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ZnO Etching and Microtunnel Fabrication for
High-Reliability MEMS Acoustic Sensor

Mahanth Prasad, Vineet Sahula, Senior Member, IEEE, and Vinod Kumar Khanna

Abstract—This paper describes a technique for uniform step
coverage of aluminum metal (Al) on ZnO film in the fabrication
of MEMS acoustic sensor. The MEMS acoustic sensors were
fabricated by etching ZnO layer in three different etchants: HCl,
NH4Cl with electrolytically added copper ions, and NH4OH with
electrolytically added copper ions. For the first time, a tech-
nique is reported, which uses aqueous NH4OH solution with
electrolytically added copper ions for etching of ZnO layer. For
reliable operation of the device, the electrical testing of Al step
coverage on ZnO layer was performed. The maximum currents
that can be drawn across Al-deposited ZnO edge etched by HCl,
Cu-added NH4Cl, and Cu-added NH4OH were 40 mA, 2.5 A,
and 3.0 A respectively, without any damage to the structures.
The investigations show that uniform Al step coverage on ZnO
layer is obtained in case of NH4OH with electrolytically added
copper ions. During fabrication of the device, a novel technique
for building a microtunnel for pressure compensation was also
developed. This microtunnel is used to compensate the pressure
applied on the silicon diaphragm by connecting the cavity to the at-
mosphere. To realize the smooth inlet of microtunnel in the cavity,
photoresist SU8 was used for patterning the cavity after microtun-
nel etching. The developed technique for microtunnel fabrication
reduces the process complexity, providing improved yield of the
device. The packaged device performed satisfactorily in the sound
pressure level (SPL) of 120–160 dB over a wide frequency range of
30–8000 Hz. The maximum sensitivity of the sensor was measured
as 380 μV/Pa.

Index Terms—Electrolytic copper addition, ZnO film, bulk mi-
cromachining, Si-diaphragm, TMAH.

I. INTRODUCTION

P IEZOELECTRIC zinc oxide (ZnO) films have played an
important role in the field of microelectromechanical sys-

tems (MEMS), both bulk micromachined [1], [2] and surface
micromachined [3], [4], due to their piezoelectric properties
and excellent compatibility with various substrate materials [5].
ZnO films have been used in MEMS devices such as film-bulk
acoustic-wave-resonators [6], surface-acoustic-wave resonators
[7], and acoustic sensors [8], [9]. Many deposition techniques
have been developed for deposition of high-quality ZnO films
such as plasma enhanced chemical vapor deposition (PECVD)
[10], [11], vacuum sputtering [12], [13], molecular beam
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epitaxy [14], pulsed laser deposition [15], [16] and metalor-
ganic chemical vapor deposition [17]. While fabricating ZnO-
based devices, where the film thickness is higher (> 1.0 μm)
[18], [19], the fine patterning of the film with positive slope
is difficult. In order to etch ZnO layer with fine pattern, a
number of dry etching techniques have been reported [20]–
[23]. However, a metal mask is required in these techniques
to etch ZnO layer, because photoresist gets decomposed when
exposed to plasma for long durations. After ZnO etching from
an unwanted area, it is difficult to remove the metal mask
because most metal etchants attack ZnO. Instead, a wet etching
technique with a photoresist mask is always preferred to pattern
ZnO films. Moreover, compared with dry etching, the wet
etching technique has the advantages of simplicity and low
cost. The wet etching of polycrystalline ZnO film (deposited
by sputtering technique) with different acids and bases, such as
HCl, H2SO4, HBr, HNO3, and H3PO4 [3], [24], [25], produces
negative slope or hanging structures at the edge of the ZnO layer
because the lateral etch rate is several times higher than the ver-
tical etch rate due to preferential orientation of the grain. This
leads to a major problem of step coverage during fabrication
of devices [26], [27]. In [26] and [27], the ZnO etching was
done using NH4Cl with electrolytically added copper ions but
the effects of copper addition were not reported. Also, in [27],
the electrical testing of Al step coverage on ZnO was not given.

In this paper, the ZnO-based MEMS acoustic sensor was
fabricated by etching ZnO layer in three different solutions:
HCl, NH4Cl with electrolytically added copper ions and a novel
etchant, NH4OH with electrolytically added copper ions, sepa-
rately. The etching properties of ZnO films and electrical testing
of fabricated structures by these solutions were studied. Herein,
NH4OH solution with electrolytically added copper ions is pro-
posed as a promising etchant for ZnO etching because of its uni-
form and controllable ZnO etching. Most strong acids dissolve
ZnO, even at low concentration, due to hydronium (H3O+)
ions attacking the oxygen in ZnO [28]. In comparison to strong
acids, a weak acid NH4Cl can provide a proper level of hy-
dronium ion concentration for controlled etching of ZnO layer.
In a similar way, a weak base NH4OH with copper ions in the
solution can etch ZnO layer in a controlled manner. The present
research on ZnO films mainly focuses on how to etch ZnO film
with excellent etch front slope and etch rate. However, the ZnO
films are reactive materials and sensitive to temperature, acids,
bases and even water [5]. By suspending the ZnO deposited
samples in the horizontal direction in a 20% NH4Cl solution,
positive slope (∼90◦) was obtained at the edge of the ZnO film
[26]. Therefore, for better etch front slope, the samples were
kept in the horizontal direction in different etching solutions.
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Fig. 1. Schematic view of MEMS acoustic sensor.

Fig. 2. Process flow up to tunnel opening in the cavity.

A schematic view of ZnO-based MEMS acoustic sensor
is shown in Fig. 1. The structure consists of a ZnO film
covered with thin PECVD SiO2 layer from both the top and
bottom sides. The SiO2-ZnO-SiO2 structure itself is sand-
wiched between aluminum electrodes. The complete structure
Al-SiO2-ZnO-SiO2-Al lies over 25 μm-thick silicon diaphragm
covered with 0.5 μm-thick thermal SiO2 layer. A microtunnel
which relates the cavity to the atmosphere is used for pressure
compensation. The microtunnel fabrication involves a complex
process, which needs simplification.

In recent years, microtunnels have been widely used in
microfluidic and microelectromechanical systems [29], [30].
Bhusary et al. [31] has demonstrated the fabrication of air
channel structures for microfluidic, microelectromechanical
and microelectronic applications. In MEMS acoustic sensor,
microtunnel is used to compensate the applied pressure on the
diaphragm. Different materials have been used by researchers
to fabricate the microchannels: like polynorbornene (PNB)
[31], zeolite [32], silicon [33] and SU8 [34]. The fabrication
of microtunnel in these materials besides silicon is mostly
incompatible with CMOS processing because these resists can-
not withstand the required high temperatures (800–1100 ◦C).
Arora et al. [35] have fabricated a microtunnel for pressure
compensation along with a deep cavity in silicon for MEMS
acoustic sensor. Reference [35] is the only paper describing tun-
nel fabrication for pressure compensation in MEMS acoustic
sensor using planar silicon wafer. In remaining research papers,
acoustic holes are made.

Fig. 3. Fabrication flow for ZnO-based MEMS acoustic sensor.

Fig. 4. Mask layout of acoustic sensor using: (a) earlier technique, and
(b) proposed technique.

The process flow up to tunnel opening in the cavity intro-
duced in [35] is shown in Fig. 2. The following problems exist
in aforesaid process: (i) The large number of fabrication steps in
this lengthy process severely degrades the final yield of acoustic
sensor chips. (ii) The microtunnel is designed in a way that
it slightly overlaps the diaphragm area. During silicon dioxide
removal from microtunnel area, the buffered hydrofluoric acid
(BHF) also attacks the overlapping area and damages LPCVD
silicon nitride covering the diaphragm area. Therefore, in di-
aphragm fabrication, most of the cavities have non-uniform
etch depth because overlapping area is already etched up to
the depth of microtunnel, creating holes in diaphragms. (iii)
During etching of oxide layer (below silicon nitride) from
diaphragm area, the silicon dioxide from other areas including
tunnel is also removed at the same rate. Therefore, the thickness
of the masking layer silicon dioxide is reduced which creates
the holes in diaphragm as well as in microtunnel during deep
cavity etching. (iv) LPCVD silicon nitride is mandatory in this
technique which increases process complexity.
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Fig. 5. Bulk micromachining of silicon for diaphragm fabrication: (a) tunnel covered with SU8-2025, (b) lateral etching of silicon in TMAH solution, and
(c) structure after removal of overhanging SiO2 layer.

This paper presents a novel technique: (1) to avoid the pin
holes in silicon diaphragm, (2) to avoid the LPCVD silicon
nitride deposition, and (3) to reduce the total number of process
steps from 21 to 17 in fabrication of MEMS acoustic sensor.
The rest of the paper is organized as follows: We elaborate a
novel technique for microtunnel formation and device fabrica-
tion by etching ZnO layer in different etchants in Section II.
The discussion of results is given in Section III. We conclude in
Section IV.

II. EXPERIMENT

The fabrication flow of the MEMS acoustic sensor including
proposed technique for microtunnel formation is shown in
Fig. 3. The microtunnel opening in the cavity is fabricated from
steps 1 to 8. ZnO patterning and etching are done in step 12. The
complete fabrication of the device consists of six mask levels
as follows: mask#1 for microtunnel, mask#2 for Si-diaphragm,
mask#3 for bottom electrodes, mask#4 for ZnO patterning,
mask#5 for top electrodes and mask#6 for pad opening. For
optimum sensitivity of the device, two capacitors of values
80 pF and 140 pF were located on center and outer edge
of the diaphragm, respectively. Microtunnel width and silicon
diaphragm area were taken as 100 μm and 3 mm × 3 mm,
respectively. The fabrication of acoustic sensor was started with
4-in diameter P -type〈100〉 silicon wafers. The resistivity of
wafers was 10–20 ohm.cm. Oxidation of these wafers was done
at 1000 ◦C. The thickness of SiO2 layer was measured using
Dektak 6M surface profiler and found to be 0.5 μm.

After the above step, the details of experimental work are
divided into four subsections. In Subsection II-A, the novel
technique for microtunnel fabrication is described. Subsections
II-B, II-C and II-D present the fabrication of device by etching
ZnO in different etchants.

A. Microtunnel Fabrication

The process flow for tunnel opening in the cavity using
the proposed technique is shown in Fig. 3 (up to step no.8).
The mask layout for microtunnel fabrication using earlier [35]
and proposed techniques are shown in Fig. 4(a) and (b), re-
spectively. As can be seen from Fig. 4(b), there is no overlap
between cavity and microtunnel. The absence of overlapping
area between diaphragm and tunnel reduces the number of
unnecessary process steps from 12 (Fig. 2) to 08 (Fig. 3). In
earlier technique, the microtunnel was slightly penetrating the

Fig. 6. XRD pattern of 3.0 μm-thick ZnO film.

diaphragm area, whereas in proposed technique, the microtun-
nel structure ends at the edge boundary of the diaphragm.

The fabrication of microtunnel was started with patterning of
the oxidized-Si wafers using mask#1. Thermally grown SiO2

layer from tunnel area was removed by BHF. After removal
of SiO2 layer, bulk micromachining of silicon was done for
microtunnel using 25% tetra methyl ammonium hydroxide
(TMAH) solution. The etching time and temperature of solution
were kept as 2 hours 25 min and 70 ◦C, respectively. A
smooth structure, 35.2 μm deep and 100 μm wide, has been
successfully fabricated in silicon substrate. After fabricating the
structure for microtunnel, silicon dioxide layer (1.2 μm thick)
was grown at 1000 ◦C. This layer acts as a masking layer
during deep cavity etching. First, photoresist S1818 was tried
to protect the microtunnel area during diaphragm patterning.
It was observed that the structure is damaged during cavity
etching for diaphragm formation, the reason being incomplete
step coverage of microtunnel structure using photoresist S1818.
Even use of thin photoresist S1813 and thick photoresist SU8-
2010 could not improve results.

Finally, photoresist SU8-2025 was tried while patterning the
cavity area for silicon diaphragm. It is found that the 35.2 μm
deep and 100 μm wide acoustic microtunnel structure including
curved areas was completely covered with photoresist SU8-
2025 [Fig. 5(a)]. Reactive ion etching (RIE) process was tried
for removal of silicon dioxide from the diaphragm area. Conse-
quently, a sharper well-defined boundary of diaphragm area is
formed after removal of silicon dioxide. After removal of SiO2

layer from diaphragm, a cavity of approximately 480 μm depth
was etched in 25% TMAH solution for formation of silicon
diaphragm. In the present approach, the mask design for mi-
crotunnel and diaphragm does not make the alignment critical
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Fig. 7. ZnO etching in HCl solution: (a) variation of hydronium ion concentration with solution concentration, and (b) variation of ZnO etch rate with solution
concentration.

Fig. 8. ZnO etching in NH4Cl solution: (a) etching setup for electrolytic addition of copper, (b) variation of hydronium ions with solution concentration
(with and without Cu-added ions), and (c) variation of ZnO etch rate in NH4Cl with Cu-added ions at different solution concentrations.

because lateral etching of silicon in TMAH is sufficient to open
the tunnel to the cavity. This can be seen from Fig. 5(b), where
the silicon has been laterally etched and overhanging SiO2 is
left behind. Etch rate of the 25% TMAH solution at 70 ◦C was
determined for (100) plane to be 15 μm/hr and for (111) as
1.3 μm/hr. The undercut per unit depth was found to be 0.106.
The silicon dioxide from back side of wafers was removed for
anodic bonding. Fig. 5(c) shows the SEM image of backside
of structure after removal of overhanging SiO2 layer. It was
observed that the microtunnel is smoothly opened in the cavity.
After successful fabrication of tunnel opening in the cavity, the
two capacitors, one on the center (∼80 pF) and another on the
outer edge (∼140 pF) of the diaphragm were fabricated. For
this purpose, Al of 1.0 μm thickness was deposited on front
side of these wafers using sputtering technique. Patterning of
Al was done using mask#3 for bottom electrode. Then, PECVD
SiO2 of approximately 0.3 μm-thickness was deposited. After
PECVD SiO2 deposition, these wafers were subjected to ZnO
deposition.

A highly c-axis oriented ZnO film was deposited by RF
magnetron sputtering technique with a zinc target (with pu-
rity of 99.99%). The process parameters were as follows: RF
power = 550 W, pressure = 20 mtorr, gas composition = Ar
and O2 in 40:60 ratio and deposition time = 5 hours. Thickness
of ZnO layer was measured by creating a step in the film and
found to be 3.0–3.5 μm. The XRD pattern of ZnO thin film
on a bare silicon wafer is shown in Fig. 6. The only one peak
corresponding to (002) reflection of wurtzite phase of ZnO
shows the film growth highly oriented along c-axis normal to
the substrate. At an angle of 2θ = 34.4◦, the ZnO film grains
have good orientation. After deposition, photolithography was

done on these wafers using mask#4 for ZnO etching. ZnO film
has the dimension 3.1 mm × 3.1 mm. The ZnO layer was then
etched in different solutions as follows.

B. Fabrication of Device by Etching ZnO in HCl

First, HCl was used to etch ZnO film at different solution con-
centrations (the process was carried out at room temperature).
The chemical reaction of ZnO [36], [37] can be described by (1)

ZnO + 2HCl = Zn2+ + 2Cl− +H2O. (1)

It is observed from the above equation that the strong acid at-
tacks the oxygen in ZnO and reduces ZnO to Zn. The generation
of hydronium ions with solution concentration in case of HCl
is shown in Fig. 7(a). It is observed that, at very low concen-
tration (0.05%) of solution, the hydronium ion concentration is
0.0116228 mole/L. As we increase the solution concentration,
the concentration of hydronium ions increases. The hydronium
ion concentration at 2% solution concentration is found to be
0.199526 mole/L. This implies that the number of hydronium
ions increases with increasing solution concentration which
leads to uncontrolled ZnO etching even at lower concentration
of solutions in case of strong acids. The variation of ZnO etch
rate in case of HCl is plotted in Fig. 7(b). It is found that the etch
rate increases with increasing concentration of acid solution.
During fabrication of the device, the ZnO layer was etched in
0.25% HCl solution concentration. After etching ZnO, 0.3 μm-
thick PECVD SiO2 and then 1.0 μm-thick Al layer for top
electrodes were deposited. The passivation layer deposition and
then RIE for pad opening were done. Finally, anodic bonding
was done before dicing of fabricated wafer.
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Fig. 9. ZnO etching in NH4OH solution: (a) etching setup for electrolytic addition of copper in solution, (b) variation of hydroxide ions with Cu-added solution
concentration, and (c) variation of ZnO etch rate with Cu-added solution concentration.

Fig. 10. Electrical testing of structure fabricated by etching ZnO in HCl solution: (a) SEM photograph of the structure, and (b) I–V characteristic of Al-deposited
on ZnO step.

C. Fabrication of Device by Etching ZnO in NH4Cl Solution
With Cu Addition

Now, the NH4Cl was used to etch ZnO film at different
solution concentrations (the process was carried out at room
temperature). NH4Cl solutions of different concentration were
prepared by dissolving NH4Cl powder (99.99% purity) in
deionized water. The reactions of ZnO (solid state) with NH4Cl
solution as described in [38], are reproduced in following set of
equations:

4NH4Cl(aq) = 4NH+
4(aq) + 4Cl−(aq) (2)

4NH+
4(aq) + 4H2O = NH3(aq) + 4H3O

+ (3)

ZnO(s) + 2H3O
+ = Zn2+

(aq) + 3H2O. (4)

Increased concentration of solution results in larger number
of hydronium ions. For electrochemical etching of ZnO layer,
copper ions were added to NH4Cl solution in an electrolytic cell
[Fig. 8(a)]. The electrolytic cell consisted of two parallel elec-
trodes, one for anode and another for cathode. An electrical cur-
rent was passed through the solution until the solution became
blue in color indicating that copper has been electrolytically
added to the solution. In order to get a good etch front slope of
ZnO layer, an etching setup [26] was prepared, and the etching
experiments were done by suspending the wafers in horizontal
direction in the aqueous NH4Cl solution with electrolytically
added copper ions. The reactions of ZnO (solid state) with

Fig. 11. Al step coverage on ZnO edge produced by NH4Cl with electrolyti-
cally added Cu ions.

electrolytically added copper ions in NH4Cl solution, described
in [28], are reproduced in the following set of equations:

NH4Cl = NH+
4(aq) + Cl−(aq) (5)

NH+
4(aq) +H2O(aq) = NH3(aq) +H3O

+ (6)

Cu → Cu2+ + 2e− (7)

ZnO + 2H3O
+ = Zn2+

(aq) + 3H2O (8)

Zn2+
(aq) + 4NH3(aq) = [Zn(NH3)4]

2+
(aq) (Clear) (9)

Cu2+
(aq) + 4NH3(aq) = [Cu(NH3)4]

2+
(aq) (Blue) (10)

[Cu(NH3)4]
2+
(aq) + 2e− → Cu+ 4NH3(aq). (11)
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Fig. 12. Electrical testing of structure fabricated by etching ZnO in 20% NH4Cl solution with electrolytically added Cu ions: (a) SEM photograph of the structure
after passing high current, (b) enlarged view of Al breakage on ZnO step, and (c) I–V characteristic of Al-deposited ZnO step.

Fig. 8(b) shows the variation in hydronium ion generation with
solution concentration. It is observed that the hydronium ion
concentration in copper-added solution (= 3.5 × 10−7 mole/L)
is 1995 times less than in the solution without copper
ions (= 6981.1 × 10−7 mole/L) for 20% concentration at
normal temperature. Therefore, the experiment without Cu
addition was discontinued. The ZnO etch rate with solution
concentration at normal temperature in case of NH4Cl solutions
with copper addition is plotted in Fig. 8(c). It is observed that
the etch rate increases with increasing solution concentration.
A good etch rate of 0.18 μm/min was obtained at 20% solution
concentration. For controlled ZnO etching, a low concentration
of hydronium ions is desired [28]. Therefore, we have selected
20% concentration of solution, and the ZnO layer was etched
in this solution during the fabrication of device. After etching
ZnO layer using this solution, the remaining process steps were
completed using process flowchart (Fig. 3).

D. Fabrication of Device by Etching ZnO in NH4OH Solution
With Cu Addition

30% NH4OH solution was used for ZnO etching, but the
etching rate was too small, approximately 0.3 μm/hour. There-
fore, for ZnO etching, a weak base NH4OH solution with
electrolytically added copper ions [Fig. 9(a)] was proposed. The
blue color of solution was observed, implying the generation of
compound [Cu(NH3)4]

2+
(aq) (Blue). Now, ZnO-deposited wafers

were etched in this solution by suspending them in horizontal
direction. The variation of hydroxide ion concentration of the
NH4OH solution with Cu-added ions was measured at different
concentrations; the same is shown in Fig. 9(b).

It was observed that, when the concentration increases from
15% to 25%, there is a small variation in hydroxide ion
concentration (= 5.0 × 10−13 mole/L to 2.5 × 10−13 mole/L)
in comparison to NH4Cl with electrolytically added Cu ions
(= 2.0 × 10−7 mole/L to 5.0 × 10−7 mole/L). Also, the hy-
droxide ion concentration in case of NH4OH with electrolyt-
ically added Cu ions (= 3.98 × 10−13 mole/L) is very small
in comparison to hydronium ion concentration in case of Cu-
added NH4Cl (= 3.58 × 10−7 mole/L) at same concentration
(20%) of solution. The variation of etch rates with concentra-
tion of solution is shown in Fig. 9(c). It is observed that, as
the concentration varies from 15% to 25%, the ZnO etch rate
varies from 0.16 to 0.28 μm/min. Finally, 20% NH4OH solution

Fig. 13. Al step coverage on ZnO edge produced by NH4OH with electrolyt-
ically added Cu ions.

with electrolytically added Cu ions was selected for etching
ZnO layer during fabrication of acoustic sensor. After etching
ZnO layer using this solution, the remaining process steps were
completed according to process flowchart (Fig. 3).

III. RESULTS AND DISCUSSION

The electrical reliability of step coverage in acoustic sensor
fabricated by etching ZnO layer in different etchants was tested
as follows.

A. ZnO Etched by HCl

A SEM image of the device structure fabricated using this
technique is shown in Fig. 10(a). Figure shows that the etching
takes place in such a way that ZnO edge moves inwards toward
bottom surface (instead of outward in positive slope). Because
of negative slope, during deposition of Al (for top electrodes),
the ZnO step is not fully covered with Al. The overall result
is that the Al film is formed as a hanging structure which does
not touch the bottom surface of ZnO film. The discontinuity in
Al layer on ZnO step can be easily seen from this figure. The
mechanism for the negative slope formation is that the lateral
etch rate is higher than vertical etch rate in case of strong acidic
solutions even at lower concentration. As the etchant concentra-
tion increases, the hydroniun ion concentration increases. This
increase in hydronium ions is responsible for negative slope of
ZnO layer. To perform the electrical testing of the fabricated
device, two probes were placed, first one on the Al film below
which the ZnO layer was etched in the solution and the second
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Fig. 14. Electrical testing of structure fabricated by etching ZnO in 20% NH4OH solution with electrolytically added Cu ions: (a) SEM photograph of structure
after passing high current, (b) enlarged view of Al breakage around probe 1, and (c) enlarged view of Al breakage around probe 2.

on the Al-deposited ZnO film. Electric current from a power
supply was passed through the Al film from probe 1 to probe 2.
The current was slowly increased in steps to determine the
maximum current that the Al film could sustain. The I–V
characteristic across Al-deposited over ZnO edge, etched by
strong acid (HCl), is plotted in Fig. 10(b).

It was observed that the maximum current drawn across
Al-deposited ZnO edge is 40 mA without any damage to the
structure. When we pass the current above the maximum limit,
the structure is damaged, and the circuit becomes open, i.e., the
current passing through the step becomes zero. Therefore, the
electrical testing of the structure indicates the poor step cover-
age of ZnO edge in case of strong acid HCl.

B. ZnO Etched by NH4Cl With Electrolytically Added Cu Ions

A SEM photograph of device structure fabricated using this
technique is shown in Fig. 11. To perform the electrical testing
of fabricated device using NH4Cl with Cu-added solution for
ZnO etching, two probes were placed, first one on the Al film
below which the ZnO layer was etched in the solution and
the second on the Al-deposited ZnO film [Fig. 12(a)]. Electric
current from a power supply was passed through the Al film
from probe 1 to probe 2. The current was slowly increased in
steps to determine the maximum current that the Al film could
sustain. It was observed that the maximum current drawn across
Al-deposited ZnO edge is 2.5 A without any damage to the
structure. When we pass the current above the maximum limit,
the structure is damaged, and the circuit becomes open, i.e., the
current passing through the step becomes zero. The enlarged
view of Al breakage over ZnO step is shown in Fig. 12(b).
The I–V characteristic across Al-deposited over ZnO edge is
plotted in Fig. 12(c). The electrical testing of the structure
indicates the good step coverage of ZnO edge in case of weak
acid NH4Cl with electrolytically added Cu ions.

C. ZnO Etched by NH4OH With Electrolytically Added Cu Ions

A SEM photograph of device structure fabricated using this
technique is shown in Fig. 13. A positive slope of ZnO edge
and uniform Al step coverage were observed in this case. To
perform the electrical testing, two probes were placed, first one
on the Al film below which the ZnO layer was etched in the so-
lution and the second on the Al-deposited ZnO film [Fig. 14(a)].

Fig. 15. I–V characteristic of Al-deposited ZnO step in case of 20% NH4OH
with electrolytically added Cu ions.

It was observed that the maximum current drawn across
Al-deposited ZnO edge is approximately 3.0 A without any
damage to the structure. When we pass the current above 3.0 A,
the structure is damaged [Fig. 14] and the circuit becomes open,
i.e., the current passing through the step becomes zero. The
SEM images clearly show that the step area remains intact,
although Al has spread out around the probe points at 3.0 A
current. The breakage of Al around probe 1 and around probe
2 can be easily seen from Fig. 14(b) and (c), respectively.
The lifting of Al from ZnO surface (around probe 2) can
be seen from Fig. 14(c). The I–V characteristic across Al-
deposited over ZnO edge is plotted in Fig. 15. The electrical
testing of the structure indicates the much better step coverage
of ZnO edge in case of Cu-added NH4OH as compared to
Cu-added NH4Cl and strong acid HCl. A good etch rate and
highly desirable positive slope both were observed in case of
20% NH4OH solution with electrolytically added copper ions
at room temperature. The ZnO etching features of NH4OH
with electrolytically added Cu ions, NH4Cl with electrolytically
added Cu ions and HCl are compared in Table I.

D. Response of the Device

The fabricated MEMS acoustic sensors on 4-in silicon wafer
are shown in Fig. 16(a). The fabricated wafer was diced using
double spindle dicing machine. The microtunnel is opened
to the atmosphere during dicing of fabricated wafer. A SEM
image of microtunnel opening to the atmosphere is shown in
Fig. 16(b). The packaged device [Fig. 16(c)] performed satis-
factorily within SPL range 120–160 dB over a wide bandwidth
30–8000 Hz with varying acoustic pressure [Fig. 17]. The
maximum sensitivity of the sensor was found to be 380 μV/Pa.
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TABLE I
COMPARISON OF ZnO ETCHING USING NH4OH WITH ELECTROLYTICALLY ADDED Cu IONS,

NH4Cl WITH ELECTROLYTICALLY ADDED Cu IONS AND HCl SOLUTIONS

Fig. 16. Fabricated MEMS acoustic sensor: (a) on 4-in silicon wafer, (b) SEM images of microtunnel opening to the atmosphere, and (c) packaged device for
testing.

Fig. 17. Output response of the device as a function of SPL

IV. CONCLUSION

The significant features of the proposed technique for mi-
crotunnel fabrication have been presented and discussed. On
comparison, it has been observed that the process in proposed
technique is simplified and indeed more reliable. Overall, the
proposed technique can save approximately 40 hrs process-
ing time. It gives better yield (∼60%) in comparison to old
technique (< 40%) because of absence of overlapping area
between tunnel and cavity in the mask layout, and also through
selective protection of masking layer by photolithography. In
addition, many process steps including LPCVD silicon nitride
are avoided leading to cost-effectiveness. Avoiding shortcom-
ings of the earlier method, the proposed method can be safely

used for microtunnel formation in acoustic sensor, as well as
other similar MEMS structures.

The MEMS acoustic sensors were fabricated by etching ZnO
film in three different etchants: HCl, NH4Cl with electrolyti-
cally added Cu ions and NH4OH with electrolytically added
Cu ions. We have proposed and evaluated a novel wet etchant
NH4OH with electrolytically added Cu ions and found that
it is more suitable for etching ZnO film. The maximum cur-
rent drawn across Al-deposited ZnO edge etched by HCl was
40 mA, that across Cu-added NH4Cl was 2.5 A, and for Cu-
added NH4OH was 3.0 A. The current-carrying capability in
case of HCl is lowest (∼40 mA) because current flows only
through some regions on the step, i.e., the step is partially
conducting. The film is likely to breakdown during device
operation, causing electrical failure. The current-carrying ca-
pability is improved with NH4Cl and still further in case of
NH4OH with electrolytically added Cu ions. The same is
also verified from SEM photographs of fabricated device. A
good etch rate and highly desirable positive slope both were
obtained in case of 20% NH4OH with electrolytically added
Cu ions. The packaged device performed well in wide fre-
quency range 30 Hz to 8000 Hz, exhibiting a high sensitivity
of 380 μV/Pa.
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