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A B S T R A C T

This contribution studies through-mask electrochemical micromachining (TMEMM) of copper, namely the 
interplay between current density, electrolyte flow, mask opening width, etch depth, the presence of a wetting 
agent, and the resulting anisotropy in sodium nitrate electrolyte. Factors strengthening the anisotropy are: High 
electrolyte flow rate, low overall etch depth and large feature size (150 µm > 100 µm > 50 µm), absence of 
wetting agent, and moderate current densities (between 20 and 40 A cm− ²). A model aiming to explain all the 
observed interdependencies is elaborated, based on the presence of a supersaturated surface film and a local 
change in dissolution mechanism in dependence on local current distribution and surface film thickness. The 
thickness of the surface film is greatly influenced by the flow velocity, which in turn depends on the geometry of 
the cavity and, therefore, opening width and etch depth. In the presence of a wetting agent the differences in 
surface film thickness are leveled out, which results in less anisotropic etching.

1. Introduction

As already indicated by several publications, through-mask electro
chemical micromachining (TMEMM) is a promising technique for thin 
film metal patterning. [1–3] The high etching rates and the 
non-hazardous chemicals make it a fast and environmentally friendly 
process. Especially the patterning of copper is of interest for applications 
in the printed circuit board industry. [4,5]

In many applications, achieving highly anisotropic metal etching is 
desired, allowing for narrow and closely arranged patterns. This is often 
quantified by the so-called etch factor (EF), which describes the ratio of 
etch depth to under etching under the resist mask (Eq. (1)). The calcu
lation is visualized in Fig. 1. 

EF =
etch depth d

under etching u
=

etch depth d
final opening width− initial mask opening width

2

(1) 

There are several publications investigating the influence of different 
process conditions (e.g., current density, electrolyte flow, mask thick
ness, mask wall angle) on the anisotropy by conducting simulations and 
experiments. However, it is difficult to compare the obtained results and 
extract universally valid statements from these publications as the basic 
conditions vary greatly. Especially the etch depth and the relation of 
current density / voltage to electrolyte flow are often unknown or 

varying. This is most likely the main reason for contradictory results 
regarding the influence of the current density / potential on the 
anisotropy of the etching process. [6,7] The authors agree regarding the 
negative impact of a very small mask aspect ratio [8–10] (ARmask =

height / width of mask opening) and large etch depth. [8,9,11] The 
(often varying) etch depth, together with the feature size, define another 
aspect ratio (ARopening = total feature depth (mask + etch depth) / mask 
opening size), which is very scarcely considered.

Besides the physico-chemical influencing factors named above, the 
electrolyte has a large impact on the process results. The most common 
electrolyte applied for TMEMM processes on different metals is sodium 
nitrate. It is often preferred due to the superior surface finishing prop
erties and leveling effects. Despite many years of application of these 
processes, there is surprisingly little insight into the mechanisms of 
electrolyte-metal interaction. One realistic theory to explain these ef
fects is provided by Lohrengel et al. [12,13] They postulated the for
mation of supersaturated surface films made of metal nitrates, exhibiting 
reduced conductivity and increased viscosity. These are formed due to 
mass transport limitations at and above the limiting current. [14] Loh
rengel et al. provide several experiments and arguments as to why the 
“compact-salt-film-mechanism” proposed earlier by Datta, Landolt and 
others [15] is rather improbable. [13] For other electrolytes the for
mation of such supersaturated surface films has been postulated already 
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in the 1980s. [16]
Alkire already connected the presence of a “surface film” to increased 

anisotropy, dealing with stainless steel in sulfuric acid. [17] Neverthe
less, the explanation for the observed effect based on the presence of the 
surface film is missing. The explanation for the increased anisotropy is 
solely based on flow patterns within the cavities. The same applies to an 
evaluation conducted by Dikusar et al., which focuses on the analysis of 
stainless steel in acidic NaCl solution. [18] They observed a sharp 
maximum of the anisotropy of the etching process right at the limiting 
current density. They explain the observed behavior also by mass 
transport conditions within the cavity. In both publications, cavities 
with rather low ARopening are investigated. These publications are 
valuable preliminary work for postulating a hypothesis on the exact 
cause of the observed anisotropy.

In this publication, we aim to extend the provided results and elab
orate on more comprehensive explanations. This is done by presenting 
consistent results on the anisotropy of TMEMM processes on copper in a 
sodium nitrate electrolyte. Relevant influencing factors such as current 
density, electrolyte flow velocity, etch depth, and mask opening width 
are varied while simultaneously keeping other influencing factors (mask 
thickness, mask wall angle, setup…) fixed. Comprehensive hypotheses 
for the presented results are provided, which are supported by many of 
the experimental findings. This publication therefore contributes to a 
deeper understanding of the TMEMM process in general.

2. Experimental

A setup providing a shearing electrolyte flow, as introduced in [5], 
was used for all experiments. Pure copper sheets were used as cathode 
and were placed in a distance of 5.5 mm to the workpiece. Thin copper 
sheets mounted on insulating FR-4 substrates, covered by a patterned 
resist mask (30 µm thick), were used as substrates. The copper thickness 
was 90 (Sections 3.2.1 and 3.2.3) or 160 µm (Section 3.2.2). One sample 
consisted of a line of 9 equal openings with 5 mm spacing, as depicted in 
Fig. 2. The single openings have a size of 100 µm x 2 mm (if not stated 
differently). Sodium nitrate (2.35 M, 127 mS cm− 1, room temperature, 
pH 7) was used as the electrolyte. The applied current density, electro
lyte flow, etch time, and opening width are specified separately. The 
polarization curves were measured with a scan rate of 2 V s− 1 in the 
applied setup by linearly increasing the cell voltage from 0 – 30 V and 
measuring the resulting current. The tool used was an EA-PS3080–20C 
from ElektroAutomatik and features a time resolution of 100 ms. In 
these experiments, the surface was pretreated by a short pre-pulse (10 V, 
1 s). This procedure cleaned and activated the copper surface, which led 
to more reproducible results.

The samples were analyzed by 3D-confocal laser microscopy to 

measure etch depth and width of the cavities, as described in [5]. 
Knowing the initial mask opening width allows the calculation of the EF. 
Details on the performed CFD-simulations are given in the supporting 
information.

3. Results and discussion

3.1. Preliminary results

3.1.1. Polarization curves
The current density-voltage behavior for our setup/sample configu

ration (copper, 2.35 M NaNO3, 100 µm openings) is depicted in Fig. 3. 
The general shape is similar to the curve published by Datta et al. [19] 
for a recessed anode. The curve can be divided into three parts: a rise of 
the current density at low voltages (part I), a plateau region with con
stant current density at intermediate voltages (part II), and a second 
steep rise at high voltages (part III). Only small differences in the 
limiting current density were obtained for different electrolyte flow 
velocities. This can be attributed to the low overall velocity within the 
cavities (Section 3.1.2). The limiting current density increases by 
roughly 1 A cm− 2 per 1 m s− 1 increase in flow velocity.

3.1.2. Flow conditions
To evaluate the hydrodynamic conditions within the cavities, CFD 

simulations were conducted. Fig. 4a shows the evolution of the actual 
flow velocity near the surface (distance depending on simulation mesh, 
but < 1 µm distance in entire opening) with increasing etch depth within 
a 100 µm cavity. The arc length corresponds to the path along the metal- 
electrolyte interface along one cross-section through the etched groove, 
and consequently increases with increasing etch depth. The results for 
50, 150, and 5000 µm cavities are given in the supporting information 
(Figures S3, S4, and S5). The absolute flow rates, as well as the absolute 
differences between 2, 3, and 4 m s− 1, decrease when the etch depth 
increases (from black to blue in Fig. 4a). They are significantly lower 
than the bulk flow rates. An (almost) symmetric distribution results. The 
maximum flow rate shifts from the center to the edges with increasing 
etch depth. At high etch depth, the flow velocity is almost homogeneous 
within the cavity. Fig. 4b shows an exemplary contour plot corre
sponding to 30 µm etch depth and 3 m s− 1. One large recirculating eddy 
in the center with direct connection to the bulk flow and two small 
eddies at the edges underneath the mask are observed. Qualitatively, the 
same behavior is observed for the other flow velocities and etch depths.

It is worth mentioning that the resulting geometries of the etched 
groves are symmetric in all cases observed in this study, same as the flow 
rate distributions. No influence of the flow direction was observed.

Fig. 1. Graphical illustration of etch factor definition.

Fig. 2. Schematic drawing of sample and flow direction. Purple: resist mask; 
blue: electrolyte; orange: copper.

Fig. 3. Obtained current density in dependence of the process voltage for three 
different flow velocities. The voltage was increased linearly by 2 V s− 1.
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3.2. Parameter variation

In this section, the results obtained from parameter variations are 
presented. One parameter is varied at a time, while keeping all other 
parameters constant.

3.2.1. Variation of current density and electrolyte flow
Fig. 5 displays the EF results obtained from a current density and 

electrolyte flow variation. A total charge of 167 C cm− 2 has been passed 
in all experiments, leading to an average etch depth of roughly 60 µm 
(depending on the current efficiency, valency of the metal dissolution 
and EF). The voltage at the end of the experiment is given for the 
different current densities. For 2.5 A cm− 2 and 5 A cm− 2, relatively low 
processing voltages resulted (corresponding to part I in Fig. 3) for the 
applied (galvanostatic) processing conditions. The evolution of the 
voltage is also interesting to consider: at 5 A cm− 2 at flow velocities of 3 
and 4 m s− 1 the voltage drops from around 24 V to 2 V after a few 
seconds (shifting the working point from part III to part I). For all other 
current densities, the voltage increases slightly (1 – 2 V) during the 
experiment.

All samples show narrow distributions in EF, which result from 288 
measurements in total. Two rows of openings were etched for each 
condition, and 16 measurements were made per each of the nine 
openings per row. No repeatable trends (e.g., between center and edge) 

were observed. At low current densities, low EF of around 2 are ob
tained, while a strong increase in EF is visible with increasing current 
density until a plateau at around 5 – 6 is reached at intermediate current 
densities (20 – 40 A cm− 2). At very high current densities (> 40 A cm− 2) 
the EF decreases again to values between 3 – 4.

When comparing the results at constant current density with varying 
electrolyte flow, the EF increases with increasing electrolyte flow ve
locity at very low (2.5 A cm− 2) and very high current density (40 - 100 A 
cm− 2). At 10 and 20 A cm− 2, almost no impact of the electrolyte flow is 
visible, whereas at 5 A cm− 2, the EF decreases with increasing flow rate. 
This effect could be reproduced three times and remained constant. The 
influence of the flow velocity is stronger at high current densities (≥ 40 
A cm− 2).

A current density of 40 A cm− 2 at an electrolyte flow of 4 m s− 1 leads 
to a maximum average EF of 6.7 at an etch depth of approx. 60 µm. It is 
worthy to mention that this EF is comparatively high with respect to 
earlier publications, [10,20] which underlines the attractiveness of the 
process regarding anisotropic metal removal. It further motivates to 
better understand the reasons behind this behavior to control and 
possibly increase the anisotropy.

3.2.2. Variation of etch depth and opening width
Using the parameter combination of 40 A cm− 2 and 3 m s− 1, an etch 

depth variation was conducted. This was done for three different mask 

Fig. 4. a) Simulated flow velocities within 100 µm wide cavities at different etch depths (30 – 90 µm, ARopening = 0.6, 0.9 and 1.2) and flow velocities (2 – 4 m s− 1). 
An under etching of 4, 10 and 25 µm was assumed. b) An exemplary contour plot corresponding to 30 µm etch depth and 3 m s− 1.

Fig. 5. Obtained EF in dependence of current density and electrolyte velocity. The whiskers include the 95 % confidence interval.
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opening widths: 50, 100, and 150 µm. The charges passed for the 
different etch depths were 83.3; 126.0; 166.7; 208.3; 252.0; 336.0 and 
504.0 C/cm². The EF results are plotted in Fig. 6 with two different x- 
axes. Fig. 6a visualizes the differences between the different opening 
widths depending on the etch depth. Shallow etching results in very high 
EF > 10 for the 100 µm and 150 µm openings. For etch depths below 40 
µm, the analysis of the EF implies a high error, as small differences in 
under etching result in large deviations in EF. A strong decrease of the EF 
with increasing etch depth is visible for the 100 µm and 150 µm open
ings. The general absolute EF level is higher with increasing opening 
width. For etch depths of up to 50 µm (which includes typical copper 
layer thicknesses of PCB fabrication), an EF of around 6 can be realized. 
For the 50 µm openings, a relatively low EF level between 2 – 4 and only 
a slight decrease with increasing etch depth is obtained.

Fig. 6b displays the same data plotted versus the aspect ratio 
(ARopening) of the final etched groove. This graph illustrates that the 
observed effects can be attributed to ARopening: with increasing ARopen

ing, the anisotropy of the etching process is decreasing. Except for very 
small ARopening (where generally a large scattering of EF is expected/ 
observed) the results for the different opening widths coincide quite 
well. These results seem to be contradictory to the literature, where a 
small aspect ratio of the mask (ARmask) is reported to lead to low EF. [8,
9,21] Note that ARmask contributes to ARopening, especially in the initial 
phase of the process where etching is still shallow. However, in these 
publications, the influence of the electrolyte flow is not considered. 
Further explanations are presented in Section 3.3.

3.2.3. Influence of wetting agent
Finally, the influence of a wetting agent (polyalkoxylate) on the 

anisotropy of the TMEMM process was investigated. Applying the same 
process conditions as in the previous section (100 µm opening width, 40 
A cm− 2, 3 m s− 1, 167 C cm− 2), a wetting agent was added to the elec
trolyte solution. Experiments at four different wetting agent concen
trations have been conducted and are displayed in Fig. 7. A continuous 
reduction of the EF with increasing wetting agent concentration is 
observed.

3.3. Postulated model

The previous chapter’s results are summarized in Table 1, indicating 
that the anisotropy in TMEMM processes is influenced by both mass 
transport effects and current density (distribution). We postulate that 
these results can be explained by connecting them to the polarization 
curve and corresponding changes in mechanism. [22]

At low current densities below the limiting current at low poten
tials (part I in Fig. 3), the etching process is directly controlled by the 
current density, the ohmic drop within the electrolyte (electrolyte 
resistance) dominates the etching. The electrolyte flow has only a minor 
influence on the etching results, as mass transport is not limiting at such 
low dissolution rates. Dissolution occurs without a surface film. At the 
anode surface, the copper ions are primarily complexed by water and to 
a lesser extent by nitrate ions. [23] The copper precipitates upon 
reaching the bulk electrolyte. The results obtained at 2.5 A cm− 2 belong 
to this regime. The intrinsic current density distribution is strongly 

Fig. 6. EF obtained from opening width and etch time variation. a) plot vs. the absolute etch depth b) plot vs. the aspect ratio (ARopening) of the opening. The 
whiskers include the 95 % confidence interval.

Fig. 7. Resulting EF with increasing wetting agent concentration. The whiskers 
include the 95 % confidence interval.

Table 1 
Summary of the obtained relations between process parameters and anisotropy.

Increase in… …results in … anisotropy

Current density increased ↑1

Electrolyte flow rate increased ↑
Aspect ratio decreased ↓
Wetting agent concentration decreased ↓

1 at very high current densities a decrease in anisotropy is obtained.
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influenced by the AR (ARmask is almost equal to ARopening in this situa
tion). [21] For small cavities (AR ≥ 0.2) the current density distribution 
is homogeneous or even exhibits a maximum in the middle of the cavity. 
This leads to a slightly anisotropic etching with an EF of approx. 2. A 
strongly reduced mass transport due to unfavorable flow conditions 
underneath the mask may lead to mass transport limitation in this area 
already at this low current density and contribute to the slight anisot
ropy to some extent.

In contrast, larger cavities (AR << 0.2, no results presented in this 
contribution) exhibit an inhomogeneous current density distribution, 
with a clear maximum at the edges. [21] Lower EF values are expected 
from etching at low current densities.

At and above the limiting current density (part II and III in Fig. 3), 
a supersaturated surface film consisting of copper nitrate, with a very 
low number of free water molecules, is present. [14] It has an increased 
resistivity (> 5 times [24]) and viscosity compared to the bulk electro
lyte. The large voltage rise in the plateau region results from two factors. 
The first is the ohmic resistance of the surface film. The second is an 
apparent resistance due to the depletion of water in the volume of the 
surface film, which consists almost fully of copper nitrate. For current 
transport and complexation, diffusion of water into this film must occur, 
resulting in a diffusion limitation / overpotential. Overlimiting current 
densities (part III in Fig. 3) become possible above the re-rise voltage by 
a change in (complexation) mechanism, which occurs as soon as the 
potential drop at the electrochemical double layer reaches a threshold 
value. [22] In brief, this mechanism change enables the complexation of 
copper ions in a matrix of nitrate ions (“solvo-nitration”), thus allowing 
a process speed independent of water diffusion. It does not occur 
simultaneously within the entire cavity but results locally from an 
interplay between the intrinsic electric field distribution and surface 
film thickness. High field line density and low surface film thickness 
(high flow velocity) favor the change in mechanism and therefore the 
re-rise in current density. [22] The more homogeneous the electric field 
and/or the surface film thickness, the more simultaneous the change in 
mechanism.

It is this localized change in mechanism that serves as a starting 
point for the model on anisotropic etching that is presented in the 
following. For every position within the etch groove, a threshold value 
(relative to the measured (globally averaged) limiting current density or 
the re-rise voltage) can be defined, above which the change in mecha
nism occurs. As it depends on the local field strength and the local sur
face film thickness, it changes with increasing etch depth. Fig. 8
visualizes the assumed / postulated behavior. It shows three distinct 
polarization curves for three individual positions (red, green, blue) and a 

superposition of the three curves (black). It seems reasonable that the 
measured polarization curves in Fig. 3 also display a superposition of 
several individual polarization curves, stemming from different posi
tions in the etch groove. Depending on the surface position (film 
thickness and field strength), the additional resistance due to the surface 
film locally vanishes to a large extent as soon as the change in mecha
nism happened, as water diffusion overpotential contributes no more.

With an increasing share of positions with overlimiting current 
densities a larger part of the cavity is etched with the new mechanism, 
until at very high voltages/current densities, the entire opening is etched 
with the new mechanism, resulting again in the intrinsic current density 
distribution. [22] We postulate that the anisotropy is strongly con
nected to the position and the extent of mechanism change at 
overlimiting current densities. The position of the mechanism change 
is then influenced by the field density and the surface film thickness, 
which are both connected with the cavity to be etched. The surface film 
thickness is additionally influenced by electrolyte convection and 
viscosity.

In the following, the flow velocity near the surface will be taken as a 
direct measure for the surface film thickness. This is a simplification, as 
other factors (e.g., local temperature) also affect the surface film 
thickness, but the general trends that shall be illustrated here are 
mirrored correctly. The current will be considered in units of the 
limiting current density jlim, as this is the relevant measure for the extent 
of the change in mechanism.

Fig. 9a qualitatively visualizes the current distribution within a 100 
μm wide cavity, assuming a homogeneous intrinsic current density 
distribution and symmetric flow conditions with the maximum 
flow rate in the center of the cavity (which agrees with the results 
shown in Fig. 4). Below the limiting current density, the etching rate is 
fully homogeneous (black curve in Fig. 9a, no surface film present). As 
discussed above, the electrolyte flow does not affect the etching rate in 
this regime. At the limiting current density, the etch rate distribution 
reflects the electrolyte flow velocity (red curve in Fig. 9a). Above the 
limiting current density, the mixed influence of the intrinsic current 
density distribution and flow velocity becomes apparent, and a partial 
localized change in mechanism occurs. At the position with the highest 
flow velocity and therefore the lowest surface film thickness, the change 
in mechanism occurs first (orange and blue curve in Fig. 9a), resulting in 
a locally higher current density. This part in the center is etched with the 
intrinsic current distribution. However, the main part of the cavity, 
especially at the edges, is still etched at the limiting current density, as 
the threshold value for the change in mechanism is reached only in a 
small part in the center. This behavior causes slightly anisotropic 
etching and corresponds to the results obtained at 5 – 10 A cm− 2 (Fig. 5).

For higher applied current densities (green and purple curve in 
Fig. 9a) higher potentials result, which lead to a widening of the region 
etched with the new mechanism. The current density in the center of the 
cavity (etched with the new mechanism) increases. The etching rate in 
the rest of the etch groove still corresponds to the limiting current 
density. The difference in etch rate between the center (new mechanism) 
and the edge (old mechanism/limiting current density) increases, 
leading to higher EF. The trend of increasing EF with increasing current 
density up to 40 A cm− 2 is well explained by this behavior (Fig. 5).

Unfortunately, it is not possible to etch to an unlimited depth with a 
very high level of anisotropy in this case. Gradually, the local etch depth 
increases, and the local convection is reduced, so mechanism change and 
local etch rate homogenize. The positions where the change in mecha
nism occurred are not as clearly defined or static as they appear from the 
plot. They fluctuate slightly and become blurred due to changes in local 
flow conditions and etch depths. Nevertheless, the qualitative behavior 
can be extracted from the curves in Fig. 9.

When the current density is increased further (yellow curve in 
Fig. 9a), the ratio of the current density between the middle and edge 
still increases. But, as the part of the cavity etched with the new 
mechanism approaches the edges, the faster etching near the edges 

Fig. 8. Schematic visualization of the gradual re-rise in current by the change 
in mechanism depending on the local current density and electrolyte flow at the 
different positions within the etch groove. The black curve represents a su
perposition of the red, green, and blue curve.
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results in less directed and less anisotropic etching. This fits well with 
the decreasing anisotropy at current densities > 40 A cm− 2 (Fig. 5). At 
very high current densities (cyan curve in Fig. 9a), the mechanism 
changed throughout the entire cavity, resulting again in the intrinsic 
current distribution. Therefore, it is expected that an EF level similar to 
that at very low current densities will be reached in this high current 
density regime.

From this model, there are two possibilities yielding an increase in 
anisotropy at given current density (distribution). The limiting current 
density in the center may be significantly increased compared to the 
edges (first possibility), or the change in mechanism occurs in a nar
rower part in the center of the opening, resulting in a higher absolute 
current density in this part and a more localized faster etching (second 
possibility).

With increasing bulk flow velocity, the flow velocity ratio between 
the center and edges of the cavity remains almost constant at low 

and moderate etch depths (Figure S2 in SI). This means that the ratio in 
surface film thickness should also remain constant. Consequently, the 
ratio of the limiting current density between center and middle remains 
constant, which means the second explanation must be responsible for 
the observed increase in EF with increasing flow rate. The larger ab
solute differences in flow velocity between center and edges at higher 
flow rate (factor of 5 – 10 (Fig. 4)) cause a larger gradient in surface film 
thickness, as it is visualized in the bottom parts of Fig. 9a and b. At 
higher flow rate, a specific change in current density (or potential) re
sults in a narrower part of the cavity reaching the threshold value for 
etching with the new mechanism, Δx decreases as indicated by the solid 
(low flow rate) and the dashed (high flow rate) purple curve in Fig. 9b 
(the same is true for the blue, green, yellow and cyan dashed curves in 
Fig. 9b). This has a double positive effect: a higher current density in this 
part and a more localized and directed etching. The optimum current 
density, which is around 40 A cm− 2 in our case, shifts to higher current 

Fig. 9. Visualization of the qualitative current distribution within a 100 µm (a and b) and a 5000 µm (c) cavity in dependence of the applied current density (relative 
to the limiting current density jlim) for low (a) and high (b) flow rates. a) and b) A fully homogeneous intrinsic current density distribution (black curve) and 
symmetric flow conditions with higher flow rates in the center of the cavity (corresponding roughly to the red curves in Fig. 4) were assumed. The solid purple curve 
in b) equals the one in a) and is shown to indicate the decrease in Δx due to the increase in flow rate. c) A fully homogeneous flow velocity (corresponding roughly to 
Figure S5 in SI) and an intrinsically higher current density at the edges [21,22] (black curve) was assumed. The bottom parts visualize the actual surface film 
thickness distribution within the cavity and the corresponding threshold values at given relative current density. In the situations corresponding to the black curves 
no surface film is present.

L. Jakob and J. Bartsch                                                                                                                                                                                                                       Electrochimica Acta 511 (2025) 145366 

6 



densities with increasing flow rate. Even higher EF are accessible.
Compared to the 100 μm cavities, the 150 μm cavities exhibit a larger 

flow velocity ratio between center and edges (compare Fig. 4 with 
Figure S3 in SI). This results in a lower relative limiting current density 
at the edges and therefore higher current densities in the regions etching 
with the new mechanism. Additionally, the gradient in flow velocity 
(and therefore surface film thickness) is larger compared to the 100 μm 
cavities, which results, similar to higher flow rates using the 100 μm 
cavities, in a narrowing of the regions etching with the new mechanism. 
The addition of both effects explains the significant increase in EF for the 
150 μm cavities (Fig. 6).

Similar amplification effects would be expected by intrinsically 
higher current densities in the center of the cavity, which should also 
result in more anisotropic etching. However, in narrow cavities exhib
iting such a beneficial current density distribution, the flow conditions 
are likely to be less beneficial for anisotropic etching. This is probably 
the case for the 50 μm cavities, where the beneficial intrinsic current 
distribution [21] is superimposed by detrimental hydrodynamic condi
tions (Figure S4 in SI). The low EF suggests that the probably lower 
surface film thickness at the edges compensates for the beneficial 
intrinsic current distribution. This behavior illustrates the strong inter
play between intrinsic current distribution and flow conditions 
regarding the preferred sites of change in mechanism and therefore the 
resulting anisotropy.

As the etching proceeds and the etch depth increases, the electrolyte 
flow within the 100 µm cavity becomes more homogeneous (Fig. 4). The 
positive impact of the increased flow velocity in the center at low etch 
depths diminishes and ultimately disappears entirely. As a result, the 
change in mechanism occurs more simultaneously within the entire 
cavity, Δx increases at given current density, explaining the less aniso
tropic etching with increasing etch depth (Fig. 6a).

The observed correlation between EF and aspect ratio of the opening 
(Fig. 6b) is most likely only valid for cavities with comparable current 
distribution and flow conditions. At very small ARopening (<< 0.2) a 
different behavior would be expected, as illustrated in Fig. 9c. Intrinsi
cally, a higher current density at the edges is expected [21] (black curve 
in Fig. 9c), which is superimposed by homogeneous flow conditions 
(Figure S5 in SI) at the limiting current density (red curve in Fig. 9c). At 
overlimiting current densities, the change in mechanism occurs at first at 
the edges (blue curve in Fig. 9c). [22] With increasing current density 
(green, purple and yellow curves in Fig. 9c) the part etched with the new 
mechanism propagates towards the center of the cavity until at very 
high current densities (cyan curve in Fig. 9c) the intrinsic current dis
tribution is reached again, when the entire cavity is etched with the new 
mechanism. For such cavities, the worst EF would be expected at me
dium overlimiting current densities, whereas a maximum EF should 
result from etching at the limiting current density. A generally lower EF 
level compared to small cavities is expected. This assumption agrees 
well with the observations of Dikusar et al. They obtained the highest EF 
right at the limiting current density, with cavities exhibiting an ARopening 
< 0.1. [18]

The current density of 5 A cm− 2 in Fig. 5 is a special case, as the 
limiting current density is roughly in this range. This is seen clearly in 
Fig. 3, where a current density of approximately 5 A cm− 2 is observed 
between 5 and 24 V for a flow velocity of 4 m s− 1. Figs. 3 and 5 are 
closely linked, especially for this case, and must be considered together. 
At the lowest flow velocity, the process voltage is high during the entire 
experiment, meaning a surface film is present leading to a slightly 
increased anisotropy as compared to all experiments at 2.5 A cm− 2 and 
the experiments at 5 A cm− 2 at higher electrolyte flow. The limited 
convection is too weak to effectively wash away the surface film. The 
change in mechanism occurs only at the best flushed position in the 
middle of the cavity. However, due to the low absolute applied current 
density the etch rate is only slightly increased compared to the parts 
etched with the limiting current density (corresponding to the orange 
curve in Fig. 9a).

For the higher flow rates (at 5 A cm− 2), the process voltage drops 
during the experiment (corresponding to a switch from part III to I in 
Fig. 3), as the current density drops to below the limiting current den
sity. The current density is slightly decreasing with increasing etch 
depth due to the increasing active area. This very slight change in cur
rent density can lead to a huge drop in voltage, as can be seen in Fig. 3. 
This results in the loss of the surface film and, consequently, the 
disappearance of the connected beneficial effect of localized change in 
mechanism. Contrary to the other current densities, this leads to a 
decrease in EF with increasing flow rate. This illustrates the importance 
of the copper nitrate surface film for anisotropic etching and empha
sizes, that the mass transport conditions (electrolyte flow velocities at 
different positions in the etch groove) alone are not sufficient to explain 
the obtained results. Current density, electrolyte flow and composition 
and sample geometrical factors need to be carefully balanced to achieve 
the desired process result.

Another argument supporting the postulated theory is the use of a 
wetting agent. As the grooves still exhibit smooth surfaces and the 
process voltage is still comparably high, the wetting agent does not 
hinder the formation of the surface film. Instead, it eliminates the dif
ferences in surface film thickness between the center and edge by 
mediating between the surface film and the bulk electrolyte (i.e., it fa
cilitates the intermixing of bulk electrolyte and surface film). As the 
wetting agent concentration increases, the surface film thicknesses at 
the center and edge equalize, similar to cavities with homogeneous flow 
conditions (e.g., at large etch depths). The change in mechanism occurs 
more simultaneously and causes less anisotropic etching. These findings 
highlight again that the differences in surface film thickness, rather than 
the beneficial flow conditions alone, lead to highly anisotropic etching. 
At low current densities, in the absence of a surface film (confirmed by 
process voltage below 3 V), the wetting agent does not affect the 
anisotropy of the etching. (Figure S6 in SI)

The plateau region (part II in Fig. 3) is not covered by this study as 
the experiments were conducted under current control.

4. Conclusions

In this contribution, we presented a consistent set of experiments 
analyzing the influence of several process parameters in TMEMM on the 
anisotropy of the etching process, while keeping the other parameters 
constant. We presented, for the first time, a comprehensive theory 
explaining the observed results, which significantly extends explana
tions already present in the literature and connects to the recently 
published model on reaction mechanisms during high-rate copper 
dissolution. [22] This theory includes the impact of the local change in 
mechanism and, therefore, indirectly, of supersaturated surface films on 
the anisotropy of the etching process. The thickness of the surface film, 
together with the intrinsic current distribution, determines the locali
zation of the change in mechanism and, therefore, locally strongly 
increased etching rates. A large gradient in surface film thickness be
tween the center (thin) and edges (thick) is desirable for high anisot
ropy. This leads to a very beneficial effect at low etch depths, high flow 
rates, and medium ARopening (around 0.5), which is reduced at high etch 
depths, very high current densities, and large ARopening. At small ARop

ening (<< 0.2), the reverse effect is expected. To ensure comparability of 
results regarding anisotropy, it is, therefore, important to control and 
report the etch depth, the aspect ratio of the opening and the limiting 
current density. A possible solution to reduce the detrimental effect at 
high etch depths is the application of an impinging electrolyte flow, 
which enables additionally even higher EF. [5] To enhance the differ
ences in surface film thickness between the center and edges, and 
therefore improve the anisotropy, an electrolyte additive leading to 
shear thinning behavior could be added. Further investigations will 
include the analysis of other electrolytes, exhibiting different etching 
behavior, e.g., sodium chloride or sodium sulfate. It is expected that the 
postulated model can, in principle, be transferred to other metals and 

L. Jakob and J. Bartsch                                                                                                                                                                                                                       Electrochimica Acta 511 (2025) 145366 

7 



electrolytes.
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