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ABSTRACT 
Two dimensional copper oxides obtained on Cu(111) by air-enriched argon sputtering plus annealing have been measured at room 
temperature by means of scanning tunneling microscopy (STM) and atomic force microscopy (AFM) under ultra-high vacuum 
(UHV) conditions. Depending on the oxygen content different oxide frameworks and diverse stoichiometric metal/oxide interfaces 
exist. In particular, we report on a novel open honeycomb structure with a large unit cell which is modeled as a two dimensional 
network made out of Cu3O units. This lattice coexists with other oxide structures richer in oxygen and is suggested to develop to-
wards these denser phases by oxygen incorporation. 
 
Introduction 
The electrical, mechanical, thermal and chemical properties of many technological devices are often intimately dependent on the 
structure, composition and morphology of internal metal/oxide interfaces. Mastering interface fabrication with nanometer precision 
will lead to progress in numerous fields where nanostructured interfaces in the form of controlled networks or ultrathin films will 
play an active role in novel integrated platforms. On the other hand, advances in nanotechnology depend on the development of 
innovative and efficient procedures for device fabrication down to the nanometer scale. The ability of tailoring interfaces without 
the need of additional building blocks, i.e., from adequate handling of the surfaces themselves is of particular interest. In this sense, 
though important advances have taken place for local oxidation using scanning probe-based techniques,1,2  the scalability and manu-
facturing speed are far from being practical for applications. An attractive route for the simple creation of two dimensional met-
al/oxide architectures is the use of standard surface treatments (ion milling, gas exposure, thermal treatment…) for in-situ creating 
two dimensional networks consisting of one atom thick inorganic surface compounds. Adjusting the preparation parameters to 
change the layer stoichiometry would permit controlling the pattern compactness from packed layers to porous frameworks.   
The chemical reaction of metals with air is of unpayable relevance and especially important in catalysis, corrosion and corrosion 
protection. In the case of copper, one of the most common coin metals used in the industry, the interaction of the metal surface with 
gaseous oxygen plays a detrimental role in other applications, as in microelectronics, where it is an active element. Nevertheless, 
because of their electrical characteristics, copper oxide ultrathin films are good candidates for uses as low resistance electrodes, 
catalysts, sensing materials and semiconductor materials for solar cell transformation.3-8 They predominantly exist in two forms, 
Cu2O and CuO, both intrinsic p-type semiconductors that can be synthesized from the oxidation of Cu metal at low processing 
costs. In particular, Cu2O has been shown to be an effective photo-catalyst for water splitting to H2 and O2 under visible light9 and, 
due to a suitable direct band gap, Eg ≈ 2.14 eV, susceptible of being modified by nano-structuration, it is also considered functional 
material for photovoltaic and photo-electrochemical device applications.10  However, it has been argued that device efficiencies are 
limited in part because there is no method for fabricating a reproducible, stoichiometric interface between the copper oxide and 
other heterojunction partners.11   
With the aim of increasing knowledge of well-defined and stoichiometric metal/oxide interfaces, we investigate here diverse two 
dimensional cooper oxides obtained by air-enriched argon sputtering plus annealing of Cu, an efficient and scalable methodology. 
Laterally heterogeneous surfaces consisting of one layer thick copper oxide regions coexisting with bare Cu areas have been inves-
tigated at room temperature (RT) by means of STM and AFM in the frequency modulation mode (FM-AFM) under UHV condi-
tions. The combination of these local probe techniques permits elucidating the interface structure at atomic level and disentangle 
electronic from topographic information. 
In addition to some already described cooper oxide structures of varying stoichiometry,12-16  we report here on a novel open honey-
comb structure with a large unit cell (lattice parameter ≈ 1.3 nm). We propose a model in which this low density oxide is made out 
of Cu3O and is suggested to develop to denser phases by oxygen incorporation. 
 
Experimental details 
The combined STM/FM-AFM measurements were carried out at RT and base pressure ∼ 5 × 10-10 mbar using a commercial Aarhus 
SPM 150 equipped with KolibriSensorTM and Nanonis Control System (SPECS Zurich GmbH). The sharp metallic tip (resonance 
frequency f0 ≈ 1 MHz) was in-situ cleaned via Ar+ sputtering. In the STM images, the tunneling bias voltage is applied to the sam-
ple and the tunneling current is collected by the tip, which is grounded. Topographic STM corresponds to constant current imaging.  
In FM-AFM 17 the sensor oscillation amplitude was set to A = 200 pm during operation and the frequency shift (∆f = f − f0) was the 
input signal in a feedback loop for topographic measurements.   
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The Cu(111) single crystal (Matek GmbH, Germany) was prepared by repeated cycles of Ar+ sputtering (1.2 keV, 9 µA) plus an-
nealing at 240˚C during 25-30 min in a dedicated sample holder located in the scanning probe chamber. Cleanness and ordering of 
the surface was checked by STM and LEED (a-c of Figure SI1 in ESI). In-plane substrate distances in high resolution images and 
step heights in large scanned images were employed for in-situ calibration of the piezo scanner. The LEED pattern confirmed a 
well-ordered and clean surface and was used to stablish the crystal azimuth orientation for the structural analysis of the STM and 
FM-AFM images. To check that no O or C traces remained on the Cu(111) surface after the employed cleaning process, the same 
procedure was repeated in a different chamber equipped with XPS (d-f of Figure SI1 in ESI). Partial oxidation of the surface was 
obtained by air-enriched Ar+ bombardment and annealing with same parameters than for substrate cleaning. The pressure in the 
UHV chamber during oxidation was kept in the 10-5 mbar range and the introduced mixture of ambient air and Ar (see Figure SI2 in 
ESI for gas composition) was ionized with the ion gun. Immediately after, the base pressure of ∼ 5 × 10-10 mbar was recovered and 
the sample transferred to the scanning probe microscope. 
 
Results and Discussion 
It is generally agreed that oxygen molecules dissociate at the Cu(111) surface at room temperature leading to a disordered surface 
layer. Though complex structures observed at elevated temperature or higher pressures eventually lead to more or less stoichio-
metric Cu2O films, a certainly complicated scenario exists at the initial stages of oxygen incorporation. The reason seems to have it 
basis on the relationship between copper and copper oxide structural parameters. The bulk-terminated Cu2O(111) can be viewed as 
a stack of trilayers, each consisting of alternated composition (i.e., Cu-O-Cu).18  The in-plane lattice is a honeycomb structure with 
lattice parameter aCu2O(111) ≈ 6 Å where the Cu-Cu distance is half of this value (≈ 3 Å). This distance is considerably larger/smaller 
(by 15% and 47%, respectively) than the NN/NNN distance in Cu(111), aCu(111) = 2.56 Å and aCu(111)·√3 = 4.43 Å. However, com-
mensurate strained/compressed lattices of such an oxide overlayer are likely to exist. This is the case for reported coincidence lat-
tices19,20 where four times the NNN distance of Cu(111) coincides with three times the lattice parameter of Cu2O(111) (i.e. 
4aCu(111)·√3)/3=6Å), and seven times the NN distance of the Cu substrate (7 x 2.56 Å = 17.92 Å) is close to three times the oxide 
lattice parameter (3 x 5.95 Å = 17.85 Å). 
Different methods have been employed for the oxidation of Cu(111), the exposure of the clean surface to O2 pressure in UHV plus 
annealing being the most common one to obtain monolayer oxides. However, small differences in pressure and temperature give to 
the presence of diverse surface structures. Interestingly, most of these structures were also achieved by reduction of the oxide mon-
olayer or using reactive air injection,12,16 indicating their relative stability independently of the preparation methodology. It is how-
ever likely that modifying the energetics and kinetics of the oxidation process may lead to new metastable oxide structures. With 
the aim of pursuing this objective, instead of complete oxidized surfaces, partial coverages of oxide layers on the Cu(111) have 
been prepared. Our strategy consists in submitting the clean Cu(111) surface to an air-enriched Ar+ sputtering followed by in-situ 
annealing (25 min at 240°C) and cooling down to RT while removing the oxidizing gas.  The low oxygen content of the sputtering 
atmosphere (see Figure SI2) and interruption of the oxidation process leads to final surfaces laterally heterogeneous formed by 
oxide patches and clean copper regions.  
With this procedure, up to six different phases have been seen to coexist on the same sample surface depending on the local oxygen 
content: oxygen adsorbed on bare copper,15 four structures described so far in the literature,12-16 and a new largely open honeycomb 
(OHC) lattice with a lower oxygen content than the reported phases.21 This novel structure, which can be viewed as a 2D frame-
work, is completely described thanks to its coexistence with the bare Cu(111), the known phases and the accepted models. 

 
Figure 1. (a) Topographic STM image of partially oxidized Cu(111), (b) simultaneous frequency shift channel and (c)-(d) corresponding line profiles. (e) 
Schematics of the oxidation process at the step edges. (f) Magnified topographic image showing short range order at the oxide region. STM parameters: (a) 
and (b) I = 195 pA, Bias = - 1.45 V, (f) I = 265 pA, Bias = - 0.44 V.  



 

 
Figure 1 shows the coexistence of copper terraces, covered by some oxygen adsorbed species (see Figure SI3 in ESI), with partial 
oxidation of the surface. This observation agrees with the nucleation and growth at RT of the oxide layer on the Cu(111) surface, 
which proceeds by formation of patches at the step edges due to reaction of the impinging oxygen with the copper atoms at the 
upper terrace (Figure 1e). The oxide patches propagate as oxygen is incorporated to the surface.12,13,14 These regions present a large 
corrugation (0.3-0.8 Å) and local order in the form of a nearly hexagonal lattice of  ≈ 6 Å (left region of Figure 1f) in average, close 
to the lattice parameter of Cu2O(111) and more  than twice that of Cu(111). The short order of this defective honeycomb lattice is 
consequence of heterogeneous nucleation starting at different locations. Noticeably, this structure has been observed both during 
surface oxidation14,15 or reduction,12,13 pointing to a non-stoichiometric intermediate phase.  
In Figure 1, the oxide region is about ∼ 1 Å lower than that of the Cu(111) upper terrace, but depending on the STM measuring 
conditions it can be observed even below the level of the lower terrace.14,16 This height would correspond to a thickness much lower 
than steps or inter-plane distances for Cu(111) or Cu2O(111), dCu(111) = 2.1 Å and dCu2O(111) ≈ 3 Å,22  respectively. However, it is 
known that topographic STM measurements can give erroneous relative heights for heterogeneous surfaces presenting different 
local density of states (LDOS).23 This is particularly pertinent here, as oxide surfaces have a LDOS where electronic states are 
generally more localized than on the pure metal24,25 and have an associated gap. As it can be seen in Figure 1b-1d, a different fre-
quency shift is also measured between bare and oxidized copper regions. The tip-surface interaction is weak at Cu while attractive 
and stronger (≈ − 200 mHz) at the oxide. This behavior likely reflects the decrease in tip-sample distance taking place to keep con-
stant the tunneling current when passing from the copper surface to the metal-oxide layer. 
  

 
Figure 2. Topographic STM (a) and FM-AFM (c) images containing a small region of copper oxide at the step region. The corresponding line profiles are 
shown in (b) and (d), with oxide regions highlighted in pink. (e), (f) Short order honeycomb structure. STM parameters: (a) I = 420 pA, Bias = + 1.08 V, (c) 
∆f = - 1.00 Hz, Bias = + 0.08 V, A = 200 pm, (e) I = 194 pA, Bias = - 0.47 V, (f) I=100 pA, Bias = + 0.74V. 

 
In order to get some insight on the true topographic relief we compare the apparent height obtained by constant current STM and 
the topography as measured by FM-AFM, which is considered to provide more accurate height values.26 Figures 2a and 2c show 
images obtained by both methods as well as the corresponding line profiles (2b and 2d) selected to cross the oxide patch between 
neighbor copper terraces. The oxide thickness is ≈ 1.75 Å in FM-AFM, much reliable that the apparent value of ≈ 0.9 Å in constant 
current STM. The difference in height of ≈ 0.3 Å between the copper terrace and the short order honeycomb or defective layer in 
FM-AFM is compatible with its open mesh and large corrugation (Figure 2e). As already reported,13 it contains intermixed penta-
gons and heptagons (5-7 defects) within the hexagonal lattice (see also Figure 5b and full description of Figure SI4 in ESI). These 
topological defects have been proposed to be analogous to the Stone-Wales (S-W) defects observed in graphene27,28 and reflect a 
non-stoichiometric phase. Interestingly, larger defects in the form of lace edging shapes forming a fretwork-like border are accumu-
lated at the boundary of the oxide patch (Figure 2f). This fact is associated to the lowest oxygen content phase debated at the last 
part of the present discussion. 



 

 

 
Figure 3. Topographic STM image (a) of the O-deficient oxide structure.  (b) Schematics of different stages in (a). Atoms in the oxide layer: oxygen 
(black), copper (white) and oxygen vacancies (orange). Substrate copper atoms are represented by golden balls. STM parameters: I =  120 pA, Bias = + 
1.51V. 

 
Figure 3 shows a surface region containing a different oxide structure, the so called O-deficient honeycomb. This structure has been 
described as consisting of a well-developed honeycomb lattice in which oxygen vacancies at the center of the hexagons produce an 
increase in the electronic density at the surrounding Cu atoms.12 This charge unbalance is evidenced in STM images as bright pro-
trusions (red arrow). Grouped neighboring oxygen vacancies form well-defined hexagonal areas that can be seen (black arrow) 
coexisting with defect-free or oxygen centered honeycomb regions (white arrow) with same lattice parameter ≈ 6 Å than the 
Cu2O(111) plane (see also Figure SI5). As illustrated in Figure 3b, accommodating different amount of oxygen, the O-deficient 
overlayer evolves to the full and compact Cu2O(111)-like strained layers denoted as “29” and “44” structures.20 These two struc-
tures are identified in Wood’s notation as (√13 R46.1° × 7 R21.8°, “29”) and (√77 R5.8° × √21 R-10.9°, “44”) and have quite simi-
lar lattice neighbor distances (5.6 Å × 6 Å and 6.1 Å × 5.9 Å, respectively) making them, in practice, hardly distinguishable. Typi-
cal images of the “44” structure are presented in Figure 4a and 4b as along with the accepted model in Figure 4c.20 We note that as 
already known29 the appearance of a coincidence lattice is strongly dependent on both tunneling parameters and tip conditions (see 
Figures SI6 and SI7 in ESI). 

 
Figure 4. Topographic STM images of the “44” or Cu2O(111)-like structure at two magnifications (a) and (b). Inset in (b) is the 
FFT of the image. (c) O-centered honeycomb model describing the strained Cu2O(111)-like structure with oxygen  (black) and 
copper (white) over the substrate (golden).  STM parameters: (a) I = 88 pA, Bias = + 1.4 V, (b) I = 100 pA, Bias = + 0.97 V. 

 
To some extent, all the above described oxide structures have been already reported and, in particular, the “44” phase is still exten-
sively studied because of its catalytic response.30 Interestingly, in spite of their different appearance and order range, the simplest 
model grouping them together consists of an hexagonal array of Cu and O atoms with periodicity of 6 Å. Depending on differences 
in local stoichiometry and defects, short or largely ordered oxide layers can be formed. Theoretical approaches based on density-
functional theory (DFT) report the relative stability of different oxides surfaces on Cu(111) with varying O content that were con-
sidered as possible precursors of the bulk material.22,31  These precursors are viewed as ordered honeycomb arrays of Cu3O units 



 

with O adsorbed in nest positions. Despite the simplicity of the theoretical structures versus the complexity of the experimental 
landscape, the model offers understanding on the formation of the diverse oxide layers observed experimentally. On the one hand, 
the connected units form one trilayer (characteristic of bulk Cu2O) that can be laterally adapted to give slightly strained or com-
pressed coincidence lattice overlayers (see Figure SI7 in ESI). On the other hand, nucleation and growth at different locations ac-
companied by limited surface diffusion would importantly inhibit long-range order leading to a wide diversity of structures. As we 
will show next, the existence of such Cu3O units as building blocks of the oxide layers reported here is supported by the experi-
mental findings. 

 

 

Figure 5. Topographic STM images of regions containing the “44” and chain-like structures (a) and coexistence of short range 
honeycomb and a novel open honeycomb structure (b). STM parameters: (a) I = 200 pA, Bias = − 0.87V, (b) I = 62 pA, Bias = + 
0.50V. 

 
Figure 5a shows some chain-like structures formed by rounded entities (small bright dots in the image) lying on the lower copper 
terrace as a prolongation of the “44” structure. They are straight nanostructures (nanowires) either free-ending or connected by one 
common unit. While the frizzy appearance of the free terminations (white arrows) is typical of movable species, meeting joints 
forming 120° angles are consequence of the directional bonds expected between Cu3O units that provide rigidity to the assembly. 
Confined areas between chains evoke the fretwork rim seen in Figure 2f. Within the precursor’s construction model, the defective 
short order honeycomb lattice may form by sequential incorporation of Cu3O units starting at different locations. In Figure 5b, 
coexisting with the short order honeycomb described in Figure 2, a considerably less dense and quite ordered structure is also ob-
served (lower part of the image). As far as we know, this open honeycomb (OHC) structure has not been reported and constitutes 
the oxide layer with lower oxygen content encountered during the present investigation. 

 

Figure 6. (a) STM topographic image showing a large region of the hexagonal open honeycomb, (b) and (c) FFTs of regions marked in (a). (d) Proposed 
model based on Cu3O units (c). STM parameters: I = 110 pA, Bias = - 1.56 V. 



 

The hexagonal OHC has a lattice parameter of  ≈ 13.3 Å and can be denoted in the Wood’s notation as (3√3 x 3√3)R30°. Though 
relatively defect-fee and large regions were observed this porous structure often contains different types of lattice defects (Figure 
6a). As it can be seen from the Fast Fourier Transforms (FFT) taken on the two regions signaled in the image (Figures 6b and 6c) 
the OHC coexists with the “44” described in Figure 4. In fact, the new structure always exists side by side with other denser phases 
(see also Figures SI8 and SI9 in ESI). Therefore, we suggest for this new OHC a model coherent with the full understanding of 
copper oxidation as a sequential process in which every phase consists of a different arrangement of Cu3O units. 

The structural model proposed for the OHC layer is depicted in Figure 6d, where white and black balls stand, respectively, for Cu 
and O atoms constituting the Cu3O units arranged in a honeycomb lattice on top of a Cu(111) substrate represented by golden balls. 
In the schematics, substrate and adlayer lattices are drawn at scale but atomic species are not. We note that accurate registry deter-
mination is not possible and atoms in the representation are placed on atop sites for simplicity.  

 
Figure 7. (a) Schematic representation of some topological defects (see text) observed in (b) magnified area of the STM image of OHC in Figure 6a. Red 
balls in (a) correspond to Cu atoms of displaced or interstitial Cu3O. 
 
The proposed model perfectly mimics the nearly defect-free layer and permits reproducing all topological defects observed. Typical 
defects as those observed in Figure 6 and magnified in Figure 7 are interpreted as missing or interstitial (red arrows) Cu3O units. 
Thus for instance groups of aligned vacancies (blue lines in Figures 7a and 7b) can be explained in terms of missing neighbor Cu3O 
entities. In fact, each couple of defects, missing plus interstitial units, are often found close together and might be understood by 
small displacements of complete units from the vacancy sites to nearby positions. It is worth mentioning that the linear structures 
seen at the central part of Figure 7b are similar to the chains observed in Figure 5a. Besides properties emerging from the particular 
oxide nature, the OHC nanostructure itself can be viewed as a two dimensional framework with well-defined pore size. This high 
quality open network can provide precise and confined localization of guest functional nano-objects (molecules, nanoparticles…). 
Compared to other bottom-up approaches, as supramolecular self-assembling in which open networks are made out molecules, the 
ability to generate two dimensional patterns without the need of additional organic building blocks and preserving the semiconduc-
tor/metal contact presents unquestionable advantages for device integration. 

 

Conclusions 

In the present work, by using an air-enriched bombardment method and interrupted oxidation, different oxide structures with dis-
tinct oxygen content have been obtained to partially cover the Cu(111) substrate. The coexistence of these oxide lattices on the 
same surface and the presence of bare copper terraces have allowed accurate identification of all reported oxide phases, their sur-
face structure, local stoichiometry and oxygen content. Although the complex scenario arising from the oxidation of Cu(111) con-
firms the difficulties for fabricating a reproducible, stoichiometric metal/oxide interface, it can be understood as a whole. Starting 
from oxygen adsorption and after the first stages of oxide nucleation, oxidation seems to proceed passing from disordered and non-
stoichiometric phases, until eventually the denser and highly ordered Cu2O(111)-like lattice or “44” is formed. 

Among other already described oxide structures, we report on a new phase consisting of an open honeycomb lattice which is 
viewed as a two dimensional framework with lattice parameter ≈ 13.3 Å and the lower oxygen content reported so far. Based on 
existing theoretical models, we propose for this oxide layer a model consisting of indivisible Cu3O units. Similarly to the theoretical 
precursors, by oxygen incorporation the open network can evolve through different defective oxides to the most stable and compact 
bulk-like oxide surface.  

Electronic Supplementary Information (ESI). Additional STM, LEED and XPS data for the clean Cu(111) and the oxide surface.  Mass 
spectra (RGA) of the air-enriched Ar gas employed. Complementary STM images detailing the oxygen adsorption on Cu(111), the short 
order honeycomb and 5-7 defects formation, scanning dependence of the “44” structure, coincidence lattice description and coexistence of 
the different oxide structures.  
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Clean Cu(111): STM, LEED and XPS 
 
 

 
Figure SI1. Clean Cu(111) surface. Large (a) and small (b) topographic STM images: The monoatomic 
steps (d Cu(111)  = 2.1 Å) in the large scale areas and the atomic resolution in small scans (aCu(111) = 2.56 
Å ) were used for XY and Z scanner calibration to accurately determine the lattice parameters of the 
oxide structures.  STM parameters: (a) I= 375 pA, Bias = − 1.40 V and (b) I= 240 pA, Bias = − 0.30 V. 
The arrows in (b) indicate the <111> directions of the Cu(111). (c) LEED pattern of the clean Cu(111). 
It served to check cleanness but also to univocally determine the relative orientation between the sub-
strate and the different oxide lattices. After substrate cleaning, the XPS survey (d), O1s (e) and C1s (f) 
indicated no important traces of contaminants.  

 
  



 

 

Air-enriched Ar gas 

Ambient air was introduced by means of a leak valve through the same pipe that the Ar gas, to the Ul-
tra-High-Vacuum (UHV) preparation chamber.  The pressure in the UHV chamber during oxidation was 
kept in the 10-5 mbar range and the gas mixture was ionized with the ion gun. The spectra corresponding 
to the residual gas analyzer (RGA) signal for a pressure of 10-6 mbar is shown in the figure. The peaks 
assignment is given in the figure caption.  

 

 

 

Figure SI2. Spectra of the residual gas in the preparation chamber during the entrance of ambient air-
enriched Ar (P = 10−6 mbar). The main gas constituents are identified in the magnified spectrum as: Ar 
(20, 40), H2O (group 16-18), N2 (28) and O2 (32) 

  



 

 

Oxygen adsorption on Cu(111) 

The adsorption of oxygen atoms on the Cu(111) has been observed both, after exposure to O2 at RTi and 
in the last stages of Cu2O(111) reduction by CO.ii Appearing either as isolated oxygen species or small 
oxygen clusters on the Cu(111) terraces, they are seen as depressions surrounded by concentric rings in 
the high resolution constant current STM images of Figure SI3, but as dark or bright spots depending on 
tip conditions. These rings correspond to oscillations (standing waves) in the electronic density of states 
of the cooper surface due to the oxygen adsorption (Friedel’s oscillations). The adsorption site of the O 
atoms was determined to be threefold hollowi from atomically resolved STM images. As it can be seen 
in Figure SI3b-c, these oxygen species can be moved by the sweep action of the tip during STM, indi-
cating a weakly interaction with the unreconstructed substrate. This oxygen does not react at the copper 
terraces neither importantly attaches to the step edges. Thus, for instance the frizzy appearance of some 
steps is a clear indication of the metal atoms diffusion along oxygen free step edges.iii,iv The double 
height seen at some of the steps points to the beginning of oxidation described in the main text. 

 

Figure SI3. Large scale topographic STM image of oxygen adsorbed in the Cu(111) surface (a). The 
high resolution images in (b) and (c) correspond to consecutive scans in the same area. A non-negligible 
drift during scan down (b) and up (c) is accompanied by a tip induced motion of the oxygen species. A 
medium scale image in (d) and the corresponding line profile (e) illustrate that these species are imaged 
as holes 15-20 pm deep and an apparent diameter of ∼1 nm. STM parameters: (a-d) I = 240 pA, Bias = − 
0.30 V. 

  



 

 

Short order honeycomb (5-7 defects) and O-deficient structures 

 

Figure SI4. (a, d, e) STM images of the defective or short order range honeycomb structure. Pentagons 
and heptagons are seen embedded in the honeycomb lattice (red circle in (d)). These topological 5-7 
defects have been proposed to be analogous to the Stone-Wales (S-W) defects occurring, for instance, in 
graphenev,vi  and are generated by 90° rotation of bonds about the midpoint.vii Each oxide unit forming 
the lattice is depicted as a block dot in the schematic model of (c). Depending on the imaging resolution, 
the individual units could be seen (e).viii STM parameters: (a, d) I = 194 pA, Bias = − 0.47 V, (e) I = 80 
pA, Bias = − 0.53 V. 

 

Figure SI5. STM topographic (a) and current (b) images of the O-deficient oxide structure at the edges 
of two consecutive substrate terraces.  STM parameters: (a)  I = 175 pA, Bias = + 1.70 V. Note the near-
ly perfect hexagonal array formed by grouped neighboring oxygen vacancies. 

  



 

 

Dependence of the “44” structure on imaging conditions 

 

Copper oxide STM images have been found to be strongly bias and tip conditions dependent. This is 
illustrated here by showing STM topographic images of the same “44” oxide structure at different tip 
and tunneling conditions. An impressive variation on the superlattice appearance is observed. Figure 
SI6a (Figure 4b in the main text) shows the honeycomb array result of a high resolution imaging with 
faint triangular groups of brighter/darker hexagons. The lattice is formed by bright dots in Figure SI6b 
which appear broadened forming a compact close packed lattice (∼ 6 Å) in Figures SI6c and 6d. These 
two later were found to transform the one into the other during scanning as illustrated in the bottom 
panels of the Figure. The arrows indicate the sense of fast scan direction. These changes can be only 
attributed to tip modifications during scanning (green to red arrows) and probably correspond to a tip 
with an adsorbate at the apex.  

 

 

Figure SI6. Top: STM topographic images of the non-stoichiometric “44” structure obtained at three different tip 
conditions. (e)-(g)  Consecutive STM images where the arrows indicate the fast scan direction. The arrow color 
change in (f) signals the point where resolution changes due to tip modification during scanning. STM parame-
ters: (a) I = 100 pA, Bias = + 0.97 V, (b) I = 126 pA, Bias = + 1.20 V, (c) I = 338 pA, Bias = − 1.20 V, (d)-(e) I = 
180 pA, Bias = + 0.97 V, (f)-(g) I = 340 pA, Bias = + 1.17 V. 
 
 

  



 

 

Coincidence lattice and Moiré patterns 

In addition to the bias and tip conditions dependence in STM and the easy occurrence of both, topologi-
cal and stoichiometric defects, copper oxides imaging is quite troublesome because the large misfit be-
tween the oxide layer and the substrate leads, in practice, to similar but not identical surface structures 
and, commonly, site coincident lattice (SCL) or Moiré-like patterns can be observed. In these patterns, 
equivalent atoms of the overlayer adopt different sites on top of the substrate, therefore, exhibiting both 
a different local height reflected in true topographic differences and a different local density of stated 
(LDOS), this fact is reflected in a bias dependence. One of the proposed models to interpret such super-
structures observed for the “44” is presented in Figure SI7a (drawing adapted from ref. ix) as a superlat-
tice with a coincidence boundary at the Cu2O(111)/Cu(111) interface. The oxide layer (oxide units rep-
resented by green dots) is strained to adopt the large misfit with the substrate. As three times of the 
overgrowth periodicity (3×5.95 Å =17.85 Å) nearly equals seven times the NN distance of the Cu sub-
strate (7×2.56 Å = 17.92 Å), the SCL described by the large oblique unit cell (dashed red line in the 
figure) is 9 times the oblique Cu2O unit cell (small rhomboid) and can be identified in Wood’s notation 
by a (7√3x7√3)R30º  or  c(7x7√3) superstructure of the Cu(111) (rectangular unit cell). Depending on 
the relative orientation between overlayer and substrate many different patterns may exist for the same 
overlayer structure (e.g., archetypical graphene Moiré patterns on (111) oriented metals). In the particu-
lar case of the copper oxide overlayers, the situation becomes even more complex. An experimentally 
observed Cu2O(111)-like or “44” structure and the corresponding Fast Fourier Transform (FFT) are 
presented in Figure SI7b and SI7c, respectively. As it can be observed in the FFT, two concentric hex-
agonal lattices can be distinguished, the outermost pattern having a 7 times larger periodicity than the 
inner pattern. The separated respective FFTs and the inverse FFTs (IFFTs) are also shown (Figure SI6d-
g). The hexagonal lattice in Figures SI7d and SI7f corresponds to the characteristic ∼ 6 Å distance of the 
Cu2O, while the large lattice is result of the large superstructure of this example. 

 
Figure SI7. (a) Model for a coincident site lattice of the Cu2O(111)-“44” structure on Cu(111).x,xi For 
simplicity, green dots stand for oxide units forming the oxide layer and black small dots represent the 
underlying substrate (drawing adapted from ref. 9). Depicted unit cells are described in the text. (b) 
Topographic STM image of the non-stoichiometric “44” structure and (c) corresponding FFT. (d) and 
(e) are the separated hexagonal lattices of (c) and (f) and (g) the corresponding inverse FFTs. STM pa-
rameters: (b) I = 340 pA, Bias = +1.17 V. 



 

 

 Coexistence of oxide layers with different oxygen content 

As commented in the main manuscript, all observed structures coexist on one or other regions.  
 

 

Figure SI8. STM images of the partially oxidized Cu(111) showing that the different structures de-
scribed in the main text coexist on the surface. Increasing numbers labeling the structures indicate in-
creasing oxygen content: (1) open honeycomb (OHC), (2) short order honeycomb (SOHC) and (3) 
compact “44” or Cu2O(111)-like. STM parameters: (a) = 94 pA, Bias = − 0.90 V, (b) I = 187 pA, Bias = 
− 1.40 V, (c) I = 62 pA, Bias = −1.40 V, (d) I = 117 pA, Bias = − 1.40 V. 

 

Figure SI9. High resolution STM images of the different oxide structures and their corresponding Fast 
Fourier Transforms (FFT). 

  



 

 

Residual incorporation of nitrogen  

It has been reported that nitrogen does not chemisorbed on copper directly unless this process is activat-
ed by ion implantation or atomic beam sources. Though the ionization energy for nitrogen is higher than 
for oxygen, nitrogen ionized species would exist during the air-enriched procedure employed in the pre-
sent investigation. 

Previous studies on the incorporation of nitrogen in Cu(111) indicate that the ordered structure experi-
mentally observed is a pseudo-(100) surface phase with a rectangular unit cell. 11-15 As demonstrated by 
DFT calculations, 16 this structure is highly energetically favorable. Though scarcely, we observed small 
surface regions (Figure SI10) presenting a surface structure in agreement with copper nitride formation. 
This CuN layer has been interpreted by insertion nitrogen atoms between Cu atoms in the surface. Be-
cause the insulating character of the nitride layer, in the constant current STM images of Figure SI10, it 
appears lower than the level of the original Cu terrace (see profile in d). The difference in height de-
pending on the measuring parameters.15 The nitride lattice has a (25×7√3)rect  unit cell well known, 
clearly identifiable and distinguishable from all the hexagonal and honeycomb structures developed 
during copper oxide formation. 

 

Figure SI10. STM images of a region of a Cu(111) where residual incorporation of nitrogen is ob-
served. STM parameters:  I = 200pA, Bias = − 0.80V.  The images reveal the (25×7√3)rect. coincidence 
surface mesh resulting from pseudo-(100) layer and the underlying (111) substrate. The modulation or 
regular wavy bands running along close-packed <110> directions of the substrate  characteristic of the 
coincidence mesh are accompanied for a small angular distortion (φ≈ 14° in our case) of the CuN super 
cell away from the <110> direction of Cu substrate results in a long-range modulation disorder.15 
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