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We present a rapid etch method to surface-micromachine nanochannels with integrated noble
metal electrodes using a single metal sacrificial layer. The method is based on the galvanic
coupling of a chromium sacrificial layer with gold electrodes, which results in a 10-fold increase in
etch rate with respect to conventional single metal etching. The etch process is investigated and
characterized by optical and electrochemical measurements, leading to a theoretical explanation
of the observed etch rate based on mass transport. Using this explanation we derive some generic

design rules for nanochannel fabrication employing sacrificial metal etching.

1 Introduction

Nanofluidic systems have an inherent large surface to volume
ratio. This renders them interesting for integration with sensor
and actuator systems, e.g. to manipulate and sense large bio-
molecules such as DNA.! However, most nanofluidic systems re-
ported in the literature are fabricated by bulk micromachining,>*
which complicates the integration into more complex systems.*’
In bulk-micromachining nanochannels are created by etching
trenches and/or cavities in one wafer and bonding a second one
on top of the first. An alternative to this fabrication method is
surface-micromachining,®*! where all structures are created on
the surface of a single wafer and no bonding step is needed. In
surface-micromachining a nanochannel is often created using
a sacrificial layer which is covered by a thin film (capping
layer). Different sacrificial materials have been proposed in the
literature.**® However, most of them need to be etched away
from one or both side-ends of the channel, which is a slow
process (from days up to weeks depending on the length of
the channels), because it is limited by the transport of etchant
and waste products, usually by diffusion. Several solutions for
this problem are given in the literature,"** such as employing
a sacrificial polymer that evaporates through the capping layer
upon heating.'>"®* However, most of them require either special
materials or geometries of the capping layer, which does not
make them especially useful to create complex systems with for
example integrated electrodes. Recently, a novel method was
proposed™ in which two dissimilar galvanically coupled metals
are used as a sacrificial layer. The etch rate of this method is up
to 10 times higher than in conventional methods.

In this paper we show that this method is eminently suitable to
fabricate nanochannels with integrated bare electrodes using a
single sacrificial metal layer. The method is based on the galvanic
coupling of a sacrificial chromium layer with gold electrodes. In
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Fig. 1 a micrograph and a schematic front view of the device are
given. In the future we plan to use this device to electrostatically
manipulate ions and charged molecules in a nanochannel with
double layer overlap as proposed in ref. 6. The electrodes can
be actuated using traveling waves, as is done in microchan-
nels by ref. 15 and 16. An additional application would be
electrochemical and/or electric impedance sensing inside the
channel. Furthermore, we provide a theoretical explanation of
the enhanced etch rate based on mass transport considerations
and we investigate the kinetics by performing polarization
measurements. A thorough understanding of the underlying
processes is important for the design of future devices. Finally,
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Fig.1 Micrograph and schematic drawing of the device prior to etching
at 63x magnification. In this picture the nanochannel runs from top to
bottom and the electrodes from left to right.
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we offer some generic design rules for nanochannel fabrication
employing sacrificial metal etching.

2 Theory

In this study we remove the sacrificial layer by a wet etchant and
enhance the etch rate by galvanic coupling to gold. The etchant
has two functions. First, electrochemically oxidize the metal by
an electrochemical couple that is higher in the electrochemical
series than the metal. Second, dissolve the generated metal ions.
In this study the sacrificial metal is chromium and the etchant
contains cerium(1v). In eqn (1) the electrochemical reactions are
given.

Cr(s) & Cr'(aq) + 3e”
Cr(s) + 3Ce**(aq) & Cr’*(aq) + 3Ce**(aq)
3Ce**(aq) + 3e~ & 3Ce’*(aq)

(M

Because cerium(1v) is higher in the electrochemical series than
chromium the reaction above will go from left to right and
the chromium is etched. The higher the difference in standard
potential between the metal and the etchant the higher the etch
rate in a bulky etchant. There are two ways of obtaining an
additional increase in etch rate of a metal: (1) galvanic coupling
to a metal with a higher standard potential; (2) applying an
external electric potential to the metal that is positive with
respect to the etchant. The first case can only be applied in
combination with an etchant, the second can be applied without,
however the metal should be in contact with an electrolyte that
is able to dissolve the generated metal ions. In this paper we test
1 and a combination of 1 and 2.

We assume that etching in our system is a steady state process
and that the Nernst equation applies, therefore, we can describe
the electric potential of chromium by eqn (2).

Here, E, ¢, [V]is the standard electrode potential of chromium,;
F [C mol™'] and R [J K~' mol™'] represent the Faraday and
the universal gas constant, respectively; z, is the valence;
T [K] is the temperature and Cr**(aq) [mol m~—] and Cr(s)
[mol m~] represent the concentration of chromium ions and
solid chromium, respectively. In electrochemistry Cr(s) is usually
taken as unity.” Eqn (2) shows that as the concentration
of chromium ions increases, the potential of the chromium
increases. The consequence of this is that the potential difference
between the chromium and etchant is effectively decreased for
increasing chromium ion concentrations at the metal interface,
thereby, decreasing the etch rate. In our system reagents and
products have to be transported through a 1-D channel,
therefore, mass transport is probably a limiting factor as in most
systems where convection is negligible.”” This means that as the
potential difference increases, the concentration of chromium
ions at the metal surface increases which counteracts the increase
in potential difference. Therefore, there will be a steady state
etch rate based on the trade-off between potential difference
and mass transport limitations. In the following subsection two
etching mechanisms based on mass transport are proposed.

Proposed etching mechanisms

We derived two concepts for etching, one for a single metal
sacrificial layer and one for galvanically coupled metals where
the chromium forms the sacrificial layer (see Fig. 2). In the
first case, the etching of the chromium and the reduction of
the etchant both occur at the etch front. Therefore, transport
is limited by the diffusion of reagents to and reaction products
from the etch front. In the second case, the oxidation of the
metal occurs at the etch front in the nanochannel, whilst the
reduction of the etchant occurs both at the etch front and
outside the channel at the gold surface. Since, the gold surface

3+
E=E,. + RT In (M) 2) is much larger and more easily accessible, the reduction will
’ . F Cr(s) occur mainly at the gold surface outside the channel. In this
& -
Sy
B
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Fig.2 Proposed etching mechanisms: (a) Single metal sacrificial layer, transport is diffusion driven. The driving concentration difference is ~0.2 M.
(b) Galvanically coupled sacrificial layer, transport diffusion and migration driven. The driving concentration difference can be up to 5 M, depending

on the metal and the etchant.
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case, chromium transport is driven not only by diffusion, but
also by migration of reaction products from the etch front due
to the potential difference between the metal and the electrolyte.
Furthermore, the diffusional transport in the second case can
be much higher, because it is only limited by the maximum
solubility of chromium and not by the etchant concentration as
in the first case. The magnitude of the concentration difference
that drives the diffusional transport is dependent on the energy
level and hence the electric potential of the metal couple with
respect to the etchant.

Mass transport is assessed by the Nernst-Planck equations.’®
These equations describe the current density as a function of
diffusion, migration and convection. In our analysis we neglect
convection and only consider diffusion and migration. Because
of the 1-D geometry of the channel, we will only consider
longitudinal mass transport. For clarity, the simplified equations
are given below.

dc, B FzziD+c+%

j,=—D,Fz, — — ———
b +Z+8x RT 0x

(3a)

F?22D _c_
i ——p ;0 _FEDc
0x RT ox

Here, i, [A m] describe the current density caused by cation
and anion transport, respectively; D, [m? s'], z, and C, [mol
m~?] represent the diffusion constants, the valence (i.e. positive
for cations and negative for anions) and the concentration of
the ions in the system, respectively; ¢ [V] represents the electric
potential and x [m] is the position and is defined in the axial
direction. To avoid creating a (complicated) moving boundary
problem, we assume that the movement of the etch front does
not affect the amount of chromium ions per unit time generated
at the etch front and removed from it, which results in the
assumption that the concentration of chromium ions at the
etch front is constant in time. Furthermore, we assume that
the electric current in the system with the etch front at a specific
position is constant. To translate current density to the length, L
[m], which has been etched, we derived the following equation.

(3b)

L

FMW i
L= fo—lidtdx )
p zF
0

0

Here MW [kg m~*] and p [kg mol] are the molecular weight
and the density of chromium, respectively and ¢ [s] is the elapsed
time. To derive an equation that describes L as a function of
the concentration at the etch front, we solved eqn (3a) for c,.
For this derivation we used a comparable method to ref. 18.
With the assumptions made above, in this case, the migration
of anions towards the etch front is counterbalanced by their
diffusion away from the etch front. This results in a zero net
current of anions, so we can express the potential gradient as a
concentration gradient by solving eqn (3b) for i_ = 0.

dp  RT dc
ax  Fz_cox

)

We substitute the result in eqn (3a). After substitution, we
integrate eqn (3a) with respect to x and rearrange terms to obtain
the concentration of chromium ions as a function of position,
¢(x). As a boundary condition at the channel entrance we use
¢ = ¢,, where ¢, [mol m~] is the bulk concentration of chromium

ions. The result is given in eqn (6).
[
c(xX)=c,+ ————mm 6
(x) = ¢ Do —2) (6)

Here x is defined as zero at the channel entrance and L at the
etch front. v, is the number of positive and negative ions per salt
molecule. We then calculate the limiting current density using
eqn (6).

Cmax
ilim = TDJrFUf (Z+ - Z*) (7)

Here ¢, [mol m~] is the maximum solubility of chromium
in the etchant. Eqn (7) states that the limiting current density
is determined by the maximum solubility of chromium and the
length of the channel. As a consequence the same limitation
holds for the maximum obtainable etch rate.

By substituting eqn (5) and (6) into (3a) and substituting the
result in (4) we are able to solve eqn (4). The result is given in
eqn (8) and with this equation we can compare our theory with
experimental data.

L= M7 (1 - Zi) D.c(L)t )
p zZ_

As mentioned above the concentration at the etch front
depends on the potential difference between the metal and
the electrolyte. With eqn (8) the influence of changes in the
concentration of chromium at the etch front on the etch rate
can be clearly seen. The influence of migration can be assessed
using the (1 — z,/z_) term in eqn (8). Furthermore, it shows that
the etch rate is not a function of the lateral dimensions of the
channel. This corresponds with the experimental observations
made in ref. 14.

Eqn (7) shows that the current and thus the etch rate is
limited by the maximum solubility of chromium in the etchant.
However, as mentioned above ¢(L) counteracts electric potential
difference and, therefore, in galvanically coupled sacrificial
layers, ¢(L) does not necessarily have to be equal to the maximum
solubility of the metal in the etchant. The actual kinetics of this
process as a function of the potential difference between the
metal couple and the etchant can be examined by performing
polarization measurements.'” Such experiments usually consist
of three steps. First, the potential where there is zero current
(the anodic and cathodic currents are equal to the corrosion
current, i) is determined. This is the potential at which etching
occurs naturally and we will further refer to this potential as the
corrosion potential, E... The magnitude of E..,, is determined
by the choice of metals and etchant. Second, the potential is
scanned through values lower than E,,,,. In this potential regime
reduction at the cathode (i.e. reduction of the etchant) will be
the dominant reaction. Third, the potential is scanned through
values higher than E,.,. At these potentials oxidation at the
anode (i.e. oxidation/etching of chromium) will be the dominant
reaction. Because we are interested in the kinetics of the etching
reaction only the first and third step are performed. If during
this experiment the electric current between the couple and the
electrolyte is monitored, a polarization plot can be obtained. In
order to compare the results of these measurements with theory
we use the current-voltage characteristic from ref. 17.

— &Xp [Z+F (E - Ecorr) /RT]

| = L 9
S T TeplFE-Enrn (Pe O

Icorr
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This equation is only valid for our system if ¢(L) > ¢,. This
equation describes the oxidation/etch current as a function of
the potential between the metal and the electrolyte, E, and
takes both the reaction kinetics and the current limitation by
mass transport into account. We will present the results of these
measurements below.

3 Experimental
3.1 Fabrication

We have fabricated 4 mm long, 5 um wide and 50 nm high
nanochannels with 1000 integrated electrodes. The electrodes
are 3 um wide and 1 pm separated and run across the entire
channel width. In our system the metal couple is chromium
and gold, where only the chromium acts as the sacrificial part.
The gold remains, because it is inert to the etchant, and forms
the integrated electrodes. As an etchant standard chromium
etch (Merck, 111547.2500) is used. The active component (i.e.
oxidizing species) in this etchant is cerium(1v). The fabrication
process is described in Fig. 3.

a) ]
). e | |

d Ll |

| | | [

[0 Pyrex O Gold

[0 Chromium O si;N,

Fig. 3 Fabrication process: (a) deposition of a sacrificial chromium
layer, (b) deposition of gold electrodes, (c) deposition of a 2 pm nitride
layer by PECVD, (d) ion beam etching of access holes, and (e) standard
wet chemical etching of the sacrificial chromium layer.

3.2 Methods

We attached the chip to the bottom of a Petri dish and made
all necessary electric connections (see Fig. 4). Subsequently, we
added etchant such that the chip and the additional electrodes,
necessary for the experiments, were immersed. We observed the
etching process using an inverted microscope (Leica DM IRM)
equipped with a digital camera (Olympus CC-12) focused at
the etch front. During etching we also measured the potential
between the chromium/gold couple and the etch solution
using a potentiostat (PARSTAT 2263) and a double junction
AgAgCl/saturated KCl/saturated KNO; reference electrode

reference electrode

|
counter eIectrodLI “

Icathadic i

chromium etchant

anodic

petri-dish

microscope

Fig.4 Schematical representation of the experimental setup. The device
is connected with its chromium/gold couple to the working electrode of
the potentiostat by conductive paint and subsequent silicone coating for
isolation.

(Radiometer REF251). The reason we used a double junction
reference electrode is to prevent the introduction of chloride ions
to the system which may influence the etch process. In Fig. 4
a schematic of the experimental setup is given. As mentioned
above the reaction occurs at E,,, which can be measured by
applying a potential to the system such that there is no net
current (i.e. the cathodic and anodic currents cancel) between
the chromium/gold couple and the electrolyte. Furthermore, we
performed potential sweeps 300 mV beyond E.,., and meanwhile
we observed the movement of the etch front with the microscope.

4 Results and discussion

Fig. 5 shows a channel which has been partially etched. In this
micrograph the etch front can be clearly observed.

Towards reservoir

<———Openchannel
[ W—
Etch front )
Gold—> =4
€= Chromium
= |
¢ Towards gold pads >

i
Fig. 5 Micrograph of the device during etching at 63 x magnification.

During etching we monitored the movement of the etch front
as a function of time. The results of this measurement are given
in Fig. 6.

To determine the theoretical etch behavior we compared the
experimental data to eqn (8), while using ¢(L) as a fit parameter.
The results are given in Fig. 6. Clearly, the theoretical fit and the
measurements coincide well. However, for smaller etch distances
the etch rate appears to be slower. This could indicate that first
a chromium oxide layer needs to be removed.

Comparison of the presented value of ¢(L) to the maximum
solubility of chromium in the etchant (i.e. 5.5 M) shows that the
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Fig. 6 Position of the etch front with respect to the channel entrance
as a function of the square root of time. The error bars represent the
variation in data of 5 different experiments.

etch rate is not at its theoretical maximum. Therefore, increasing
the potential of the metal couple with respect to the etchant
should theoretically increase the etch rate. To investigate the
influence of a change in potential on the etch rate, we performed
polarization measurements, as described above. We observed
clear changes in the etch rate upon the application of different
potentials. The measurements were performed after 700 pm of
the channel had been etched. In Fig. 7 we plotted the current
density as a function of an externally applied potential. The
experimental curve is obtained by optical inspection of the etch
front. The current density is calculated by dividing the measured
currents by the cross-sectional area of the channel. Moreover,
we plotted two theoretical curves based on eqn (9). Fig. 7
shows that by increasing the potential beyond E.., the anodic
current density (i.e. the etch rate) increases, and by decreasing
the potential it decreases. We observed that by applying an
external potential to the metal couple the etch rate can be further
increased by a factor of two in comparison to a galvanic couple
without an externally applied potential. Furthermore, the figure
shows that there is a maximum current density, iy,, determined

100000
Eqm-r /7
"2 10000 [ .o
=
b=y i
b
=]
2 100 ‘ ;
S g o
10 & :
1+
1.2 1.3

by the maximum concentration of chromium at the etch front as
predicted in the theoretical section. Fig. 7 shows that at i, the
theoretical curves are in good agreement with the experiments.
However, using the tabulated value of the solubility of chromium
the current density is slightly overestimated. This is probably
caused by the fact that we did not take the conductivity of the
etchant into account which results in an overestimation of the
current density for a given concentration difference. The reason
for this is that the potential difference in the system also causes
a migration current of the ions in the etchant and, therefore, a
part of the migration current is carried by these ions and not by
the chromium ions.

In Fig. 7 we also plotted a Tafel slope which describes the
current density as a function of potential if the chromium
dissolution is primarily determined by the reaction kinetics and
mass transport does not play a role.”” Fig. 7 shows that at current
densities below iy, the experimental curve does neither coincide
well with the theoretical curve, nor with the theoretical Tafel
slope. This indicates that the etch rate at this etch distance
(700 um) is determined by mass transport rather than reaction
kinetics.

To further test our characterization we compared our results
with experimental data of a copper/chromium sacrificial layer
presented in ref. 14. The results of the comparison are given
in Table 1 and show that our theoretical analysis is in close
agreement with values given in the literature.

Finally, we consider some consequences of our theory for the
design of future nanochannel devices. For devices longer than
4 mm the measured etch rates will still be somewhat slow, so in
order to further increase the etch rate, E.,,, should be increased.

Table 1 Experimental and theoretical etch rates. Literature and present
values

Present data Literature data'*

[um/sqrt(min)] [um/sqrt(min)]
Experimental 65 72
Theoretical 64.8 74.7

F (B o)
slope=10 23RT

—— equation (9) (max. current)

- = gquation (9) max. solubility)

= experimental (chromium)
4 corrosion current

— - tafel slope «=0.5

1.4 1i5 1.6

Potential [V]

Fig. 7 Polarization measurements including theoretical curves. The theoretical curves are determined using eqn (9) in two ways. Green line: via the
maximum measured current; red dashes: via the tabulated value of the maximum solubility.
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Table 2 Predicted etch properties for a 1 mm long nanochannel

Material Counter ion Cmax [M] Iim [A/m?] Maximum etch rate [um/sqrt(min)] Etch time [min]
Chromium Nitrate 5.5 5413 107 22
Copper Nitrate 5.0 4107 95 28
Aluminium Chloride 3.2 3961 91 30

This can be done by applying an external potential to the metal
couple as we showed above or by electrochemically increasing the
potential difference between the two metals in the etchant. The
potential between the two metals depends both on the choice of
metals and the choice of etchant as discussed in the Theoretical
section. However, as shown in Fig. 7 the maximum solubility of
the metal in the etchant always determines the limiting etch rate.
Therefore, in Table 2 we present the maximum obtainable etch
rates for several metals, often used in micromachining. The etch
rates are based on the maximum solubility in a given etchant. In
our analysis we assume a channel length of 1 mm.

Table 2 shows that for chromium and aluminium the highest
and lowest etch rates can be obtained, respectively, which
is a useful observation if an external potential is applied.
Differences, however, are small. If to reduce the complexity
of etch setup no external potential is applied, Table 2 can be
used as a guideline, however, the inherent properties of the
metals and the etchant should also be considered. For example,
if we consider chromium as the sacrificial metal, it should
be noted that chromium appears to have a higher standard
electrode potential than expected from the literature,™ which
effectively decreases its potential with respect to that of the
etchant and of the more cathodic metals. This is according
to ref. 19 caused by its passivity effect which is an energy
barrier on the chromium/electrolyte interface. The same holds
for aluminium, which appears to have the advantage that it
is very low in the electrochemical series, which means that
the potential difference with almost any other metal (which is
suitable for micromachining) will be high. Therefore, in order to
decide on the metal couple with the highest etch rate additional
experiments with different metals are necessary.

5 Conclusions

We present an etch method for surface micromachining of
nanochannels with bare integrated electrodes using a single
metal sacrificial layer. An advantage of the etch method is that
it is ten times faster than conventional sacrificial methods. Fur-
thermore, a theory based on mass transport using the Nernst—
Planck equations is presented that describes the observed etch
rates well. To further investigate the kinetics of the etch process
we performed polarization measurements. These measurements
indicate that etch rates can be further increased by a factor

of two by applying an external potential to the metals. The
theory we developed enables predictions of etching behavior for
future devices using externally applied potentials. For systems
employing different sacrificial or electrode metals, however,
additional experiments are necessary.
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