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Abstract—In this letter, we report a novel wet etching technique of a5
c-axis-oriented ZnO film that solves the step coverage problem during for-6
mation of electrodes on this film. The negative profile or hanging structure7
of ZnO film deposited by RF magnetron sputtering was obtained during8
wet etching in HCl and NH4Cl solutions. The developed technique uses9
aqueous NH4Cl with electrolytically added copper ions. By suspending10
the wafer in the horizontal direction in a 20% NH4Cl solution, positive11
slope (more than 90◦) was obtained at the edge of the ZnO film. In this12
process, p-type 〈100〉 silicon wafers of 10–20-Ω · cm resistivity have been13
used. Al deposition was done to confirm the step coverage on ZnO film14
after getting the positive slope. The thickness of ZnO film was varied15
from 1.3 to 3.4 μm to observe the coverage of sidewall of ZnO film.16
The structure was also electrically tested and was found to function17
satisfactorily. [2011-0298]18

Index Terms—Electrolytic copper addition, piezoelectric ZnO film,19
positive slope, step coverage.20

I. INTRODUCTION21

Piezoelectric zinc oxide thin films are widely used for different ap-22
plications in microelectromechanical systems (MEMS), such as film-23
bulk acoustic-wave resonators [1], surface-acoustic-wave resonators24
[2], and acoustic sensors [3], [4]. Various deposition techniques, such25
as plasma-enhanced chemical-vapor deposition (PECVD) [5], vacuum26
sputtering [6], and metal–organic chemical-vapor deposition, have27
been developed for deposition of high-quality ZnO films.28

A number of dry etching techniques have been reported for fine pat-29
terning of ZnO layers [7]. However, a metal mask is required in these30
techniques to etch the ZnO layer, because photoresist is decomposed31
when exposed to plasma for long durations. After removing the ZnO32
layer from an unwanted area, it is difficult to remove the metal mask33
because most metal etchants attack ZnO. Thus, a wet etching technique34
with a photoresist mask is always preferred to pattern ZnO films. In35
polycrystalline ZnO film deposited by sputtering technique, patterned36
with acids and bases, such as HCl, H2SO4, HBr, HNO3, and H3PO437
[8], the etching produces negative slope or hanging structures at the38
edge of the ZnO layer. This leads to step coverage problems during39
device fabrication. This letter deals with the step coverage problem40
of Al on thick ZnO layer (1.0–3.4 μm) deposited using the sputtering41
technique. Using 20% NH4Cl solution, the vertical and horizontal etch42
rates, as well as the etch front slope, can be controlled using convection43
flow of the solution [8]. In this letter, we have developed a wet etching44
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technique to overcome the problem of Al step coverage on patterned 45
ZnO film (of 1.0–3.4-μm thickness) used in the fabrication of MEMS 46
acoustic sensors. 47

II. EXPERIMENT AQ448

A. Fabrication of Test Structure 49

The cross-sectional view of the structure is shown in Fig. 1(a). The 50
structure consists of a piezoelectric ZnO film sandwiched between 51
Al top and bottom electrodes covered with PECVD SiO2 layer on a 52
silicon substrate. The bottom electrodes, one at the center and another 53
at the outer edge of the ZnO film, have dimensions of 1.5 mm × 54
1.5 mm and 0.450 mm × 9.24 mm, respectively. ZnO and contact 55
pads have dimensions of 3.1 mm × 3.1 mm and 0.4 mm × 0.4 mm, 56
respectively. The top electrodes have the same dimensions and location 57
as the bottom electrodes. 58

The fabrication was started with 4-in-diameter p-type 〈100〉 silicon 59
wafers. The resistivity of these wafers was 10–20 Ω · cm. A 0.1-μm- AQ560
thick silicon dioxide layer was grown on these wafers by dry oxidation 61
at 1000 ◦C. An Al film (1.0 μm thick) was deposited using a sput- 62
tering technique. Then, photolithography and Al etching were done to 63
fabricate the bottom electrodes. These electrodes were covered with 64
0.3-μm-thick PECVD SiO2 layer. A 2.4-μm-thick ZnO deposition on 65
these wafers was done using an RF magnetron sputtering technique. 66
The deposition parameters, namely, gas composition, pressure, and 67
deposition rate, were 40% Ar + 60% O2, 2.65 mtorr, and 0.6 μm/h, 68
respectively. PECVD SiO2 of 0.3-μm thickness was deposited on these AQ669
wafers to protect the interdiffusion of Al in ZnO film during deposition 70
of Al. Then, Al deposition and patterning were done to fabricate the 71
top electrodes. The top view of the fabricated structure is shown in 72
Fig. 1(b). 73

In the fabricated structure, the ZnO film was etched in 0.25% 74
HCl solution. The scanning electron microscope (SEM) photograph AQ775
of the ZnO film edge is shown in Fig. 1(c). It is seen that the Al 76
film is discontinuous on the edges of the ZnO film, causing breakage 77
of electrical contact. Some hanging part of the Al metal made the 78
electrical connection of the device, but it is very weak and degrades 79
the reliability of the structure. It has been observed that when the 80
structure was subjected to ultrasonic cleaning or vibration testing, the 81
electrical connection became discontinuous, causing electrical failure. 82
To overcome this problem, the etching process of ZnO film has to be 83
controlled so that the Al film is continuous over the edge of ZnO and 84
the contact is reliable. 85

B. Preparation of NH4Cl Solution With Electrolytically 86
Added Copper 87

We have done the wet etching of sputter-deposited c-axis-oriented 88
ZnO samples of different thicknesses in 20% NH4Cl solution. Using 89
the electrolytic cell with two parallel copper electrodes, one for anode 90
and another for cathode, 500-mA current was passed in the solution 91
until the solution became blue in color. Thus, copper was electrolyti- 92
cally added to the solution, and all experiments were performed with 93
this solution containing copper ions. 94

C. Etching in Vertical Setup 95

ZnO depositions of 1.3- and 3.4-μm thicknesses with the same 96
process parameters were done on 4-in-diameter p-type 〈100〉 silicon 97
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Fig. 1. (a) Cross-sectional view of the structure. (b) Top view of the fabricated structure. (c) SEM image of the ZnO edge etched using 0.25% HCl.

Fig. 2. (a) ZnO vertical etching setup. (b) SEM image of 1.3-μm-thick ZnO edge using vertical etching setup with 20% NH4Cl solution. (c) SEM image of
3.4-μm-thick ZnO edge using vertical etching setup with 20% NH4Cl solution.

Fig. 3. (a) ZnO horizontal etching setup. (b) SEM image of 1.3-μm-thick ZnO edge with 20% NH4Cl solution. (c) Al step coverage on 3.0-μm-thick ZnO.

oxidized wafers using the RF magnetron sputtering technique. For98
ZnO etching, first, the vertical etching setup, as shown in Fig. 2(a), was99
used. In this setup, the wafer is suspended vertically during etching.100

The SEM images of the etched ZnO samples of 1.3- and 3.4-μm101
thicknesses using the vertical etching setup are shown in Fig. 2(b) and102
(c), respectively. It was observed that, using this setup, the etching103
is faster near the top surface than the bottom of the ZnO film. This104
produces the negative slope or hanging-type structure at the edge of105
ZnO film. Therefore, the problem still remained unsolved.106

D. Etching in Horizontal Setup107

In the next modification of etching process, the wafer was hung108
horizontally without applying any potential, as shown in Fig. 3(a). The109
SEM image of the etched ZnO samples of 1.3-μm thickness using this110
setup is shown in Fig. 3(b). It is clear from this image that the etching is111
approximately equal near the top than the bottom surface of the ZnO112

film. This gave us positive slope (angle more than 90◦ at the edge) 113
with 0.4-μm/min etch rate. The slope is covered with aluminum on 114
3.0-μm-thick ZnO film, as shown in Fig. 3(c). 115

E. Electrical Measurements on Structures 116

Experiments on devices with step coverage problem showed that the 117
aluminum layer broke down and became “open circuited” on passing 118
an electrical current of about 300 mA between two probe points, one 119
placed on the aluminum layer above the zinc oxide and another on the 120
aluminum film above the oxidized silicon substrate after descending 121
down the ZnO step. The resistance of Al interconnect over the ZnO 122
step was ∼2.13 Ω. On the other hand, the aluminum layer of the 123
devices in which the step coverage problem was solved could conduct 124
current up to 2.5–2.6 A; the resistance of Al interconnect over this 125
step was ∼1.2 Ω. At a current value of 2.5–2.6 A, the aluminum layer 126
in these devices over the ZnO step began to show infinite resistance 127
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Fig. 4. SEM image of the improved structure after passing high current
between probe points 1 and 2. (a) Discontinuity of Al over the ZnO step.
(b) Closer view of Al discontinuity at step.

within a few seconds of passing current. The SEM image of a device128
of the latter type with Al layer breaking down at 2.5 A is shown in129
Fig. 4(a). Fig. 4(b) shows the closer examination of the damaged area.130

III. CONCLUSION131

A new method for producing positive slope of ZnO by etching in132
20% NH4Cl solution with electrolytically added copper in horizontally133
mounted structure has been proposed. Using this method, Al step134
coverage issues have been solved in ZnO-based acoustic sensors. The135
reason for better slope achieved in horizontal position of wafer in the136
etching solution is the enhancement in the vertical etch rate in this137
position due to deeper penetration of etchant in the columns of ZnO138
film. Al layer over the ZnO step became open circuited at ∼2.5 A in139

improved structures, whereas it broke down at ∼300 mA in devices 140
with step coverage problem. 141
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Abstract—In this letter, we report a novel wet etching technique of a5
c-axis-oriented ZnO film that solves the step coverage problem during for-6
mation of electrodes on this film. The negative profile or hanging structure7
of ZnO film deposited by RF magnetron sputtering was obtained during8
wet etching in HCl and NH4Cl solutions. The developed technique uses9
aqueous NH4Cl with electrolytically added copper ions. By suspending10
the wafer in the horizontal direction in a 20% NH4Cl solution, positive11
slope (more than 90◦) was obtained at the edge of the ZnO film. In this12
process, p-type 〈100〉 silicon wafers of 10–20-Ω · cm resistivity have been13
used. Al deposition was done to confirm the step coverage on ZnO film14
after getting the positive slope. The thickness of ZnO film was varied15
from 1.3 to 3.4 μm to observe the coverage of sidewall of ZnO film.16
The structure was also electrically tested and was found to function17
satisfactorily. [2011-0298]18

Index Terms—Electrolytic copper addition, piezoelectric ZnO film,19
positive slope, step coverage.20

I. INTRODUCTION21

Piezoelectric zinc oxide thin films are widely used for different ap-22
plications in microelectromechanical systems (MEMS), such as film-23
bulk acoustic-wave resonators [1], surface-acoustic-wave resonators24
[2], and acoustic sensors [3], [4]. Various deposition techniques, such25
as plasma-enhanced chemical-vapor deposition (PECVD) [5], vacuum26
sputtering [6], and metal–organic chemical-vapor deposition, have27
been developed for deposition of high-quality ZnO films.28

A number of dry etching techniques have been reported for fine pat-29
terning of ZnO layers [7]. However, a metal mask is required in these30
techniques to etch the ZnO layer, because photoresist is decomposed31
when exposed to plasma for long durations. After removing the ZnO32
layer from an unwanted area, it is difficult to remove the metal mask33
because most metal etchants attack ZnO. Thus, a wet etching technique34
with a photoresist mask is always preferred to pattern ZnO films. In35
polycrystalline ZnO film deposited by sputtering technique, patterned36
with acids and bases, such as HCl, H2SO4, HBr, HNO3, and H3PO437
[8], the etching produces negative slope or hanging structures at the38
edge of the ZnO layer. This leads to step coverage problems during39
device fabrication. This letter deals with the step coverage problem40
of Al on thick ZnO layer (1.0–3.4 μm) deposited using the sputtering41
technique. Using 20% NH4Cl solution, the vertical and horizontal etch42
rates, as well as the etch front slope, can be controlled using convection43
flow of the solution [8]. In this letter, we have developed a wet etching44
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technique to overcome the problem of Al step coverage on patterned 45
ZnO film (of 1.0–3.4-μm thickness) used in the fabrication of MEMS 46
acoustic sensors. 47

II. EXPERIMENT AQ448

A. Fabrication of Test Structure 49

The cross-sectional view of the structure is shown in Fig. 1(a). The 50
structure consists of a piezoelectric ZnO film sandwiched between 51
Al top and bottom electrodes covered with PECVD SiO2 layer on a 52
silicon substrate. The bottom electrodes, one at the center and another 53
at the outer edge of the ZnO film, have dimensions of 1.5 mm × 54
1.5 mm and 0.450 mm × 9.24 mm, respectively. ZnO and contact 55
pads have dimensions of 3.1 mm × 3.1 mm and 0.4 mm × 0.4 mm, 56
respectively. The top electrodes have the same dimensions and location 57
as the bottom electrodes. 58

The fabrication was started with 4-in-diameter p-type 〈100〉 silicon 59
wafers. The resistivity of these wafers was 10–20 Ω · cm. A 0.1-μm- AQ560
thick silicon dioxide layer was grown on these wafers by dry oxidation 61
at 1000 ◦C. An Al film (1.0 μm thick) was deposited using a sput- 62
tering technique. Then, photolithography and Al etching were done to 63
fabricate the bottom electrodes. These electrodes were covered with 64
0.3-μm-thick PECVD SiO2 layer. A 2.4-μm-thick ZnO deposition on 65
these wafers was done using an RF magnetron sputtering technique. 66
The deposition parameters, namely, gas composition, pressure, and 67
deposition rate, were 40% Ar + 60% O2, 2.65 mtorr, and 0.6 μm/h, 68
respectively. PECVD SiO2 of 0.3-μm thickness was deposited on these AQ669
wafers to protect the interdiffusion of Al in ZnO film during deposition 70
of Al. Then, Al deposition and patterning were done to fabricate the 71
top electrodes. The top view of the fabricated structure is shown in 72
Fig. 1(b). 73

In the fabricated structure, the ZnO film was etched in 0.25% 74
HCl solution. The scanning electron microscope (SEM) photograph AQ775
of the ZnO film edge is shown in Fig. 1(c). It is seen that the Al 76
film is discontinuous on the edges of the ZnO film, causing breakage 77
of electrical contact. Some hanging part of the Al metal made the 78
electrical connection of the device, but it is very weak and degrades 79
the reliability of the structure. It has been observed that when the 80
structure was subjected to ultrasonic cleaning or vibration testing, the 81
electrical connection became discontinuous, causing electrical failure. 82
To overcome this problem, the etching process of ZnO film has to be 83
controlled so that the Al film is continuous over the edge of ZnO and 84
the contact is reliable. 85

B. Preparation of NH4Cl Solution With Electrolytically 86
Added Copper 87

We have done the wet etching of sputter-deposited c-axis-oriented 88
ZnO samples of different thicknesses in 20% NH4Cl solution. Using 89
the electrolytic cell with two parallel copper electrodes, one for anode 90
and another for cathode, 500-mA current was passed in the solution 91
until the solution became blue in color. Thus, copper was electrolyti- 92
cally added to the solution, and all experiments were performed with 93
this solution containing copper ions. 94

C. Etching in Vertical Setup 95

ZnO depositions of 1.3- and 3.4-μm thicknesses with the same 96
process parameters were done on 4-in-diameter p-type 〈100〉 silicon 97
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Fig. 1. (a) Cross-sectional view of the structure. (b) Top view of the fabricated structure. (c) SEM image of the ZnO edge etched using 0.25% HCl.

Fig. 2. (a) ZnO vertical etching setup. (b) SEM image of 1.3-μm-thick ZnO edge using vertical etching setup with 20% NH4Cl solution. (c) SEM image of
3.4-μm-thick ZnO edge using vertical etching setup with 20% NH4Cl solution.

Fig. 3. (a) ZnO horizontal etching setup. (b) SEM image of 1.3-μm-thick ZnO edge with 20% NH4Cl solution. (c) Al step coverage on 3.0-μm-thick ZnO.

oxidized wafers using the RF magnetron sputtering technique. For98
ZnO etching, first, the vertical etching setup, as shown in Fig. 2(a), was99
used. In this setup, the wafer is suspended vertically during etching.100

The SEM images of the etched ZnO samples of 1.3- and 3.4-μm101
thicknesses using the vertical etching setup are shown in Fig. 2(b) and102
(c), respectively. It was observed that, using this setup, the etching103
is faster near the top surface than the bottom of the ZnO film. This104
produces the negative slope or hanging-type structure at the edge of105
ZnO film. Therefore, the problem still remained unsolved.106

D. Etching in Horizontal Setup107

In the next modification of etching process, the wafer was hung108
horizontally without applying any potential, as shown in Fig. 3(a). The109
SEM image of the etched ZnO samples of 1.3-μm thickness using this110
setup is shown in Fig. 3(b). It is clear from this image that the etching is111
approximately equal near the top than the bottom surface of the ZnO112

film. This gave us positive slope (angle more than 90◦ at the edge) 113
with 0.4-μm/min etch rate. The slope is covered with aluminum on 114
3.0-μm-thick ZnO film, as shown in Fig. 3(c). 115

E. Electrical Measurements on Structures 116

Experiments on devices with step coverage problem showed that the 117
aluminum layer broke down and became “open circuited” on passing 118
an electrical current of about 300 mA between two probe points, one 119
placed on the aluminum layer above the zinc oxide and another on the 120
aluminum film above the oxidized silicon substrate after descending 121
down the ZnO step. The resistance of Al interconnect over the ZnO 122
step was ∼2.13 Ω. On the other hand, the aluminum layer of the 123
devices in which the step coverage problem was solved could conduct 124
current up to 2.5–2.6 A; the resistance of Al interconnect over this 125
step was ∼1.2 Ω. At a current value of 2.5–2.6 A, the aluminum layer 126
in these devices over the ZnO step began to show infinite resistance 127
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Fig. 4. SEM image of the improved structure after passing high current
between probe points 1 and 2. (a) Discontinuity of Al over the ZnO step.
(b) Closer view of Al discontinuity at step.

within a few seconds of passing current. The SEM image of a device128
of the latter type with Al layer breaking down at 2.5 A is shown in129
Fig. 4(a). Fig. 4(b) shows the closer examination of the damaged area.130

III. CONCLUSION131

A new method for producing positive slope of ZnO by etching in132
20% NH4Cl solution with electrolytically added copper in horizontally133
mounted structure has been proposed. Using this method, Al step134
coverage issues have been solved in ZnO-based acoustic sensors. The135
reason for better slope achieved in horizontal position of wafer in the136
etching solution is the enhancement in the vertical etch rate in this137
position due to deeper penetration of etchant in the columns of ZnO138
film. Al layer over the ZnO step became open circuited at ∼2.5 A in139

improved structures, whereas it broke down at ∼300 mA in devices 140
with step coverage problem. 141
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