tH2. The error bars here
are representative of the standard deviations of the data sets.

nuclei, Nnuclei, and the average area of nuclei, Anuclei, for two
diﬀerent tgrowth values as a function of tH2. The growth times
were selected to nucleate graphene for all tH2 while minimizing
the chance of graphene domain merger to preserve accuracy of
the statistics, shown by parts a and b of Figure 3, representing
the extrema of the parameter space looked at for tgrowth = 1
min. Figure 3c shows clearly that, with longer tH2, Nnuclei
increases for all growth times and approaches a plateau at
approximately Nnuclei = 2 × 103 cm−2. The nucleation densities
for tgrowth = 1 min and tgrowth = 1.5 min are similar, highlighting
that the majority of graphene nucleation happens within the
16260
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Figure 4. (a) Optical image of a typical graphene domain after the bubbling transfer on SiO2 (tgrowth = 1 min, tH2 = 0 min). (b) Histograms of the
ﬁtted Raman D to G peak ratios for tH2 = 0 min, tH2 = 30 min, and tH2 = 60 min for continuous graphene ﬁlms (tgrowth = 30 min). (c) Scatter plot
and trend line showing average D to G peak ratios of graphene islands and continuous ﬁlm vs tH2. The error bars are representative of the standard
deviations of the data sets. (d) Optical image of a typical graphene domain for tH2 = 60 min after bubbling transfer on SiO2 with otherwise
unchanged CVD conditions compared to part a.

preferential etching eﬀect at nonfully merged domain
boundaries as reported in the literature.26 The etching time
was used so as to give a large enough number of etched holes
with large enough areas for quantitative measurement, while
minimizing the chance of the merger of these etched holes to
preserve the accuracy of etching statistics. Figure 5 summarizes
the nucleation density of the holes, Netch, and the average areas
of the etched holes, Aetch. The SEM images in parts a and b of
Figure 5 represent a strong trend: the longer tH2, the lower the
number of etched holes within the graphene. Parts c and d of
Figure 5 indicate that after tH2 = 60 min there was no visible
graphene etching within the parameter space explored here.
Much of the literature attributes the nucleation of these holes
to defects57 or defective areas such as those caused by SiO2
nanoparticles59 and oxygen plasmas58 and at intergrain
stitching between unaligned graphene domains.26 It is thus
reasonable from this prior research to associate Netch with the
defect density of the graphene. Therefore, our data indicates
that higher CO leads to higher defect densities in the as-grown
graphene. Aetch signiﬁcantly decreases with increased tH2, which
indicates the presence of a complementary etchant in the bulk,
oxygen, acting to increase the rate of etching.
It is widely found across the literature that monolayer
graphene ﬁlms can contain a certain, typically small fraction of
multilayer graphene. Figure 6 shows that this fraction of
multilayer graphene also relates to tH2. Multilayer domains
were found to be distributed throughout the continuous
graphene ﬁlms in varying quantities and sizes. While they never
occupied more than 1% over a 7.36 mm2 area, their presence
can have negative eﬀects on potential applications so warrant
investigation. Parts d−f of Figure 6 show a clear trend: the
nucleation density, Nmulti, and area, Amulti, of graphene

Figure 5. (a, b) SEM images of continuous graphene (tH2 = 0 and 240
min and tgrowth = 60 min) after etching for tetch = 20 min/ (c) Average
nucleation density of etched holes vs tH2 after tetch = 20 min. (d)
Average area of etched holes vs tH2 after tetch = 20 min. The error bars
here are representative of the standard deviations of the data sets.

multilayer domains decreases with longer tH2. Previous work
has shown that an oxide pretreatment redistributes the carbon
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Figure 6. (a−c) SEM images after growth (tgrowth = 60 min) for tH2 = 0, 30, and 240 min, respectively, after being exposed to air for approximately 3
months. (d) Average area, Amulti, of graphene multilayers vs tH2. (e) Average nucleation density, Nmulti, of graphene multilayers vs tH2. (f) Fractional
coverage of graphene multilayers (compared to monolayer) in continuous graphene ﬁlms vs tH2.

Figure 7. h-BN growth on Fe foil. (a) h-BN on pristine Fe: h-BN domains consist of small multilayer pyramids. (b) h-BN on preoxidized Fe: h-BN
ﬁlm has damage from residual oxygen coming from the bulk (holes, i.e. exposed Fe surface giving higher secondary electron yield and appear
brighter). (c) h-BN on oxidized and carburized Fe:h-BN domains are larger, are a monolayer, and have no visible etch damage.

throughout the Cu foil as well as partially removing it.18 Figure
S4 demonstrates that the hydrogen annealing procedure acts to
further remove this deleterious carbon, with longer tH2 having
lower concentrations of carbon (C2− normalized ion count).
Since carbon concentrations are positively correlated with the
nucleation density of graphene,44 this trend adds evidence to
the action of the residual oxygen as a graphene nucleation and
growth rate suppressant. Here, we use this decrease in bulk
carbon concentration to explain the decrease in multilayer
formation, eﬀectively reducing the carbon feedstock within the
Cu foil available to nucleate and grow the multilayers. The
presence of oxygen has also been shown to assist carbon
diﬀusion in Cu for the formation of multilayers.60 Hence this
further implies that not only is there less carbon available for
their growth, but that the carbon permeability within the Cu is
decreased with lower CO, inhibiting the ability of this carbon to
contribute to multilayer growth.
Our data show how sensitive a growing graphene monolayer
is to surfacing oxygen from the catalyst bulk. It is known that
also other 2D materials, such as h-BN, can be etched/degraded
by oxygen at CVD growth temperatures;61 hence, in the
following, we look at Fe-catalyzed h-BN CVD to study if
minute oxygen bulk levels can have equally signiﬁcant eﬀects
for such a more complex catalyst-precursor system. Fe is widely

used for h-BN synthesis,40,62−64 but unlike Cu/graphene where
Cu has little C solubility, Fe has bulk solubility for both B and
N.40,65 Hence not only isothermal growth but also growth via
precipitation can occur,66 and oxygen bulk eﬀects link to
quaternary or quinary (including carbon) phase diagrams and
much more complex growth kinetics. In the most basic h-BN
growth process, pristine Fe foils are exposed to borazine (see
Methods) resulting in the growth of pyramid-like multilayer hBN domains as shown in Figure 7a, in line with the previous
literature.40,65,67 In analogy to Cu-catalyzed graphene CVD,
the Fe foil can be oxidized pregrowth to, for instance, limit and
control the amount of deleterious carbon in the foil. Figure 7b
shows that such Fe oxidation leads to distinct growth results
for similar CVD conditions. Notably a much higher h-BN area
fraction is monolayer. However, Figure 7b also shows that the
excessive Fe oxidation leads to h-BN etching and to an overall
defective, holey h-BN coverage. These results agree with
previous studies where emitting defects or etched patterns
were purposely introduced in h-BN via oxidative treatments,68−70 while higher yield and smoothness of bulk h-BN
crystals were achieved with the removal of oxygen from the
catalyst system.71 Such etching indicates that oxygen dissolved
in the Fe bulk can have a signiﬁcant deleterious eﬀect. Yet, in
order to lower this level of bulk oxygen, we ﬁnd a simple
annealing in reducing atmospheres (e.g., NH3, H2) not as
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eﬀective as for the graphene/Cu system.72 Previous studies
showed that distorted h-BN domains formed when Cu foils
were oxidized, requiring more than 3 h annealing times to
restore the triangular shape of the deposits.72 Instead, we ﬁnd
that the controlled addition of carbon is a much more eﬀective
reducing strategy for the Fe/h-BN system.73 Indeed, such
interplay of carbon and oxygen is well-known in the steel
industry.74 Carbon is known to diﬀuse rapidly into Fe75
allowing a rapid tweaking of the small residual oxygen level.
Instead of a hydrogen annealing step (Figure 1), we hence
introduce a brief exposure to C2H2 (see Methods) for
preoxidized Fe foils prior to the borazine exposure. Figure 7c
shows that such annealing step has a signiﬁcant inﬂuence on
the h-BN growth. For otherwise unchanged conditions, the hBN now is a monolayer, is highly uniform, and does not show
obvious etching holes in SEM analysis. We note that
quantitative defect characterization is more challenging for hBN, with it being insulating and showing a rather weak,
nonresonant, and much less rich (compared to graphene)
Raman signature. Hence, new characterization approaches are
currently being developed.69,76,77 While the full complexity of
such h-BN CVD is beyond the scope of this paper, here the
main point is to highlight that controlling minute oxygen levels
in the bulk of growth catalysts is a critical parameter also for
2D materials beyond graphene.
Our data highlight the signiﬁcant eﬀects that even minute
CO during the CVD process can have on the quality of 2D
materials. Figure 8 schematically highlights a possible

typical chemical characterization techniques such as XPS or
EDX. Recent surface science literature has clearly highlighted
how for instance hydrogen can be used to tune the surface
segregation of bulk oxygen in Cu.50 While surface oxides from
oxidative pretreatments reduce quickly at growth temperatures,
Figure 8 highlights that it is the bulk oxygen that permeates to
the Cu surface during CVD that we suggest is signiﬁcantly
deteriorating the quality of growing 2D materials highlighted
for graphene by an increased postgrowth Raman D/G ratio
(Figure 4) and increased propensity to postgrowth etching
(Figure 5). By introducing an extra annealing step (see tH2 in
Figure 1), we show that the level of oxygen can be reduced to
negate these detrimental eﬀects, while still retaining the
beneﬁcial eﬀects of the oxidative pretreatment. This process
can be directly compared to the widely used extraction
metallurgy where residual oxygen is removed via hydrocarbon79 or carbon monoxide80 injection used to improve the
electrical and physical properties of Cu. Oxygen-free Cu is
widely used when release of oxygen and other impurities is
detrimental to the application.22
For applications like nuclear fuel canisters,48 Cu corrosion
resistance and mechanical properties are well-known to directly
link to impurity precipitation at Cu grain boundaries. Within
the given data set, we see no obvious correlation of Netch and
Nnuclei with Cu grain boundaries. The approximate size of the
Cu grains within a foil are typically on the order of 1 cm2;
therefore, this work is relevant to Cu single crystals that are
increasingly used to grow high quality graphene.81 The
presence of bulk oxygen can signiﬁcantly aﬀect the distribution
and density of etched holes, which is interesting to note as
such etching is widely used to highlight the crystallinity of
graphene ﬁlms.8,26 Our data point out that, for given etch
conditions, this procedure can also reveal the defect density
within a graphene domain. Figure 8 intends here to only focus
on the key “ﬁrst order” eﬀects of CO that our data support. As
the eﬀects of minute bulk oxygen have previously not been
thoroughly considered, we hope our data will be useful in
further reﬁning the understanding of 2D material synthesis. We
particularly expect our data to be useful in deconvoluting CVD
growth data, which is extremely challenging due to the large
existing parameter space including the yet unmonitored but
crucial parameters such as the oxygen in the bulk of the
catalyst. To add to this complexity, oxygen can have modifying
eﬀects on other elements in the bulk of the catalyst, changing
how these elements can eﬀect the growth; in the case of carbon
oxygen enhances the permeability in the catalyst and increases
the frequency and area of multilayers.78,82 Importantly, not
only do we establish the eﬀects of this bulk oxygen but also, by
introducing a simple hydrogen annealing step (Figure 1), we
show that we can eﬀectively control CO. Figure 9 compares the
resulting graphene ﬁlm with ﬁxed tgrowth = 10 min for tH2 = 0
min and tH2 = 60 min respectively, for otherwise unchanged
conditions. Aside from the defect density there is a stark
diﬀerence in graphene coverage with the sample at tH2 = 60
min showing nearly full coverage, compared to sparse island
coverage for tH2 = 0 min. Figure 9b highlights that this rather
simple hydrogen annealing step can not only lower the defect
density but also can give signiﬁcantly higher monolayer
coverage with large (>100 μm) graphene domains.

Figure 8. Mechanistic outline of the eﬀect of residual bulk oxygen on
2D material growth.

mechanism, which while rather simplistic, we think can
rationalize our ﬁndings, consistent with previous literature on
the Cu/graphene system. We discuss this in the following also
using parallels to well-known processes in metallurgy, catalysis,
and vacuum science. Oxygen can aﬀect the 2D CVD process in
many ways.78 Previous literature,18,44 clearly showed that
starting from commercial Cu foils oxygen addition enables a
signiﬁcant (6 orders of magnitude) reduction in the graphene
nucleation density. This eﬀect can be seen in analogy to
extraction metallurgy where oxygen is driven into the Cu matte
to segregate and remove impurities.79 Our data here focus on
the residual bulk oxygen that this common pretreatment
induces and that is typically beyond the sensitivity limit of
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CONCLUSIONS

We have established the immense sensitivity of 2D materials,
such as graphene and h-BN, to the presence of minute
concentrations of oxygen in the bulk of metal catalyst foils
widely used for their growth. Minute residual bulk oxygen
concentrations that common metal surface oxidation introduces are diﬃcult to detect and hence have previously been left
unmonitored/uncontrolled. For Cu-catalyzed graphene
growth, such residual bulk oxygen can signiﬁcantly deteriorate
the quality of as-grown graphene highlighted by an increased
Raman D/G ratio, increased propensity to postgrowth etching
and increased fraction of multilayer graphene nucleation. In
other words, the graphene itself can be seen as a sensitive
probe for this bulk oxygen as it permeates to the catalyst
surface at elevated temperature. We show that a simple
hydrogen annealing step can be introduced to eﬀectively
control this residual oxygen and achieve signiﬁcantly higher
graphene quality under otherwise unchanged CVD conditions.
Our data highlight that for Fe-catalyzed h-BN CVD such
control of minute bulk oxygen levels is an equally critical
parameter, and we expect this to hold also for other 2D
materials grown on metal catalysts. With parallels to wellknown processes in metallurgy, catalysis, and vacuum science,
we introduce a simple model for bulk oxygen to be considered
as a relevant CVD parameter for 2D materials and as a basis to
reﬁne the current understanding of their growth and to
advance their scalable and cost-eﬃcient manufacture.
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