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A B S T R A C T

The ability to remove surface defects of diamond by dry etching methods is of high importance for applications 
that make use of shallow color centers in diamond. Here, we present an atomic layer etching process, making use 
of oxygen as dosing gas and argon as etching gas, in order to achieve controlled etching of the surface without 
creating additional defects by sputtering. We demonstrate a process window, where quasi-self-limiting atomic 
layer etching takes place with an etch per cycle of (1.909 ± 0.004) Å/cycle, corresponding to about 2 atomic 
layers of the {100} oriented diamond sample. The process is able to reduce the rms surface roughness down to 
(0.15 ± 0.01) nm. Furthermore, X-ray photoelectron spectroscopy indicates only a small amount of sp2 bonded 
carbon on the diamond surface after the atomic layer etching process.

1. Introduction

Advanced diamond-based applications in the field of quantum 
computing, quantum sensing, and quantum communication are based 
on color centers which require a defect free diamond environment for 
long coherence times [1,2]. Quite often, the relevant color centers are 
not deep inside the bulk crystal but close to the surface, e.g. shallow NV- 
centers used for quantum sensing with high sensitivity and high lateral 
resolution [2,3]. NV-centers close to the polished diamond surface, or 
NV-centers close to etched structures, e.g. pillars, are prone to deco
herence by influences from surface defects [4,5], as polished and plasma 
etched surfaces often possess subsurface damage [6–9]. Finding a pro
cess to remove diamond material without creating further damage to the 
diamond surface is of high importance for the realization of such ap
plications. Surface damages caused by plasma etching of diamond was 
already recognized earlier [10], and plasma etching processes with 
reduced defect generation probability were also demonstrated already 
[11].

An alternative process that systematically avoids surface damages is 
atomic layer etching (ALE). Atomic layer etching is a multistep process 
for removing ultrathin layers of material, and the basic concept consists 
of two fundamental steps: the first one is used to modify the surface and 
the second one to remove the modified surface [12]. Self-limiting atomic 
layer etching requires a controlled dosing with gas species that modify 
the surface and allow the removal of atomically thin layers of the ma
terial using very low energetic bombardments under ~70 eV. This en
ergy is far below the ion energies of about a few hundred eV of typical 

ICP/RIE plasma etching processes [13]. The first patent on atomic layer 
etching was by S. Iwamatsu [14], dating back to 1981. The first patent 
on plasma assisted atomic layer etching is concerned with an etching 
process for diamond, making use of NO2 as dosing gas that modifies the 
surface, and a mixture of a noble gas and hydrogen fed through an ion 
gun for the removal of the modified layer [15]. However, an experi
mental realization of this processes is not known.

An atomic layer process for etching diamond, making use of an ICP- 
RIE system, was developed using Cl2 as modifying gas and Ar as the inert 
gas producing the ions for the removal of the modified layer [16]. An 
atomic layer etching process using CF4/Ar on diamond was developed 
by Régnier et al., however with a relatively low synergy [17]. Draney 
et al. [18] were studying computationally a process they name “ion 
damaged layer etching”, where, in a first step, diamond is damaged by 
Ar ion irradiation and subsequently, the damaged layer is etched 
chemically by oxygen ions or by neutral hyperthermal oxygen atoms.

Molecular dynamics simulations reveal that for all investigated 
incident energies of oxygen ions accelerated onto a diamond surface, the 
C–C bonds are dissociated and carbon atoms are etched away via the 
generation and desorption of gaseous carbon monoxide and carbon di
oxide molecules [19]. Atomic layer etching processes working for other 
carbon allotropes have been shown by Kim et al. [20] and Lim et al. [21]
using oxygen as dosing gas and argon as etching gas for the removal of 
the modified layer, on highly oriented pyrolithic graphite [20] or gra
phene [21]. Polystyrene polymers were etched using an atomic layer 
etching process by O2 exposure and subsequent Ar plasma etching [22]. 
Kanarik et al. show an atomic layer etching process using O2 plasma for 
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the modification step and Ar plasma for the removal step, obtaining a 
high synergy of 97% on amorphous carbon films [12].

In light of this, in this work, we developed and investigated an 
atomic layer etching process for diamond using O2 for dosing and Ar for 
etching.

2. Materials and methods

2.1. Materials

The investigated samples were electronic grade single crystal dia
mond grown by chemical vapor deposition, with 2.0 mm × 2.0 mm ×
0.5 mm in size, obtained from Element 6. The samples were of {100} 
surface orientation. The crystallographic miscut was reported to be of 
±3◦ [23], and the root mean square (rms) roughness of the sample in a 
40 × 40 μm2 region was measured by AFM to be (0.26 ± 0.02) nm.

2.2. Masking

The use of oxygen as dosing gas in the atomic layer etching process 
requires to employ a metal mask. We used a thermally evaporated 
aluminum mask as masking material. After the thermal evaporation of 
the aluminum, patterning was done by application of a photoresist (AZ 
5214 E, spinning at 9000 rpm, baking at 110 ◦C for 90 s), and UV 
exposure through a glass mask. After an additional bake at 112 ◦C for 90 
s, the resist was flood exposed without mask, in order to convert it into a 
negative tone resist, crosslinking the resist in the initially unexposed 
areas. After development of the resist in AZ 726 MIF (about 30 s), the 
aluminum was patterned by etching in a solution of H2O:HNO3:H3PO4 
(1:1:8) at 50 ◦C for about 4 min. The photoresist mask was finally 
removed by a resist remover (AR 300–76), and subsequent cleaning in 
acetone and isopropanol was performed.

2.3. Etching

After masking the diamond samples, they were etched in a dedicated 
atomic layer etching device (Oxford PlasmaPro 100 Cobra 300 with ALE 
kit). The argon was of 6.0 quality (mti IndustrieGase AG, Neu-Ulm), and 
connected to the chamber by its own process gas line via a mass flow 
controller. The oxygen (O2 purity 6.0, mti IndustrieGase AG, Neu-Ulm) 
was fed through a mass flow controller followed by fast valves (10 ms 
open-close response) connected to the pump exhaust and the process 
chamber. The O2 process gas line could then either be switched to be 
directed into the process chamber (during the dosing step) or to divert 
the gas into the pump exhaust.

The atomic layer etching process performed in this work consists of 4 
steps that are repeatedly performed. Fig. 1 shows a sketch of one 
representative cycle of the process. One atomic layer etching cycle 
consists of 1) a dosing step, where oxygen is introduced into the 
chamber, reacting in the ICP plasma, and modifying the sample surface; 
2) a subsequent purge step, required to remove the dosing gas from the 

chamber, which is followed by 3) the etch step, in which the table rf 
generator is turned on to bombard the modified surface, and 4) a final 
purge step to remove the etch products from the chamber. During the 
whole process, we kept the ICP plasma running and the Ar flow constant. 
With the help of an optical emission spectrometer (OceanInsight 
USB4000 Miniature Spectrometer), the Ar flow, and the first purge step 
duration was adjusted to the dosing duration in order to obtain the 
lowest possible oxygen background in the plasma at the end of the first 
purge step.

A measure of the ideality of the atomic layer process is the ALE 
synergy S, which is defined as: 

S (%) =
EPC − (α + β)

EPC
× 100% (1) 

where α and β are undesired contributions to the atomic layer etching 
process. The unintended etching per cycle during the dosing step is 
represented by α, and β represents the amount of sputtering of unmod
ified material in the etch step [24]. Both parameters α and β can be 
obtained in two separate processes: one where the etching step is 
removed for revealing α, and one where the dosing step is skipped for 
obtaining β.

For all processes performed in this work, the sample temperature was 
held constant at 20 ◦C, and the ICP power was 500 W, while the power of 
the table rf was varied between the etching experiments, in order to vary 
the ion energy of the Ar ions bombarding the diamond surface in the 
etching step.

2.4. Characterization

2.4.1. AFM
The etch depths, as well as the roughness measurements on the 

samples were performed using an atomic force microscope (Park Sys
tems, NX10) in non-contact and tapping mode, using a standard NCHR 
probe. All the AFM scans were planarized and analyzed with the open- 
source software Gwyddion [25] and XEI (Park Systems).

2.4.2. XPS
Chemical characterization of the sample surface was performed 

using a commercial PHI 5800 X-ray photoelectron spectrometer from 
Physical Electronics. The setup was calibrated using copper (Cu). Final 
calibration and spectra evaluation was performed using the C 1 s C–C 
sp3 at 284.8 eV. To minimize inhomogeneous surface charging, the 
inbuilt charge neutralization system was used. Aperture size was set to 
2.0 × 0.6 mm2. Pass energy was set to 29 eV. Survey spectra and high- 
resolution spectra were recorded at bulk sensitive detection angle θ1 =

45◦, and at surface sensitive detection angle θ2 = 70◦. Recorded data was 
representative for ~7 nm depth and ~ 3 nm depth of the diamond 
surface, respectively, and was used for angle-resolved analysis. Evalu
ation was performed by using CasaXPS [26].

3. Results

Fig. 2 shows the determined etch per cycle (EPC) for the variation of 
the table rf power, and consequently the variation of the occurring bias 
voltage. For all data points, 600 cycles were performed, and the etch 
depth was obtained by AFM measurements. The error bars for the EPC 
reflect the uncertainty in obtaining the etch depth from the AFM mea
surements, and the error bars of the bias voltage reflect the variations of 
the measured bias voltage value during the etching cycles. The mask 
erosion calculated from comparing AFM measurements before etching 
(mask thickness), after etching (etched depth together with the mask 
thickness) and after removal of the mask (etched depth) is negligible.

The variation of the table rf power revealed 3 distinct regimes. In the 
first regime (below about 45 V bias), we obtain an incomplete removal 
of the modified surface. In the second regime (between about 45 V and 

Fig. 1. Schematic of a sequence of the atomic layer etching cycle, consisting of 
4 phases – Dosing, Purge 1, Etching, Purge 2, which are repeated N times. Our 
Oxford Cobra 300 allows the flows to be set between 0 and 100 sccm, and gas 
can be switched on/off with 10 ms accuracy.
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95 V bias), we obtain an ALE plateau, meaning, that the complete 
modified layer is removed without additional sputtering. In the third 
regime, above about 95 V bias, sputtering of the diamond surface be
comes dominant. It is important to add, that the sputter yield of oxygen 
is much higher than for Argon, which would increase the sputtering 
much more, if sufficient oxygen is present during the etch step.

For the bias voltage of about 49 V (table rf = 5 W), we determined the 
synergy of the process, by performing an ALE process of 600 cycles 
without the dosing step, and an ALE process of the same number of 
cycles without the etching step. With α = (0.20 ± 0.01) Å/cycle (etch 
rate without the Ar Bias) and β = (0.12 ± 0.01) Å/cycle (etch rate 
without dosing O2), and using Eq. (1), we obtain a relatively low synergy 
of S = (81.01 ± 0.84) %. The EPC of the process obtaining α is also 
shown in Fig. 2.

A series of etch processes was performed, while keeping the rf table 
at 5 W and varying the dosing duration from 0 s to 0.70 s. The observed 
EPCs are shown in Fig. 3. The data resembles the saturation curve of a 
quasi-self-limiting atomic layer etching process [27]. For the following 
experiments, the dose duration of 0.25 s was chosen, which is long 

enough to reach saturation but short enough to minimize the uninten
tional etching.

In order to study the change of surface topography and the modifi
cation of the surface chemistry by the atomic layer etching process, we 
performed the following experiment: to mimic the surface conditions 
after the etch mask generation, we performed a triacid cleaning [28] of 
an as-received sample, followed by thermal evaporation of aluminum. 
The aluminum was subsequently removed again by in a solution of H2O: 
HNO3:H3PO4 (1:1:8) at 50 ◦C for about 12 min and the sample was 
subsequently cleaned by rinsing it in water.

AFM measurements on five different 40 μm × 40 μm areas have been 
performed, in order to obtain a comprehensive roughness analysis of the 
sample. Furthermore, the surface chemical composition and bonding 
configuration was investigated by x-ray photoelectron spectroscopy. 
After performing 600 cycles of the ALE process with table rf 5 W, the 
same AFM and XPS measurements were performed and the results were 
compared before and after. Fig. 4 (a) and (b) show representative AFM 
results before and after the ALE process, Fig. 4 (c) shows the power 
spectral density (PSD) of a representative line profile perpendicular to 

Fig. 2. Etch per cycle obtained for the variation of the table rf power in the etching step (shown as a function of the obtained bias voltage). Between about 45 V and 
95 V, we observe the quasi-self-limiting ALE regime (highlighted in green). The red dashed line shows the EPC which would correspond to one atomic layer, the blue 
dotted-dashed line indicates the EPC corresponding to two atomic layers (half of one unit cell). The triangular data point (purple) is obtained by repeating the 
experiment without turning on the table rf; it represents the etch per cycle due to the oxygen dosing only. The error bars for the EPC reflect the uncertainty in 
obtaining the etch depth from the AFM measurements, and the error bars of the bias voltage reflect the variations of the bias voltage read value along the cycles.

Fig. 3. Variation of dosing time, while using a table rf power for the etch step of 5 W, showing an increase of etch per cycle until a plateau is reached above a dosing 
time of 0.25 s. The slope of the plateau can be explained by the non-zero etching of the oxygen dosing step.
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the polishing lines obtained before (black dashed line) and after (red 
line) the ALE process. The PSD obtained from the etched surface in the 
process determining alpha (dosing only) is also shown in Fig. 4(c) (as 
blue dashed-dotted line).

The topographies acquired before the ALE process show differently 
oriented scratches and ordered polishing lines. Before ALE, the average 
rms roughness over the scanned areas is (0.26 ± 0.02) nm. After etching, 
we do not observe the scratches, the average rms roughness is (0.15 ±
0.01) nm. PSD intensity is overall reduced after the ALE process, 
consistent with a surface roughness reduction on a large range of length- 
scales.

Chemical characterization before and after the 600 atomic layer 
etching cycles confirms the presence of carbon and oxygen as the main 
elemental contributions at the diamond surface. We performed XPS 
measurements on a sample before atomic layer etching, after the atomic 
layer etching where the last step was Ar etching, and after the atomic 
layer etching, when the lasts step was O2 dosing. At a detection angle of 
θ1 = 45◦, small elemental residues of Al, Si, P, S, Cl, Na were observed 
close to the detection limit of the X-ray photoelectron spectrometer 
(0.1–0.2 at.%) before etching. These contributions possibly originated 
from masking, cleaning and handling the sample, and mostly vanished 
after the atomic layer etching process. Trace amounts of P residue 
remained after etching at reduced quantity (0.1 at.%), the origin re
mains unclear. After etching, new F and N related residues (0.3 at.% 
each) were on the surface, close to the detection limit (0.1–0.5 at.%), 

which are most likely origin from process gas residues of processes run 
prior in the same process chamber. In accordance to the last etching 
cycle being the Ar etching, the amount of O was reduced after the 600 
atomic layer etching cycles. High-resolution spectra of the C 1s core 
electron contributions are depicted in Fig. 5, comparing raw data 
recorded before and after etching. The data displayed was recorded at 
bulk-sensitive (Fig. 4 (a)) and surface-sensitive (Fig. 5(b)) detection 
angle. Here, for both detection angles, the overall intensity increased 
after etching. The integrated intensity of the C–C sp3 contribution, 
representing single crystalline bulk diamond, was enhanced by a factor 
of 1.3 at θ1 = 45◦. An increase of the C–C sp3 contribution was recorded 
at θ2 = 70◦ as well, although the effect was less pronounced. The 
enhanced intensity can hint towards a reduced surface roughness, which 
is in agreement with the results of the AFM measurements. Peak 
deconvolution of the C 1s high resolution spectrum at surface sensitive 
detection angle θ2 = 70◦ is displayed in Fig. 5(c). Displayed spectra show 
the C 1 s contribution before ALE processing, after the O process step, 
and after the Ar process step. The main contribution originates from 
pristine single crystalline diamond C–C sp3 (284.8 eV). The contribu
tion at lower binding-energy (BE) is identified as C–C sp2 (283.7 eV) 
and represents defects of the diamond lattice [29]. The chemical shift of 
1.1 eV is in good agreement with reported assignments of C–C sp3 and 
C–C sp2 [30,31]. The chemical shift of 1.1 eV is in good agreement with 
reported assignments of C–C sp3 and C–C sp2 [30,31]. At higher BE, 
three contributions were identified and assigned to oxygen single and 

Fig. 4. (a) Representative AFM measurement before the atomic layer etching process, showing polishing lines and small scratches (b) Representative AFM mea
surement after the atomic layer etching process (c) PSDs obtained from single lines traced perpendicularly to the sample polishing lines. The blue dotted-dashed PSD 
line is obtained from a different sample and shows the effect on the surface roughness when using oxygen dosing only; the black dashed and solid red lines represent 
the PSD before and after ALE process at 5 W table rf power. Roughness increases when using oxygen only while decreases after the complete ALE process.
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double bonded to carbon, namely C–O (285.8 eV), C––O (286.8 eV), 
and C-O=C (287.8 eV) [32]. For both shoulder-contributions, C–C sp2 

and oxygen bonded to carbon, their relative intensity towards the cen
tral C–C sp3 contribution appears higher at surface-sensitive detection 
angle than bulk-sensitive detection angle (Fig. 5 (a) (b)). This indicates 
defects and oxygen bonded to carbon as surface species.

After etching, the intensity for C–C sp2 and oxygen bonded to car
bon in relation to the C–C sp3 increased. This was evident when O2 
dosing was the last process step and after when Ar etching was the last 
process step. These changes are especially pronounced for surface sen
sitive detection, as the intensity of the shoulder at low BE (surface de
fects) and the shoulder at high BE (oxygen bonded to carbon) of the C 1s 
contribution is more pronounced at θ2 = 70◦ than θ1 = 45◦ (Fig. 5(a)- 
(b)). Hence, these changes are confined to the surface of the diamond 
and direct results of the ALE process itself. This general increase in C–C 
sp2 contribution is most likely related to the Ar etching process step, 
which is breaking surface bonds. The C–C sp2 contribution measured 
after the O2 dosing step is less pronounced, which can be related to O 
species etching and terminating broken surface bonds. Fig. 5 (c) is dis
playing the O 1 s high resolution spectrum. Intensities are normalized 
via the C 1 s contribution. The oxygen amount present on the diamond 
surface is clearly reduced after ALE processing. This is expected after the 
Ar etching step, which should remove O species. After the Ar etching 

step, the oxygen amount on the surface is similar to the oxygen amount 
after the O2 dosing step, which can be explained by most of the observed 
oxygen originating from sample exposure to ambient atmosphere.

In order to demonstrate the feasibility to apply the atomic layer 
etching process to remove diamond layers while preserving shallow NV 
centres, we performed the following experiment: one diamond substrate 
(E6) overgrown by a 100 nm 12C purified diamond layer and subse
quently implanted with 5 keV 15N+ ions (average depth is expected to 
be around 8 nm [33]), followed by a standard annealing procedure. 
After 29 ALE cycles (removing about 5 nm diamond from the surface), 
finishing with a final dosing step, NV centres were still observable, 
showing a similar Rabi contrast as before the etching, of about 10%. 
However, a more detailed study on the influence of the atomic layer 
etching process on the spin properties of shallow NV centres is ongoing.

4. Discussion

We observe a quasi-self-limiting ALE plateau at (1.909 ± 0.004) Å/ 
cycle, which is about half a unit cell of diamond (a0/2 = 3.567 Å/2 =
1.784 Å). In contrast to this, the ALE plateau by the bias-pulsed atomic 
layer etching process using Cl2 dosing and Ar etching by Michaels [15] is 
at around 0.9 Å/cycle, equivalent to one monolayer (a0/4 = 3.567 Å/4 
= 0.892 Å). As experimentally indicated [34] and computationally 

Fig. 5. High-resolution spectra of the C 1s and O1s core electron contribution before and after ALE process. (a)(b) Comparison of C 1s spectra intensities for bulk and 
surface sensitive detection angle θ, before and after atomic layer etching when the last step was the Ar etch step. After etching the overall spectra intensity increased, 
hinting at a reduced surface roughness. (c) Comparative display of normalized intensities and peak deconvolution of C 1s high resolution spectra recorded before and 
after atomic layer etching when the last step is O2 dosing, and after the atomic layer etching when the last step is the Ar etching step. For easier visualization, peak 
fitting is included for high-resolution spectra of the C 1s core electron contribution after the final process step only (Ar). The dominant C–C sp3 bond was 
accompanied by C–C sp2 at lower binding energy and oxygen bonded to carbon at higher binding energy. After ALE processing the C–C sp2 increased, while double 
bonded oxygen was removed. The highest C–C sp2 contribution was observed after etching with Ar, (d) Equivalent comparison of ALE process steps, displayed for 
the O 1s high resolution spectra. Oxygen is clearly removed after atomic layer etching, while the differences in the O 1s intensity is minimal if the last step was O2 
dosing or Ar etching. Some of the measured O most likely originates from atmospheric oxygen adsorbed during sample handling.
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verified [35], the oxygenated {100} diamond surface can contain both, 
carbonyl and epoxide groups. Simulations by Enriquez et al. [36] also 
indicate that, under some conditions, there is a coexistence of carbonyl 
groups on the first atomic layer and ether groups on the second atomic 
layer of the {100} diamond surface. The chemisorption of oxygen on 
{100} diamond is hence a much more complex situation than the 
chemisorption of chlorine, which is most likely not chemisorbing in 
more than one configuration to the {100} diamond surface [37,38]. 
Experimental observations show circumstantial evidence, that oxidative 
etching of {100} diamond surfaces happens by a layer-by-layer etching 
process [39,40]. Molecular dynamics simulations furthermore suggest, 
that {100} diamond surfaces get etched by atomic oxygen even at very 
low incident energy, and can remove more than one atomic layer at a 
time [19].

A possible explanation for the observed removal of about two atomic 
layers per cycle is, that on a clean (100) 2 × 1 reconstructed diamond 
surface, the chemisorption of oxygen leads to a dereconstruction of the 
surface, converting the surface dimers into C-O-C (ether) and C––O 
(carbonyl) sites [36]. It is furthermore known, that surfaces with 
monolayer oxygen coverage consisting of carbonyl on the first layer and 
ether on the second layer are structurally stable [34–36]. It can be 
speculated, that in a situation, where ether and carbonyl structures are 
next to each other, the Ar ion induced desorption of CO from the ether 
bridges on the second atomic layer will leave a dangling bond at carbon 
atoms in the third atomic layer that are connected to the carbonyl 
structure formed on the first and second atomic layer. Hence, a weak
ening of the bonds in the third atomic layer could allow the Ar induced 
desorption of the carbonyl structure on the first and second atomic layer, 
and therefore lead to the etching of roughly 2 atomic layers at a time. 
Even though this is a plausible scenario, a verification by e.g. molecular 
dynamics simulations would be required to uncover the mechanisms 
leading to the observed results. However, molecular dynamics simula
tions of the specific scenario of Ar/O2 atomic layer etching are not 
known to the authors.

A much higher EPC of about 7.1 Å/cycle, which corresponds to about 
2 diamond unit cells, is found by Regnier et al., using a CF4 dosing and 
Ar etching [17].

The average kinetic energy of the ions bombarding the substrate EIon 
can be roughly approximated as the sum of the plasma potential (Vp) and 
the measured DC bias (|VBias|), multiplied with the elemental charge: 
EIon ≈ q(Vp + |VBias|) [41], where q is the charge of the ions, assumed to 
be one elemental charge. The plasma potential Vp is typically on the 
order of 5 V for the PlasmaLab 100 in similar process conditions [42]. 
Hence, the onset of sputtering is observed approximately at an ion en
ergy of about 100 eV (see Fig. 2). Approximating the sputter threshold 
Eth for diamond bombarded by argon ions, using an empirical sputter 
yield model [43,44], gives also a value of Eth ≈ 70 eV. A newer, mo
lecular dynamics informed sputter yield model [45] yields a value of Eth 
≈ 76 eV. However, the literature data on sputter thresholds of diamond 
at low energetic ion bombardment is not very consistent, showing no 
obvious dependency on the various polymorphs of carbon [45]. The 
similar sputter yield for amorphous carbon and diamond are explained 
by molecular dynamics simulations by Tran [45] that reveal the 
bombardment of carbon materials with low energy ions creates an 
amorphous subsurface, which possesses the same structural character
istics regardless of the initial carbon structure or the sputtering condi
tions [45]. This may explain, why a lower onset of sputtering of around 
75 eV was observed by Kanarik et al. [12] for atomic layer etching of 
amorphous carbon, but we observe a clear increase of the EPC only 
above 95 V bias. Hence, it seems that the ALE window is expanding 
beyond the expected onset of carbon sputtering (70–76 eV). It can be 
speculated, if the etching process at bias voltages beyond 70 V, where 
the ion bombardment may be above the sputter threshold of diamond is 
indeed more like the process described by Draney et al. [18], where 
amorphized carbon is generated by Ar ion bombardment and afterwards 
removed by chemical etching by oxygen radicals.

We obtain a synergy of (81.01 ± 0.84) %, which is higher than the 
synergy obtained for a CF4/Ar ALE process on diamond by Regnier et al. 
[17]. Kanarik et al. shows a correlation between the surface binding 
energy and synergy of ALE processes [12], and for amorphous carbon 
etched by O2/Ar, they show a synergy of 97%, much higher than the 
value obtained by us. The relative low synergy obtained in our process, 
stems mainly from the slight unintended etching during the dosing step.

The scratches seen on the sample before the ALE process have dis
appeared afterwards, however, the polishing lines are still visible, but 
the roughness (rms) is reduced by a factor of 1.7. A reduction of the 
surface roughness is normally expected to happen during atomic layer 
etching [24]. The general understanding is that small radii of curvature, 
having more adsorption sites, may be preferentially etched chemically 
during the dosing step [24], while ion bombardment of sufficient energy 
is also known to reduce roughness by promoting diffusion of surface 
atoms [46]. In contrast to that, a pure etching by an oxygen plasma, as 
done for the determination of α, is not reducing the roughness, but we 
observe a severe increase in surface roughness by this process. Since no 
bias is present, a roughening by micro masking by sputtered Aluminum 
can be ruled out.

As we see from the angle dependent XPS measurement (Fig. 5a,b), 
the sp2 carbon is located on the surface, and not in the bulk. A basic way 
to estimate an overlayer thickness d from the XPS measurements can be 
done using [47]. 

d = λC1scos(θ1)
IC1s,overlayer

IC1s,substrate
(2) 

with λC1s = 2.7 nm [48], the C 1s electron mean free path in the over
layer, θ1 the photoelectron emission angle of bulk-sensitive detection, 
IC1s,overlayer and IC1s,substrate are the integrated intensities from overlayer 
and substrate core-level contributions, respectively.

In the case, where after the final etch step no termination step was 
performed, it can be expected that the diamond surface underwent 
surface reconstruction, and trace oxygen in the chamber, as well as other 
gas species in the atmosphere are chemisorbed after the sample is 
exposed to the atmosphere. Free {100} diamond surfaces are known to 
reconstruct in 2 x 1C(100) surfaces which contain double-bonded car
bon dimers [49,50]. Using Eq. (2), we estimate about 1 monolayer of sp2 

bonded carbon for the sample before any etching, about 2.7 monolayers 
after atomic layer etching with the Ar etching step last, and after the 
atomic layer etching with oxygen dosing as last step, we obtain about 2.1 
monolayers of sp2 carbon. It is important to mention, that the simple 
overlayer model used here has its limitations, e.g. by not accounting for 
the surface roughness, which might also affect the results here. How
ever, we can conclude, that we cannot detect extensive sp2 formation on 
the surface after the atomic layer etching process, and that finishing the 
process with an oxygen dosing step also reduces the surface sp2 content 
further.

5. Conclusions

We present and characterize an atomic layer etching process for 
diamond surfaces, making use of O2 dosing and Ar etching. An ALE 
plateau is found at an etch per cycle at about one half of the diamond 
unit cell. The developed process shows a low synergy of S = (81.01 ±
0.84) %.

The surface roughness (rms) is diminished by a factor 1.7, which is 
expected to happen during atomic layer etching [24].

The atomic layer etching process successfully removed trace con
taminations from the surface. The removal of double bonded oxygen and 
the increase of sp2 bonded carbon on the diamond surface is attributed 
to the 2 x 1C(100) surface reconstruction. Ending the process with the 
oxygen dosing step reduces the surface sp2 content.

The presented possibility to remove defective surface layers by the 
atomic layer etching process without introducing further surface 
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damage is an important enabling technology for applications in the 
fields of quantum computing, quantum sensing, and quantum commu
nications, that make use of shallow color centers in diamond. The pre
sented ability for smoothening the diamond surface without the 
introduction of an extended defect layer is a key for growing thin, 
isotopically purified diamond layers with low defect densities on dia
mond substrates, e.g. for quantum computation or for quantum sensing 
applications. Future work will be investigating the influence of atomic 
layer etching on shallow NV centers.
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