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The confinement effect of intercalated atoms in van der Waals heterostructures can lead to
interesting interactions between the confined atoms or molecules and the overlaying
two-dimensional (2D) materials. Here, we report for the first time the formation of ordered Cu(100)
p(2%2) oxygen superstructures by oxygen intercalation under the monolayer hexagonal boron nitride
(h-BN) on Cu after annealing. By using scanning tunneling microscopy and X-ray photoelectron
spectroscopy, we identify the superstructure and reveal its roles in passivating the exposed Cu
surfaces, decoupling h-BN and Cu, and disintegrating h-BN monolayers. The oxygen superstructure
appears as a 2D pattern on the exposed Cu surface or quasi-1D stripes of paired oxygen intercalated
in the interface of h-BN and Cu predominantly oriented along the moiré modulations. The oxygen

superstructure is shown to etch the overlaying h-BN monolayer in a thermal annealing process. After



extended annealing, the h-BN monolayer disintegrates into nanoislands with zigzag edges. We
discuss the implications of these findings on the stability and oxidation resistance of h-BN and relate

them to challenges in process integration and 2D heterostructures.

I. INTRODUCTION

Interfaces provide spatial confinement that can enable interesting properties that would not exist in
the constituent materials alone, such as two-dimensional (2D) electron gas [1, 2], heterogeneous
catalysis [3], and novel dynamics of atoms or molecules [4, 5]. The atomically sharp interface
between a weakly coupled 2D material and its substrate generates a unique 2D space for exploring
the molecule—substrate interactions and surface reactivity [6-8]. In particular, the intercalation of
atoms and molecules in the interface is a promising route to modify the structures and electronic
properties of 2D materials [9, 10]. As the thinnest insulating 2D material, the monolayer hexagonal
boron nitride (h-BN), which can be grown by chemical vapor deposition (CVD) directly on transition
metal substrates [11-13], is a good overlayer for studying interfacial interactions. Oxygen is shown to
intercalate the interface of h-BN and metal substrate [14], which can mediate the catalytic etching of
h-BN [15-17]. However, the structure of the intercalated oxygen involved in the etching process
remains unclear. Moreover, the monolayer h-BN made of strong covalent bonds, exhibits profound
mechanical, chemical and temperature stability [18-22], and promises a wide range of applications as
a deep ultraviolet emitter [23], dielectric layer [24], protective coating [25], etc. Recent reports
recommend h-BN as a strong oxidation resistance barrier for both metal substrates and graphene [26].
On the other hand, theoretical calculations on the oxidation of monolayer h-BN suggest that oxygen

atoms are first absorbed on top of BN planes to form energenically favorable oxygen chains and then



the dissociation of the B-O—N bonds cuts the BN nanosheets along the chains [27, 28]. Thus, the
stability of h-BN as an oxidation barrier and the oxygen etching process both remain to be evaluated,
especially when facing an interface between h-BN and a catalyst metal.

In the present work, using scanning tunneling microscopy (STM), we show the formation of an
ordered p(2%2) superstructure after annealing the monolayer h-BN on Cu(100) system at 600 °C in
ultra-high vacuum (UHV). X-ray photoelectron spectroscopy (XPS) measurements confirm the
superstructure as p(2x2) oxygen, a long sought-after surface configuration of Cu(100) with low
oxygen coverage. The oxygen is introduced by intercalation during the sample exposure to air before
transferring to UHV. Density functional theory (DFT) calculations suggest an important role of the
confinement effect of the monolayer h-BN in the formation of the superstructure. The p(2%x2)-O
superstructure is shown to decouple the monolayer h-BN and facilitate its etching process on the

Cu(100).

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

Large-scale h-BN monolayers were grown by atmospheric-pressure CVD on 25-um-thick Cu foils
(Alfa Aesar, 46986), as described in recent reports [29, 30]. The typical growth time was 30-60 min
to obtain nearly full coverage of monolayer h-BN on the Cu surface as shown in Supplemental
Material Figure S1 [31]. The predominant Cu surface orientation has been found to be (100) [29, 32,
33]. Before being loaded into the UHV, samples were exposed to air for 1 month (sample A) or 20 h
(sample B). Then, the samples were annealed in two different steps in UHV with a background
pressure better than 10™'° Torr. The first step was annealing at 430 °C overnight (12 h) to clean up the

sample surface. The h-BN samples were checked by STM for cleanness and no oxygen



superstructures were observed (as shown in Supplemental Material Fig. S2 [31]). The second step
was annealing at 600 °C to form the superstructures. For the second step, we varied the annealing
time, 4 h and 12 h, respectively, for sample A and 1 h for sample B, in order to examine different
stages of the oxygen intercalation and etching process of BN. The STM characterizations were
performed at room temperature under UHV conditions. An electrochemical etched and well-cleaned
tungsten tip was used. All STM images were acquired with a constant-current mode. The dI/dV
spectra were recorded using a lock-in amplifier with a sinusoidal modulation (f= 1000 Hz, Vo4 = 40
mV) by turning off the feedback loop-gain. The polarity of the applied voltage refers to the sample
bias with respect to the tip.

The DFT calculations were performed as implemented in the Vienna ab initio simulation package
(VASP) [34, 35]. The projector augmented wave (PAW) pseudopotentials [36, 37] and the
generalized gradient approximation (GGA) parametrized by Perdew, Burke, and Ernzerhof (PBE)
[38] for the exchange-correlation energy of electrons were employed with including the DFT-D2
scheme of Grimme for the van der Waals interactions [39, 40]. The Cu(100) slab with six Cu layers
and p(4x5n) surface periodicity (n=1, 2, and 4, the corresponding numbers of Cu atoms are 120, 240,
and 480, respectively.) were used for the host substrate supercell and the PBE-D2 optimized Cu
lattice constant of 2.568 A was used. The two bottom Cu layers were fixed to mimic bulk. The BN 4
units along the zigzag direction were lattice matched with the Cu 4 units with 2% tensile strain, and
the BN 33 units along the armchair direction were wrinkled with the Cu 4 unit periodicity with
releasing the 1% compressive strain. The 2x4x1 I'-centered mesh for the Cu p(4x5) supercell and
equivalents for the Cu p(4x10) and p(4x20) supercells were used for the k-point sampling to sum

over the Brillouin zone.



III. RESULTS AND DISCUSSION

Figure 1(a) shows a large-scale STM image of the h-BN monolayer on Cu (sample A) after air
exposure (1 month), overnight degassing (430 °C) and annealing at 600 °C in UHV for 4 h. The Cu
foil used here exhibits exclusive (100) surface orientations after the thermal annealing as part of the
h-BN growth process [30, 32, 33]. Two different types of region are observed: reconstructed regions
and regions featureless at this resolution. A magnified image of a featureless region is shown in the
inset with atomic resolution, with the atomistic model of h-BN superimposed. The periodicity and
the three-fold symmetry of the image are consistent with the h-BN structure, with the bright spots
corresponding to N atoms at the negative sample biases [32, 41-43]. The featureless regions are
therefore attributed to the h-BN monolayer. Notably, the reconstructed regions are shown as either
2D patches or quasi-1D chains of two paired bright spots [the white dashed box in Fig. 1(a)]. Here,
the h-BN monolayer has been etched away at the reconstructed regions (to be discussed in Fig. 6).
The ordered superstructure is more clearly shown in Fig. 1(b), and confirmed by the fast Fourier
transform (FFT) image in Fig. 1(c). From the line profile of the FFT patterns in Fig. 1(d), we find a
lattice constant of 0.51 £ 0.01 nm. This value is larger than the period of the ¢(2x2) superstructure on
Cu(100) (~0.36 nm) [44], but equal to that of the p(2x2) superstructure (~0.51 nm) [45]. Therefore,

the observed ordered patterns are assigned to a p(2%2) superstructure on Cu(100).



Cu(100) p(2x2)-0

FIG. 1. (color online) Structures of h-BN/Cu(100) after 600 °C annealing (4 h, following overnight
degassing at 430 °C after 1 month air exposure; sample A). (a) Large-area STM topographic image
showing typical reconstructed region and h-BN region (=1 V, 100 pA). The dashed box marks a
representative quasi-1D ordered superstructure. Inset: atomically resolved STM image of the
monolayer h-BN (=1 V, 100 pA) with a structure model superposed (blue: N; black: B). (b)
Magnified STM image of reconstructed region, with a rectangle marking the square unit cell (—1 V,
100 pA). (c) Fast Fourier transform (FFT) pattern of (b). (d) Profile along the white dashed line in (c).
The lattice constant of the reconstruction, ~0.51 nm, is obtained from the FFT. (e¢) Atomic structure
model of the p(2%2)-O superstructure on Cu(100).

To examine the chemical origin of the reconstructed superstructure in the monolayer h-BN on Cu,
we performed XPS measurements on the same sample A after the STM characterization by
transferring to a different UHV chamber through air (exposure < 1 h). Then, the sample was annealed
at a low temperature to remove hydrocarbon surface absorbates (see Supplemental Material Figure
S3 [31]). XPS core-level spectra were obtained at room temperature by using a SPECS Focus 500

monochromated Al K, X-ray source and PHOIBOS-150 hemispherical analyzer. Fig. 2(a) shows a
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survey spectrum, where emission peaks associated with Cu, Ols, N1s, and B1s emissions are marked
respectively. Both Bls and N1s core levels are symmetric in Figs. 2(b) and 2(c), with peak positions
locating at 190.5 eV and 398.0 eV, respectively, typical for h-BN [17, 20, 26, 30, 46]. While taking
the atomic sensitivity factors into account, the atom ratio N/B is about 1 (see Supplemental Material
Fig. S3 [31]), supporting h-BN compound. Interestingly, there is a strong signal of Ols emission in
Fig. 2(d), even after effectively removing surface contaminants. The main component of Ols is
located at 530.2 eV, a binding energy indicative of a metal oxide [46]. The peak for Ols also shows a
shoulder near 531.6 eV that can be reduced by post ambient exposure annealing (see Supplemental
Material Fig. S3 [31]) and is attributed to the hydroxide contaminations [46]. The XPS data provide
an atom ratio N/O of about 1.4 (only considering the main component of Ols) (see Supplemental
Material Fig. S3 [31]). The nitrogen in the h-BN lattice has an atomic density of about 18.5 N
atoms/nm’, while the oxygen in the p(2x2) superstructure has an atomic density of about 3.8 O
atoms/nm”. If the superstructure is p(2x2)-O, the surface area covered by the superstructure is
expected to be about 3.5 times more than the surface area covered by h-BN. Indeed, the statistics

obtained from STM images indicate an area ratio of p(2x2) and h-BN to be about 3.4 -3.9.
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FIG. 2. (color online) XPS spectra of monolayer h-BN on Cu(100) after annealing at 600 °C in UHV.
(a) Survey spectrum, (b) Bls emission spectrum, (c) Nls emission spectrum, (d) Ols emission
spectrum, and (e) Cu2ps;, emission spectrum. The Ols spectrum shows two components located at
530.2 eV and 531.6 eV (dashed lines), respectively.

Our STM and XPS analyses confirm that the superstructures are the oxygen induced p(2x2)
reconstruction on Cu(100), a proposed structure model of which is shown in Figure 1(e). The oxygen
atoms at the hollow sites appear as bright spots in STM images [Figs. 1(a) and 1(b)] due to the
enhanced occupied density of states near the O atom [47]. Interestingly, although the p(2%2)-O is
believed to be the most stable configuration for the adsorption of oxygen on the Cu(100) surface [47]

with low oxygen coverage (0.25 monolayer, ML) and was predicted to exist on Cu(100) decades ago



[48], so far there does not appear to be any experimental report for such an ordered structure on
Cu(100) [47]. The most documented surface configurations for oxygen-adsorbed Cu(100) are c(2x2)
and (2V2xV2)R45° with a higher effective oxygen coverage (both 0.5 ML; O adsorption sites same
for the two) [47, 49, 50]. As explained below with theoretical calculations, the unique experimental
demonstration of the Cu(100) p(2x2)-O superstructure here can be attributed to a confinement effect

in the interface between the weakly coupled h-BN and Cu.
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FIG. 3. (color online) Oxygen diffusion in monolayer h-BN on Cu(100) after 600 °C annealing (1 h,
following overnight degassing at 430 °C after 20 h air exposure; sample B). (a) STM image showing
a checkerboard-like pattern formed by fully reconstructed regions (FRRs) and quasi-1D stripes at the
partially reconstructed regions (PRRs) (—1 V, 100 pA). Inset: Schematic cross-sectional view of
h-BN, partially and fully reconstructed regions on Cu. Red dots, adsorbed oxygen atoms. (b) STM
height profiles along white lines marked in (a). Line 1: PRRs across a Cu substrate atomic step
(marked with dashed black line). Lines 2 and 3: FRRs surrounded by PRRs without Cu steps. Line 4:
An FRR surrounded by PRRs coinciding with a Cu step. (c)-(e) STM images of the same area with 5
min time intervals showing the diffusion of oxygen vacancies in the p(2x2)-O superstructure. Dashed
circles marked the positions of the vacancies (+1 V, 60 pA).

We further examined another sample (sample B) that had been exposed to air for a shorter period
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of time (20 h) and then outgassed (430 °C, overnight) and annealed (600 °C, 1 h) in UHV. We
identified three characteristic regions: fully reconstructed checkerboard-like p(2x2)-O region (FRR)
on Cu with BN layer completely etched away, partially reconstructed region (PRR) consisting of
quasi-1D oxygen stripes formed at the empty space between h-BN monolayer and Cu, and pristine
BN on Cu. The STM image presented in Figure 3(a) clearly demonstrates the coexistence of these
three regions. The apparent heights of different regions are shown in Fig. 3(b), where panels 1-4
correspond to the profiles respectively along lines 1-4 marked in Fig. 3(a). A step of 1.8 A is seen
along Line 1, which corresponds to an atomic step on Cu(100) substrate. When an FRR is
surrounded by striped regions of PRR and h-BN on a same Cu terrace (Lines 2 and 3), the PRR is
about 2.2 A higher than FRR, and about 0.7 A higher than the h-BN. The height differences of these
regions are further confirmed by examining the profile along Line 4, where the PRR is only 0.4 A
higher than the FRR as the former sits on a Cu terrace one atomic step lower than the latter (0.4 A +
1.8 A = 2.2 A). Although the STM topography image can only show the apparent height at a
particular sample bias, considering the calculated height (~0.8 A) of absorbed O on Cu(100) [47],
this analysis allows us to propose that the FRR is p(2x2)-O without an h-BN overlayer (i.e.,
p(2%2)-0O/Cu) and that the PRR is monolayer h-BN atop the p(2x2)-O superstructure, namely, there
exists an intercalated p(2x2)-O layer between the h-BN and the Cu in the PRR (ie,
BN/p(2%2)-O/Cu), as illustrated in the inset of Fig. 3(a). This assignment is further substantiated by
our DFT simulations (see Supplemental Material Fig. S4 [31]), and also by the analysis of the
electronic density of states in the following discussion.

Interestingly, those stripes in Figure 3(a) appear to originate from a fully reconstructed “core”
region and radiate out to form a sunflower-like pattern (see more examples in Supplemental Material

11



Fig. S5 [31]). Moreover, the FRR is usually located near the Cu surface steps, and the step appears
more reactive for oxygen absorption during exposure to the air. This is consistent with previous
reports that steps can bind adsorbates more strongly than terrace sites on metal surfaces [51]. In
addition, we find that some oxygen atoms are still mobile at room temperature by tracing the
locations of oxygen vacancies in Fig. 3(c) (marked by dashed circles). These defects can diffuse [Fig.
3(d)] and even disappear from the field of view [Fig. 3(e)] during STM scanning at room
temperature. Our DFT calculations show a diffusion barrier of 0.74 eV for an oxygen atom traveling
from one to the neighboring hollow site via a bridge site, similar to a previous report [52]. B

employing an attempt frequency of ~10"> Hz [53] and a potential barrier of 0.74 eV, the hopping rate
of oxygen is estimated as ~3.3 s™' at room temperature. Thus the oxygen diffusion is observable in
the STM image at room temperature as shown in Figs. 3(¢c)-3(e) and by Yagyu et al. [54]. Note, the
bright spots in STM images are believed to be associated with oxygen due to their protrusion above

the Cu lattice and enhanced electronic density of states [47].
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FIG. 4. (color online) Phase diagrams of O superstructures in h-BN/Cu(100). (a) The structure model
of the h-BN/Cu(100) interface used in the DFT calculations (side view). (b) STM image showing
p(2x2)-0O stripes intercalated at the h-BN/Cu(100) interface (+0.5 V, 100 pA). Black and white
dashed lines marked the moiré patterns and the p(2x2)-O stripes, respectively. (¢) Calculated stable
structures of p(2x2)-O (upper panel) and (2\/2><\/2)R45°—O (lower panel) in h-BN/Cu(100) with an
effective oxygen superstructure coverage ® =0.4. Both side view and top view structures are
presented. (d, e) Calculated phase diagrams of oxygen superstructures with (d) and without (e) h-BN
overlayer. Here only oxygen superstructures with striped patterns are considered. Regions marked
with different colors correspond to the stable phases, in consideration of oxygen chemical potential
(Apo) at different oxygen superstructure coverages with respect to that in Cu,O bulk.

DFT calculations were performed to understand the reconstruction process and specifically the
formation mechanism of the novel p(2x2) oxygen superstructures in the van der Waals
heterostructure (see Section II and Supplemental Material Figure S4 [31] for calculation details). Fig.
4(a) shows our atomistic modeling of h-BN monolayer on Cu(100), where the supercell results in BN
wrinkles with a period that matches to the experimentally observed moiré patterns in Fig. 4(b) (black
dashed lines). A slight compressive strain is applied to h-BN because of the lattice mismatch between
Cu(100) and BN in our supercell configuration, which induces the vertical wrinkles in the h-BN
along the armchair direction with a period of 1.28 nm (5ac, ~ 6apnsin60°) [30]. The period is in
good agreement with the experimental value of 1.26 nm [see black lines in Fig. 4(b) and also
Supplemental Material Fig. S6 [31]]. Fig. 4(c) displays a theoretically identified stable p(2x2)-O
superstructure with a coverage ® = 0.4, where the period of the stripes is twice the period of the
moiré patterns in the pristine BN/Cu without any oxygen; the period of 10ac, (= 2.56 nm) agrees
well with the experimental value of 2.52 nm [see white dashed lines in Fig. 4(b)]. We then compared
the p(2x2) and (2V2x\2)R45° oxygen superstructures with and without the h-BN overlayer.
Superstructures with different effective oxygen coverage are also considered (see Supplemental
Material Fig. S6 [31]).

We evaluate the relative structural stabilities of oxygen reconstructed Cu(100) surfaces in
13



comparison to the bare surfaces. Then we construct a phase diagram that identifies stable phases
between the pristine systems without any oxygen adsorption and the stripe-like p(2x2) and
(2V2x\2)R45° oxygen superstructures depending on the oxygen chemical potential with respect to
that in Cu,O bulk, Apo, and the oxygen superstructure coverage, ©. Figures 4(d) and 4(e) present the
phase diagrams with and without h-BN, respectively. In both cases, the area of the stable region of
p(2%2) becomes larger as the coverage decreases, while the trend is opposite for that of
(2\/2><\/2)R45°. This indicates that for a given (partial) coverage the p(2x2)-O superstructure of a
separated stripe pattern is more accessible than the aggregated phase in a wide range of chemical
potentials. With the partial coverage, the presence of the moiré patterns generates confined channels
along the zigzag direction of h-BN, providing an efficient pathway for oxygen intercalation and
diffusion and thus helping paired p(2x2) oxygen to form PRR. Experimentally, the thermal-driven
diffusion of oxygen can also induce the fluctuation of the width and direction of the PRRs (Fig. 3).
Moreover, if we compare the Al range for the stable p(2x2) phase at ® = 1, the stable region
without h-BN is found much larger than that with h-BN. Such a stability reduction of
h-BN/p(2x%2)-O/Cu compared to the case without h-BN can explain why oxygen-mediated etching of
h-BN prefers to occur in the FRR. Although our DFT calculations shed light on the formation of the
p(2%2)-0O superstructures in the presence of h-BN, which is also consistent with previous results [47],

the specific mechanism necessitates further study.
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FIG. 5. (color online) Electronically decoupling between the monolayer h-BN and Cu(100) by the

intercalated p(2%2)-O superstructure. (a) dI/dV curves (=3.5 V, 100 pA) showing bandgaps of about

5.3 eV and 3.6 eV for h-BN with (blue) and without (red) the intercalated p(2x2)-O superstructure,

respectively. The dI/dV curve acquired from p(2x2)-O on exposed Cu is also shown (green). (b)

Small bias range dI/dV curves (—1 V, 100 pA) near the Fermi energy for the three regions. The black

arrow marks the feature associated with the Cu(100) surface. (¢) Simulated densities of states (DOS)
of the p(2x2)-O (green) and BN with (blue) and without (red) intercalated p(2%2)-O on Cu(100).

The energy is set against the expected valence band maximum (VBM) of BN. Dashed boxes

marked the features near the VBM of BN in experiment (a) and theory (c).

To understand the effect of the O superstructure on the h-BN overlayer, we examined the density
of states (DOS) of different regions in the sample B (20 h air exposure, 1 h 600 °C annealing) by
scanning tunneling spectroscopy (STS) measurements. Figure 5(a) shows clearly that bandgaps exist
in the p(2x2)-O intercalated region (PRR, i.e. BN/p(2x2)-O/Cu) and pristine h-BN region. The
apparent bandgap of the h-BN monolayer on Cu is ~3.6 eV, consistent with previous measurements
[32]. With the intercalated p(2x2)-O superstructure, the PRR shows a larger bandgap of ~5.3 eV,

which is close to the bandgaps in h-BN crystals [23]. The green curve acquired from the fully
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reconstructed region (FRR, i.e., p(2x2)-O/Cu) shows a metallic feature [47]. The tunneling dI/dV
curves in the vicinity of the Fermi energy (indicative of in-gap states) are shown in Fig. 5(b) with a
smaller bias range. A local tunneling conductance maximum is obtained at about —0.25 eV (marked
with arrow) in the h-BN region but not in the p(2%2)-O containing regions. The —0.25 eV band is
associated with the Cu(100) surface [32, 55]. The Cu surface is passivated by the p(2x2)-O
superstructure in reconstructed regions, which effectively decouples the h-BN from the underlying
Cu substrate, resulting in the intrinsic bandgap in the h-BN overlay. As a result, atomically resolved
STM images are obtained on h-BN/Cu but not on h-BN/p(2x2)-O/Cu.

Both experimental tunneling spectroscopy data and simulated DOS show a metallic behavior of
the p(2x2)-O. As DFT calculations can accurately determine the energies of occupied states but
underestimate the energies of the unoccupied states [56], in Figure 5(c) we examine the valence band
maximum (VBM) by setting the expected BN VBM as zero energy. As illustrated in Figs. 5(a) and
5(c) with dashed boxes, both measured and calculated energies of the VBM show a downward shift
after the p(2x2)-O intercalation, which leads to an enlarged bandgap. Based on the calculations, we
find that without the intercalated p(2x2)-O, the Cu 3d-bands show up in the bandgap of BN and
extend to about 1.0 eV above the BN VBM. The intercalation of p(2%2)-O suppresses the
contribution of Cu states, while the contribution of O 2p-bands to the BN bandgap is up to 0.7 eV
above the BN VBM. The Cu-3d and O-2p band tail features obtained in DFT calculations are very

similar to those obtained in STS measurements in the dashed box regions.
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FIG. 6. (color online) Oxygen-mediated catalytic disintegration of h-BN on Cu(100). (a) and (b)
Simultaneously acquired dual bias (0.8 V) topographic STM images, showing h-BN nanoislands
separated by the p(2x2)-O superstructure after annealing at 600 °C for 4 h (sample A). Three regions
are marked with dashed lines to indicate regions of reconstructed, etching front, and h-BN,
respectively. (¢) dI/dV spectra of the three regions (—1 V, 100 pA). The arrow marks the feature of the
Cu(100) surface. (d) and (¢) STM images acquired at —1 V and +1 V, respectively, showing the
atomic resolution and zigzag edges of the monolayer h-BN (blue: N; black: B). (f) STM image
showing the complete removal of h-BN on Cu(100) after annealing at 600 °C for 12 h (+0.6 V, 400

pA).

To gain further insight into the effect of oxygen superstructures on the stability of h-BN, we
performed STM investigations on the structural and electronic properties of h-BN islands in the
sample A. Figures 6(a) and 6(b) show the monolayer h-BN nanoislands surrounded by the oxygen
superstructures, indicating a strong etching effect of the monolayer h-BN. Three regions with clear
boundaries are observed, especially for the positive bias, corresponding to the p(2x2)-O, the h-BN,
and a transition region labeled as etching front, respectively. The etching front is parallel to the
quasi-1D p(2x2)-O superstructure. The STM image of the transition region is bias-dependent,

opaque in negative bias and transparent in positive bias (additional examples of the three different
17



regions are shown in Supplemental Material Fig. S7 [31]). Here we find that even in quasi-1D
superstructure regions the h-BN overlayer has been etched in sample A, different from the case of
sample B (Fig. 3), although they both appear as quasi-1D stripes. This difference may be ascribed to
the longer annealing time of sample A (4 h) than sample B (1 h), which promotes the etching of the
h-BN. In the sample A, the h-BN overlayers have also been etched in both the 2D and quasi-1D
p(2%2)-O superstructure regions (shown in Fig. 1), which gives an area statistic value consistent
with the XPS results in Fig. 2. STS curves acquired at the three regions are shown in Fig. 6(c),
similar to those shown in Fig. 5(b). In the p(2%2)-O region, the Cu surface is passivated by the
superstructures. In the h-BN region, the Cu surface peak (marked with arrow) is obviously stronger
than the other two regions. In the transition region, oxygen starts to intercalate in h-BN/Cu, as
evident by the oxygen-induced superstructure discernable under the h-BN in Figs. 6(a) and 6(b).
These observations indicate that the h-BN etching proceeds via the intercalation of oxygen atoms.
The edge structure of an h-BN nanoisland is shown in Figs. 6(d) and 6(e) at negative and positive
biases, respectively. As further shown in Supplemental Material Fig. S8 [31], the edges are zigzag,
similar to those formed by high-energy electron irradiation etching [57-59]. After annealing the
sample at 600 °C for 12 h, almost all h-BN is removed and the copper surface is predominantly
covered by p(2x2)-O superstructure, as shown in Fig. 6(f). The superstructure is displaying as small
patches, usually with two or three paired oxygen atoms. This result is also consistent with DFT
results in Fig. 4, where a surface with partial oxygen coverage is shown to be more stable than full
covered surface on Cu(100). However, when surrounded by monolayer h-BN, the FRRs show a
very different picture that the p(2%2)-O superstructures can be as large as tens of nanometers (Figs.
1 and 3). The etching process also leads to the loss of oxygen [60], however additional oxygen
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beneath the surface of copper, such as soluble oxygen [61] and copper oxides [62, 63], may diffuse
to the surface during thermal annealing process and contribute to the observation in Fig. 6 where
the remaining oxygen atoms are still visible on the exposed Cu surfaces.

Altogether, our observations suggest the following atomistic picture of oxygen adsorption on
h-BN/Cu(100). During the air exposure, oxygen molecules intercalate under h-BN on Cu through
defects and grain boundaries, and are trapped preferentially at step edges of Cu, where copper oxide
(Cuz0) can easily form [17]. At elevated temperatures around 600 °C, the dissociated oxygen atoms
from the copper oxide form ordered p(2x2)-O superstructures on the copper surface due to repulsions
between the on-surface oxygen atoms [64]. Oxygen-mediated etching of h-BN may initiate at defects
and Cu steps, resulting in FRRs (oxygen superstructures without an h-BN overlayer). Oxygen atoms
diffuse from the fully reconstructed regions to intercalate the h-BN preferably along the pre-existing
moiré patterns in the interface, forming the quasi-1D stripes of paired oxygen. The oxygen
intercalation slightly increases the distance between h-BN and Cu substrate, suppresses the
contribution of Cu surface in the tunneling conductance, and further decouples the h-BN from the
Cu.

The monolayer h-BN can be effectively etched by intercalated oxygen when annealed at 600 °C in
UHV. The confined oxygen will etch the nearby h-BN, first forming a sunflower-like pattern with
fully reconstructed regions surrounded by oxygen intercalated h-BN stripes, and then completely
removing all the h-BN and leaving a reconstructed Cu surface. The FRRs exhibit large-area
superstructures when surrounded by PRRs [Figs. 1(a), 3(a) and Supplemental Material [31]] while
the Cu surface after complete h-BN removal exhibits small p(2x2) patches of several O atoms. The
catalytic oxygen-mediated etching of the h-BN is similar to recent works [15-17]. Namely, the
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etching process generates N, and volatile boron oxide [17], thus it does not result in additional signal
from N1s or Bls in ex situ XPS shown in Figs. 2(b) and 2(c). Unlike the reports that monolayer
h-BN transferred to a SiO,/Si substrate starts the disintegration by forming oxygen chains and
dissociation of the B-O-N bonds on top of BN [22, 27, 28], our results support a different picture of
the oxygen diffusion and etching of the h-BN covered metals [17]. The h-BN monolayer on Cu(100)
surface cannot prevent the oxidation of the metal substrate at 600 °C because of the catalytic
oxygen-mediated etching effect of the h-BN. Recently, few-layer and multilayer h-BN have been
recommended as high-temperature oxidation-resistant coatings on metals including Cu and Ni [26].
In this case, the additional layers of h-BN may have provided an effective barrier for oxygen
intercalation; otherwise, the layers in contact with the catalytic metal would have been etched by the
intercalated oxygen. Exposure to air is often unavoidable in process integration and 2D
heterostructures [65]; especially, BN nanosheets have a strong tendency to adsorb organic
contaminations from both atmosphere and lithographic processes [66]. h-BN layers have been widely
used as a capping layer to isolate 2D materials from air in nano-transistors [25, 67], where the
etching effect of the intercalated oxygen between the metal electrodes and h-BN should be
considered, especially when high temperature annealing is involved. It is thus critically important to
understand and control the effect of oxygen intercalation and oxygen-mediated defect formation in

order to make use of the unique electronic, mechanic, chemical and temperature stability of h-BN.

IV.CONCLUSIONS

In summary, Cu(100) p(2%2) oxygen superstructures are revealed in monolayer h-BN/Cu after
exposure to air and subsequent high temperature annealing in vacuum. Both 2D and quasi-1D
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patterns are observed in association with the oxygen absorption on Cu. The 2D pattern of p(2x2)-O
is found near surface steps of the Cu, while the quasi-1D pattern is formed by oxygen intercalation
under h-BN on Cu(100) where the confinement of interface in the moiré patterns plays an important
role in the formation of the superstructure. The oxygen intercalation starts from the 2D p(2x2)-O
regions and preferentially follows the confined space of the pre-existing moiré patterns of
h-BN/Cu(100) to form stable quasi-1D p(2x2)-O stripes. The existence of the p(2x2)-O
superstructures can passivate the Cu surface and decouple the monolayer h-BN from the metal. After
prolonged air exposure and thermal annealing at 600 °C, large area h-BN monolayers are etched into
nanoislands with zigzag edges and can even be removed completely. An oxygen-mediated catalytic
etching process is believed to be responsible for the disintegration of the h-BN monolayer. The
etching of the h-BN overlays follows the oxygen diffusion process and leaves the h-BN nanoislands
with zigzag edges. Our results directly show the interplay between the novel p(2%2)-O
superstructures and the monolayer h-BN on Cu(100), and can provide a deeper understanding of the

formation of defects in and the stability of h-BN on metals.
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