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Digital Etching of Molybdenum Interconnects Using Plasma
Oxidation

Ivan Erofeev, Antony Winata Hartanto, Muhaimin Mareum Khan, Kerong Deng,
Krishna Kumar, Zainul Aabdin, Weng Weei Tjiu, Mingsheng Zhang, Antoine Pacco,
Harold Philipsen, Angshuman Ray Chowdhuri, Han Vinh Huynh, Frank Holsteyns,
and Utkur Mirsaidov*

Molybdenum (Mo) has a high potential of becoming the material of choice for
sub-10 nm scale metal structures in future integrated circuits (ICs).
Manufacturing at this scale requires exceptional precision and consistency, so
many metal processing techniques must be reconsidered. In particular,
present direct wet chemical etching methods produce anisotropic etching
profiles with significant surface roughness, which can be detrimental to
device performance. Here, it is shown that polycrystalline Mo nanowires can
be etched uniformly using a cyclic two-step “digital” method: the metal
surface is first oxidized with isotropic oxygen plasma to form a layer of MoO3,
which is then selectively removed using either wet chemical or dry isotropic
plasma etching. These two steps are repeated in cycles until the intended
metal recess is achieved. High uniformity of plasma oxidation defines the
etching uniformity, and small metal recess per cycle (typically 1–2 nm)
provides precise control over the etching depth. This method can replace wet
etching where high etching precision is needed, enabling the reliable
manufacturing of nanoscale metal interconnects.

1. Introduction

Integrated circuits (ICs) have been steadily scaling down over
the past few decades,[1,2] driven by the ever-growing demand for
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higher computational power and effi-
ciency. The resulting rapid increase in
the spatial density of IC elements, such
as transistors, has led to the respective
shrinking in the dimensions of metal
interconnects,[3,4] with the smallest of
them currently being only ≈10 nm in
width. Most interconnects are made of
copper (Cu) as it offers the best combina-
tion of high conductivity and low cost,[5,6]

however, Cu shows a significant increase
in resistivity at wire dimensions below
its electron mean free path length of 40
nm (at 20 °C).[7–11] Therefore, alterna-
tive materials have been proposed for the
thinnest interconnects which surpass Cu
at the critical dimension (CD) of 10 nm
and below. Among them, molybdenum
(Mo) is the first candidate.[12–16] Despite
its higher bulk resistivity value, the elec-
tron mean free path length of only 11.2
nm[11] ensures much better scalability of

Mo wires and enables better performance at CDs below 10 nm
when compared to Cu. At the same time, Mo is a new material
for semiconductor manufacturing, which brings new processing
challenges, especially given the very high precision required for
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interconnects with CD of 10 nm and below.[17–19] For instance, a
reliable method for highly uniform isotropic etching (i.e., same
etch rate in all directions, as opposed to highly anisotropic reac-
tive ion etching), critical for the manufacturing of complex 3D
structures such as 3D flash memory stacks or backside power
delivery network,[14,20–22] has not been established yet. Conven-
tional direct wet chemical etching faces anisotropy issues related
to the nanocrystallinity of metal structures, which cause increas-
ingly non-uniform etching profiles.[18] Such non-uniformities
can cause severe loss of performance and device failures and are
unacceptable in a mature manufacturing process.

This issue can be overcome by introducing a cyclic two-step
etching approach,[23] where a surface layer of the polycrystalline
metal is first converted into an amorphous material such as metal
oxide, and then this layer is selectively etched at the second step.
It is important to note that the amorphous layer must be easily
etchable so that no insoluble subproducts remain on the surface.
For relatively small metal recess per cycle and high etching con-
trol, such methods are usually referred to as atomic layer etch-
ing (ALE). This approach is also called “digital etching” due to
the discreet amount of metal recess over multiple cycles. The for-
mation of an amorphous Mo oxide layer has been demonstrated
using high-temperature ozone, and the oxide layer was then dis-
solved in an ammonia (NH4OH) aqueous solution.[24–26] Other
examples include the use of oxygen plasma for Mo oxidation and
chlorine plasma for selective oxide etching,[27] or a combination
of fluorine and argon plasmas.[28] However, both plasma meth-
ods have only been tested on Mo blanket thin films, for which it
is hard to distinguish between isotropic and anisotropic etching
behavior. Our previous work focused on isotropic digital etching
of patterned Mo nanowires (NWs) using wet chemical solutions
for both oxidation and etching steps, where we demonstrated the
formation of a stable and uniform MoO3 layer by reducing the so-
lution temperature.[29] While this approach yielded smooth etch
profiles that are superior to the etch profiles obtained by direct
etching, it still had a limitation. Namely, we noted a gradual in-
crease in the large-scale surface roughness (referred to as wavi-
ness) over multiple cycles. We attributed the increase in wavi-
ness to the slow oxidation rate, which makes the oxidation facet-
dependent, similar to the direct etching approach. Hence, a great
recess control and a smooth metal surface did not translate into
a significant improvement in the overall etch uniformity.

According to the Cabrera-Mott theory of metal oxidation,[30–32]

using plasma oxidation in the first step of a digital etching cy-
cle has several advantages when compared to wet or hot gas ox-
idation. Plasma oxidation should lead to a faster surface oxida-
tion, as atomic oxygen species induce a stronger Mott potential
across the oxide layer.[33] This also makes oxidation more con-
trollable than with high-temperature gas oxidation, as thermal
diffusion of metal ions through the oxide is negligible at room
temperature.[32]

In this study, we establish a two-step digital etching process for
patterned Mo NWs where surface oxidation by oxygen plasma,
the first step, is followed by either wet or dry selective etching of
the oxide, the second step. In this process, the oxide thickness
and the metal recess can be easily controlled with the oxygen
plasma power, where the plasma oxidizes Mo to its maximum
oxidation state Mo6+, making the oxide layer fully soluble even
in de-ionized (DI) water. Moreover, we show that if the oxidation

time is within the optimal range of 1–2 min, the metal recess
stays uniform over many cycles.

2. Results and Discussion

The schematic of a TEM (transmission electron microscope) chip
with patterned Mo NWs in the process of TEM imaging is shown
in Figure 1A. The two-step “digital” etching method with plasma
oxidation and selective etching of the oxide layer is schematically
shown in Figure 1B. We first focus on the oxidation control be-
cause it is the oxidation step that defines the quality and rate of
etching. As a uniform metal recess is required in many applica-
tions, e.g., when etching vertical stacks of nanostructures, we en-
sured the plasma in our experiments was isotropic, i.e., no bias
was applied to the NW samples. We used an oxygen–nitrogen
(1:3) gas mixture at a pressure of 120 mTorr (similar to industri-
ally used parameters) to create a plasma with an ICP (inductively
coupled plasma) power of 25 or 75 W. Samples were placed down-
stream (toward the vacuum pump) perpendicular to the plasma
flow to maximize the plasma–surface interaction. We imaged Mo
NWs with TEM before and after the exposure to determine the ox-
ide thickness and metal recess depth through automated image
analysis based on edge detection algorithms. Example TEM im-
ages of NWs before and after oxidation are shown in Figure 1C.
Figure 1D presents the oxide thickness measurements after 30 s
to 10 min of plasma exposure: the oxide growth rate slows down
steadily, and the oxide thickness at 75 W is about twice that pro-
duced at 25 W. More TEM images of oxidized Mo NWs are shown
in Figure S1 (Supporting Information). The metal recess follows
the same trend, as shown in Figure 1E, with the observed ratio of
metal oxide to the consumed metal being about three. Given the
Mo lattice parameter a = 3.15 Å, this means that each nanometer
of the oxide consumes about one atomic layer of Mo. The root-
mean-square error (RMSE) value of the edge profiles measured
after four cycles depends very weakly on the oxidation time. Note
that the metal recess scan for multiple cycles has been only done
for the higher power of 75 W, as it offered a larger variability and
a higher recess rate overall.

To learn more about the surface layer, we first analyzed
the electron diffraction pattern of oxidized NWs. As seen in
Figure 2A, the diffraction pattern only shows rings of spots spe-
cific to polycrystalline metallic Mo, in particular those corre-
sponding to spacings between {110}, {200}, and {211} Mo planes.
This means that the surface layer shows no crystalline struc-
ture, i.e., it is amorphous, as also confirmed by high-resolution
TEM images (Figure S2, Supporting Information). The FIB (fo-
cused ion beam) cross-section STEM (scanning TEM) image and
electron energy loss spectroscopy (EELS) maps and line profiles
shown in Figure 2B display uniform oxide coverage of the Mo
NWs from both sides and the top, confirming the isotropic ox-
idation. The EELS spectrum from the surface layer only shows
Mo and O signals, which suggests pure Mo oxide. Note that the
underlying SiO2 layer is partly etched down between the Mo NWs
as a result of HF (hydrofluoric acid) treatment during the fabri-
cation of the chips. Figure 2C shows X-ray photoelectron spec-
troscopy (XPS) signals of Mo thin film samples before oxidation,
after oxidation with oxygen–nitrogen plasma, and after oxide dis-
solution in 1 M aqueous HCl solution, in the range of binding
energy typical for Mo 3d electrons.[15,34] The initial clean sample
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Figure 1. Overview of digital etching and oxidation control. A) Schematic of patterned Mo NWs on a free-standing SiO2/SiNx as imaged with TEM. B)
Schematic of the two-step “digital” etching process with plasma oxidation and selective oxide etching. C) TEM images of NWs before and after oxidation
at 75 W for 600 s. D) Thickness of plasma-induced Mo oxide layer as a function of the plasma exposure time with 25 and 75 W of ICP power. E) Mean
metal recess per cycle and edge roughness after four cycles characterized by the RMSE value of the edge profile as functions of the plasma exposure
time with 75 W of ICP power.

shows only the metallic Mo0 doublet, while the spectrum of the
oxidized Mo film is a combination of Mo0 and Mo6+. This indi-
cates that the surface Mo is fully oxidized by the oxygen plasma,
and the oxide layer consists exclusively of MoO3 species. At the
same time, the oxide layer thickness is smaller than the X-ray
penetration depth, which explains the presence of Mo0 signal
from the oxidized film. After the oxide layer dissolution, the spec-
trum again only features Mo0 signal. The very minor contribu-
tions from Mo4+ and Mo6+ in the films before oxidation and after
oxide dissolution are due to unavoidable exposure of the samples
to air. Note that Mo0 peaks show significant asymmetry due to
high metal conductivity, while Mo6+ peaks are symmetric.[35]

To visualize the oxide layer dissolution, we performed in situ
TEM studies with a solution flowing through the liquid cell
(Figure 3A), where two SiNx membranes isolate the reaction area
from the vacuum of the electron microscope. Figure 3B displays
a series of TEM images of the oxide layer dissolution in a liquid
cell with a flow of 1 M aqueous solution of NH4OH. Figure 3C
presents the quantification of oxide dissolution by measuring the
averaged relative contrast dip near the metal surface over time,
which shows the local thickness of the amorphous oxide layer
along the line of sight. The dissolution process only takes ≈2 s,
and the dissolution front can be seen to move both toward the
metal surface and the substrate, according to Figure 3C. If DI wa-
ter is used for MoO3 dissolution, the remaining metal surface is
equally clean, although the dissolution takes considerably longer,
≈2 min (Figure 3D,E). It should be noted that while NH4OH of-
fers a much faster dissolution rate of MoO3 than DI water, its

selectivity toward metallic Mo is moderate, even at room temper-
ature (Figure S3, Supporting Information). When the oxidized
Mo NWs were kept inside the 1 M NH4OH solution for 10 min,
we observed a notable etching of metal past the metal–oxide in-
terface. After some testing of alternative solutions, we decided to
use a 1 M aqueous solution of HCl for the oxide dissolution step
in the following experiments, as it provided the same fast disso-
lution and a much better selectivity.

Clean, fast, and highly selective dissolution of the MoO3 sur-
face layer allows for the cyclic “digital etching” approach when
the oxidation and oxide dissolution steps are repeated multiple
times to achieve the desired metal recess. Based on the parame-
ter scan shown in Figure 1D,E, we selected the higher oxidation
power of 75 W and the oxidation time of 2 min, as this combi-
nation shows the optimal trade-off between the recess amount
and the oxidation time. TEM images of the same area of a sam-
ple every two cycles, for a total of eight cycles, are shown in
Figure 4A (Video 3, Supporting Information), while Figure 4B
presents the superimposed outlines of Mo NWs in the same area,
showing a gradual and uniform recess. Figure 4C plots the mean
metal recess over the eight cycles, demonstrating a highly sta-
ble etching behavior with a mean recess rate of 1.7 nm/cycle.
Figure 4D shows that surface uniformity stays at the same levels,
both at the atomic scale and the grain scale (defined as rough-
ness and waviness, respectively; see Experimental Section). The
commonly used RMSE of the edge profile stays below 1.5 nm
through the entire etching process, indicating a highly uniform
etching process.

Adv. Mater. Interfaces 2025, 12, 2400558 2400558 (3 of 7) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 2025, 1, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202400558, W
iley O

nline L
ibrary on [06/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de


www.advancedsciencenews.com www.advmatinterfaces.de

A C

B

EELS Molybdenum

EELS Oxygen

DF STEM

0 20 40 60

Position (nm)

In
te

n
s
it
y Y

S
iO

2

Mo {211}

{200}

{110}

X

Y

In
it
ia

l

Mo0

Mo4+

Mo6+

Fit

O
x
id

iz
e
d

E
tc

h
e

d

225230235240

Binding energy (eV)

0 20 40 60

In
te

n
s
it
y XMo

O

50 nm

20 nm

5 nm-1

Figure 2. Mo oxide characterization. A) TEM (left) and electron diffraction (right) images of oxidized Mo NWs. B) Cross-section bright-field STEM image
and EELS elemental maps for Mo and O elements of oxidized Mo NWs, as well as EELS line profiles across a single Mo NW (along X and Y lines in the
STEM image). C) XPS spectra in the range of Mo3d5/2 and Mo3d3/2 peaks for Mo films before oxidation, after oxidation, and after selective etching of
Mo oxide measured at the take-off angle of 90°. The grey curves show the background level.
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Figure 3. In situ Mo oxide dissolution. A) Schematic of a TEM liquid cell with Mo NWs used for in situ TEM imaging. B) In situ TEM image series
showing the dissolution of MoO3 surface layer in the flow of 1 M aqueous NH4OH solution (Video 1, Supporting Information). C) Oxide layer dissolution
quantified by the change in TEM image contrast next to the Mo metal surface (at 0 nm mark): initial dark contrast area gradually becomes brighter and
thinner, reflecting the direction and rate of the MoO3 layer dissolution. D) In situ TEM image series showing the dissolution of MoO3 surface layer in
the flow of DI water (Video 2, Supporting Information). E) Similar plots as in (C), for the case of MoO3 dissolution in DI water.
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Figure 4. Cyclic digital etching with plasma oxidation at 75 W of ICP power. A) TEM images of the same NWs after every two digital etching cycles, with
the ICP power and oxidation time set to 75 W and 1 min, respectively. After eight cycles, the mean thickness of the NWs is reduced from 33 nm to 6 nm.
B) Outlines of the same NWs over eight etching cycles. The initial state is marked as “0 cycle”. C) Metal recess over eight etching cycles. D) Plots of NW
edge waviness, roughness, and RMSE characterizing the etching uniformity over eight etching cycles.

The cyclic process presented above involves both dry and wet
steps, which might not be the preferred scheme for industrial
applications, as it requires a drying step after each cycle. This
not only increases the process complexity and duration but also
can lead to the collapse of fine, tall nanostructures due to capil-
lary forces. To avoid this issue, selective oxide etching can be per-
formed with a dry method, e.g., using plasma etching with a com-
bination of gases containing hydrogen and chlorine.[27] We used
a conventional reactive ion etching setup to test this approach
for the etching of Mo NWs. Figure 5A shows the schematic of
this process with cycled O2 and Cl2 plasmas. Figure 5B presents

TEM images of Mo NWs before the processing, after 2 min of O2
plasma oxidation, and after 2 min of Cl2 plasma etching. Here,
we ran the plasma discharges without bias to ensure isotropic ox-
idation and oxide etching. Note that while a higher temperature
helps to improve oxidation,[26] etching selectivity of Cl2 plasma to-
ward Mo metal reduces dramatically above 40 °C.[27] Therefore,
we increased the substrate temperature to 50 °C for the oxida-
tion step and decreased it to 0 °C for the etching step. As a result,
the clean and smooth metal surface after the etching of Mo ox-
ide with a Cl2 plasma is similar to that after the oxide dissolution
using wet chemical solutions.

A B

O2 plasma

Cl2 plasma

Initial state After 2 min in Cl2 plasma

50 nm

After 2 min in O2 plasma

Figure 5. Fully dry Mo etching cycle. A) Schematic of Mo oxidation with O2 plasma and Mo oxide etching with Cl2 plasma using the same plasma setup.
B) TEM images of the same Mo NWs before the processing, after plasma oxidation, and after selective plasma etching of the oxide layer. Red outlines
in the right image panel mark the NW edges before the processing.
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3. Conclusions

We have studied cyclic two-step digital etching of Mo NWs for in-
terconnect applications using plasma oxidation. We have shown
that the surface oxide after O2 plasma treatment is amorphous
MoO3, which can be fully dissolved using a range of wet chemi-
cal solutions, including DI water, or etched selectively using a Cl2
plasma. In our cyclic experiment, the etching rate and uniformity
remained consistent over multiple oxidation–dissolution cycles,
offering a high level of etching control and precision. We stress
that the plasma parameters, such as power and pressure, largely
depend on the particular setup and can be easily optimized for
different setups. The density of atomic oxygen species plays an
important role, so optimizing plasma composition and pressure,
as well as sample position and orientation, can vastly increase the
oxidation efficiency.

4. Experimental Section
Experimental Procedures: The process for fabricating the chips with

patterned Mo NWs was described in detail in our previous study.[29]

Plasma oxidation of these Mo NWs was done using PIE Scientific Tergeo-
EM (PIE Scientific LLC, Union City, CA, USA) with the ICP power set to 25
or 75 W (the highest available). The plasma (25% O2 and 75% N2) was
generated in the remote mode, and the NW samples were placed down-
stream perpendicular to the flow, such that the plasma spread uniformly
over the sample surface. Oxide dissolution was performed in DI water, the
aqueous solutions of HCl (1M, pH ≈ 0), or NH4OH (1M, pH ≈ 11.6).
Oxford Instruments PlasmaPro 100 Cobra (Oxford Instruments Plasma
Technology, Yatton, Bristol, UK) was used to run a fully dry etching pro-
cess. Ar was used in both O2 and Cl2 discharges with 75% of the total gas
flow, and 100% Ar was used for purging the chamber between the steps.

Characterization: Routine TEM images were obtained with a JEOL
2010F electron microscope (JEOL Ltd., Tokyo, Japan) equipped with a
Gatan OneView camera (Gatan Inc., Pleasanton, CA, USA) at 200 kV and
using a Thermo Fisher Titan S/TEM (Thermo Fisher Scientific Ltd., Hills-
boro, OR, USA) equipped with a Gatan K2 IS camera at 300 kV. EELS data
were recorded using a Thermo Fisher Tecnai G2 TF20 S/TEM equipped
with a Fischione Model 3000 annular dark field (ADF) STEM detector (E.A.
Fischione Instruments Inc., Export, PA, USA) and a Gatan GIF Quantum
Model 963 EELS detector at 200 kV. In situ TEM studies were conducted
using our custom flow holder, with a solution flowing into a flow cell at a
rate of 2μL min−1.[36,37] In situ movies were recorded with the JEOL 2010F
TEM at a frame rate of five frames per second and the electron flux of 10
e A−2 s−1. The XPS studies were conducted using a Kratos Amicus/ESCA
3400 spectrometer (Kratos Analytical Ltd., Manchester, UK) at 0.1 eV res-
olution with 1 s dwell time. XPS fitting was performed using AAnalyzer
software package.[38]

Image Processing: A series of image processing algorithms were de-
veloped using Python,[39] for frame alignment, image rotation, edge de-
tection, and measurement of areas of connected regions. To quantify the
metal oxide thickness and metal recess in Figures 1D,E and 4C,D, the
same area of the NW sample was imaged before oxidation, after oxidation,
and after the oxide dissolution. The images were aligned, and each edge
profile was detected. Oxide thickness was then calculated as the mean dif-
ference between the profiles of the final and the oxidized samples, and
the metal recess was the mean difference between the profiles of the fi-
nal and the initial samples. For each data point, a square TEM image was
analyzed with ten NWs (i.e., 640 nm by 640 nm, with a total metal edge
length of 12.8 μm). Error bars at each data point represent one standard
deviation 𝜎. For the quantification of oxide layer dissolution in Figure 3C,
E, the pixel brightness level was measured next to the detected edges and
then summed up along each edge and for all edges. Finally, the local back-
ground level was subtracted, and the resulting value was inverted. The
analysis of edge variance, as presented in Figure 4D, was performed as

follows: Using low- and high-pass filters in Fourier space, each edge pro-
file was decomposed into two components: one with features below 1 nm
representing atomic-scale roughness and one with features above that,
outlining larger non-uniformities such as grain facets. Importantly, these
two profiles sum up to the original edge profile. Then a standard deviation
𝜎 was computed for each part, and 3𝜎 of the small-scale and large-scale
profiles was called “roughness” and “waviness,” respectively. The sum of
these two values equals the standard line-edge roughness (LER) value. The
RMSE value was calculated according to its definition.[40]
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the author.
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