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ABSTRACT: We describe pH-controlled selective etching of
atomic layer deposition (ALD) Al2O3 over ZnO. Film
thickness as a function of etch exposure was measured by
spectroscopic ellipsometry. We find that alkaline aqueous
solutions with pH between about 9 and 12 will etch Al2O3 at
useful rate with minimal attack of ZnO. Highly selective
etching of Al2O3 over ZnO (selectivity >400:1) and an Al2O3
etch rate of ∼50 nm/min can be obtained using a pH 12 etch
solution at 60 °C.
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Al2O3 is widely used as a high-k gate dielectric and
passivation material in the fabrication of ZnO thin film

transistors (TFT)1−4 and for other ZnO device structures such
as light-emitting diodes,5 chemical sensors,6 and surface
acoustic wave biosensors.7 For many applications, it would be
useful to etch Al2O3 selectively with respect to ZnO.
We have previously reported ZnO TFTs with atomic layer

deposition (ALD) Al2O3 as passivation layer.8 A selective etch
for Al2O3 would allow contact windows to be opened for
contacts after passivation or windows in the passivation layer to
be opened for sensors. However, Al2O3, deposited with ALD or
plasma enhanced atomic layer deposition (PEALD) is robust
and is commonly wet etched in strong acids such as phosphoric
or hydrofluoric acid.9 Both of these attack ZnO and have etch
rates for ZnO much larger than for Al2O3.
In this paper, pH-controlled selective etching of ALD Al2O3

over ZnO is described. The Al2O3 and ZnO thin films used in
this work were deposited on oxidized silicon wafers by ALD or
PEALD at 200 °C. Films used for etch rate measurements were
typically 30 nm thick for Al2O3 and 60 nm thick for ZnO. To
facilitate etch rate measurements, we developed a para-
meterized optical model with bulk and surface roughness
layers for our ZnO and Al2O3 from measurements of as-
deposited samples with a J.A.Woollam RC2 VASE spectro-
scopic ellipsometer with a spectral range of 0.7−5.15 eV at four
angles of incidence (50, 60, 70, 80°). The surface roughness
layer was modeled by a Bruggeman effective medium
approximation (EMA) with 50% void and 50% underlying
material. For etch rate measurements, the fitted thickness
included the bulk film thickness and half of the surface
roughness layer thickness. During the etching experiments, the
films before and after etching were measured using a
J.A.Woollam M-2000 V spectroscopic ellipsometer with a

spectral range of 1.24−3.34 eV at a single angle of incidence
(75°). Only the bulk film and surface roughness thicknesses
were allowed to vary, whereas the parameterized optical model
was fixed to that determined using the wider spectral range and
multiple incident angles.
The measurements of etch rate at different pH conditions

were done for solutions with pH ranging from 7 to 13.
Tetramethylammonium hydroxide (TMAH) and water were
the main components for the solutions with high hydroxide ion
concentration (pH 12 to pH 13). For pH from 7 to 11, sodium
phosphate (Na3PO4), monopotassium phosphate (KH2PO4),
sodium carbonate (Na2CO3) and sodium bicarbonate
(NaHCO3) were added to the solutions as buffers to stabilize
the pH during etching. The total amount of the buffer used was
controlled to keep the anion concentration around 0.1 mol/L.
Figure 1 shows the measured etch rate of Al2O3 as a function

of pH for etch temperatures of 20, 47, 55, and 60 °C. As shown
in Figure 1, the etch rate of Al2O3 increases with both pH and
temperature. The measured etch rate of ZnO in the range from
pH 9 to pH 12 is less than 0.4 nm/min and changes little with
temperature. Examination of the two-layer ellipsometry fitting
results indicates that the small apparent ZnO etch rate in the
pH 9 to pH 12 range is mainly caused by increasing ZnO
surface roughness.
Figure 2 shows the etch selectivity for Al2O3 with respect to

ZnO as a function of pH for etch temperatures of 20, 47, 55,
and 60 °C. At 20 °C the ratio of Al2O3 to ZnO etch rate is less
than 10. Because the Al2O3 etch rate is strongly temperature
activated while the ZnO etch rate changes little with
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temperature, the etch rate ratio of Al2O3 to ZnO increases with
increasing temperature. For a pH 12 etch solution at 60°C the
ratio of the Al2O3 to ZnO etch rate is larger than 400 (49.2 ±
3.4 nm/min over 0.12 ± 0.04 nm/min). The error bars shown
in Figure 2 are for the ellipsometry measurement of the Al2O3
etching and the etch rate ratio was found using the mean of
four ZnO etch tests at each pH and temperature. As pH and
temperature are increased the etch rate for Al2O3 increases and
it becomes more difficult to precisely determine etch selectivity
using our technologically relevant thin films. The data in Figure
2 shows the trends, but the detailed ordering of etch selectivity
with temperature for 11 ≲ pH ≲ 12, where the etchant is most
selective, is less certain.
To confirm that the selective etching is pH-based, we also

characterized an etch solution using 0.25 mol/L sodium
hydroxide (NaOH). The pH of the solution was set to 10.5
using a Na2CO3/NaHCO3 pH 10 buffer commercially available
as Hydrion® buffer. The etch rates of Al2O3 and ZnO at 60°C
in the NaOH-based etchant were 19.2 ± 2.1 nm/min and 0.16
± 0.06 nm/min, similar to that of the TMAH-based etchant
(Al2O3 20.8 ± 2.1 nm/min and ZnO 0.16 ± 0.03 nm/min),

which supports the conclusion that hydroxide ions are
responsible for Al2O3 etching. Although the selective etch is
pH-based, some care is required in choosing the alkaline agent.
For example, ammonium hydroxide (NH4OH) is a convenient
base. But ammonium hydroxide is able to chelate ZnO and the
etch selectivity for NH4OH-based etch solutions is reduced
compared to TMAH-based or NaOH-based etch solutions.
The reaction between Al2O3 and hydroxide ions is

+ → +− −Al O 2OH 2AlO H O2 3 2 2 (1)

This is a heterogeneous reaction between a solid phase and ions
in a liquid phase. The main factors influencing reaction rate are
hydroxide ion concentration, bond energy of the Al−O bonds,
and temperature. The rate equation is
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where k is the rate coefficient and n is the order of the
reaction.10 For this simple model, the etch rate of Al2O3 should
increase exponentially with increasing pH value. Accordingly,
an exponential function in the form of y = A + B*exp(C*x) was
used to fit the curves of the etch rates at each temperature. The
resulting equations and curves are shown in Figure 3. In

Table 1, the rate equations are expressed as a function of OH
ion concentration and the characteristic parameters are
extracted. The rate coefficient k is a function of temperature
and the relationship is given by an Arrhenius equation10
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Figure 1. Etch rate of Al2O3 versus pH for etch temperatures of 20, 47,
55, and 60 °C. For pH >8, the etch rate increases rapidly with pH and
temperature.

Figure 2. Etch selectivity for Al2O3 with respect to ZnO versus pH for
etch temperatures of 20, 47, 55, and 60 °C. Because the etch rate for
ZnO is very small and approximately independent of temperature for 9
< pH ≤ 12, the etch selectivity at elevated temperature is large in this
range.

Figure 3. Exponential fitting equations and curves for the data of
Figure 1 for etch rates of Al2O3 versus pH at temperature 20, 47, 55,
and 60 °C.

Table 1. Rate Equations and Extracted Parameters

temp (°C) reformed equation n k

20 rate = 1.82 × [OH−]0.135 − 0.297 0.135 1.82
47 rate = 32.9 × [OH−]0.134 − 4.722 0.134 32.9
55 rate = 60.8 × [OH−]0.132 − 8.725 0.132 60.8
60 rate = 108.7 × [OH−]0.123 − 18.57 0.123 108.7
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where A is the pre-exponential factor, Ea is the activation
energy, and R is the ideal gas constant. Fitting the rate
coefficient k as a function of temperature the activation energy
Ea is calculated to be 8.0 × 104 J/mol.
To provide a simple unified rate equation for the selective

etch, we also used Eureqa from the Cornell Creative Machine
Lab11 to fit our etch data. Using this tool gives a heuristic rate
equation

= × − −−⎜ ⎟
⎛
⎝

⎞
⎠rate 3.56 10 exp

9609
T

([OH ] 0.143)14 0.139

(4)

The activation energy Ea in this rate equation is 0.83 eV/ion or
8.0 x 104 J/mol, consistent with the result from the fitting of
individual curves.
To apply the selective etch to device fabrication, we have

tested compatibility with photoresist. We find DNQ-Novolac
photoresist (e.g. Shipley 1811) and poly(methyl methacrylate)
(PMMA) can withstand etching solutions of pH 10 to 12 at 60
°C for more than 10 min. Because DNQ-Novolac is also
developed in alkaline solutions there may be some change in
feature size, particularly for higher pH selective etching. We did
not characterize this effect.
For etching device structures, we typically make two

additions to our etchant. First, we add a small concentration
of a surfactant (3,5-dimethylhexyne-3-ol, commercially available
as Surfynol®-6L) to improve the uniformity of etching for
small features. We also add a small amount of ZnO to the etch
solution to stabilize the initial etch condition. Our etch testing
has not shown this to be necessary, but it has been suggested
that this can help supply an equilibrium concentration of ions
of the non-etching material.12 The etch rate of the modified
etchant is unchanged from that of the etchant without
surfactant or ZnO.
We have used the pH-controlled etchant to fabricate tri-layer

PEALD ZnO TFTs with selective etching of Al2O3 used to
open source and drain contact windows.13 However, this is not
a conclusive demonstration of the selective etch because it is
possible that the etchant might attack the ZnO, but still allow
contacts to work. To better demonstrate the selective etch, we
used it to etch windows through the passivation layer in the
channel region of TFTs with 10 nm thick ZnO active layers and
then re-passivated the devices. Because the passivation step
introduces charge at the ZnO/Al2O3 interface,3 this test is
sensitive to small changes in the ZnO thickness.
The bottom-gate TFT process used for the selective etch test

has been described previously.8 The TFTs used 10 nm thick
ZnO active layers and the passivation layer was 30 nm thick
Al2O3 deposited by ALD. The TFTs fabricated for this work
had mobility >17 cm2 V−1 s−1, current on−off ratio >1 × 107,
and turn-on voltage (here defined as the gate voltage where the
linear region drain current reaches 1 × 10−10 A) approximately
−3.2 V. The negative turn-on voltage was caused by
passivation-induced charge.3

To demonstrate the selective etch, we used the etchant
described above with pH 12 at 47 °C to etch windows in the
passivation layer of the bottom-gate TFTs. This etchant
temperature was chosen because it gives a convenient and
controllable etching time for the passivation layer. The
structure after window etching is shown in Figure 4a. After
etching windows, we confirmed access to the ZnO channel
layer by exposing test TFTs to a few ppm concentration of
ozone and observing large changes in current-voltage character-

istics. After selective etching, we then deposited 30 nm of Al2O3
to re-passivate the window areas.
Figure 4b shows the log of the drain current and differential

mobility versus gate voltage for etched and re-passivated TFTs
in the linear region of operation. Characteristics are shown for
TFTs with the first ALD Al2O3 passivation layer etched for the
nominal time required to reach the ZnO channel (150 s), and
for TFTs etched for twice the nominal time (300 s).
Clearly, the thin ZnO channel remained even for TFTs with

overetched channel region windows and the TFT character-
istics for both etch times are very similar. Figure 4c shows the
linear region log and linear drain current versus gate voltage for
five TFTs with overetched (twice nominal etch time) windows.

Figure 4. (a) Structure of etch test device. (b) Log(ID) and mobility
versus VGS for VDS = 0.5 V of re-passivated device with standard etch
and overetch. (c) Log(ID) and ID versus VGS for VDS = 0.5 V of
multiple overetched devices after re-passivation.
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Although the substrate size used for this test was small (about
1.7 cm × 1.7 cm) the uniformity is quite good. As noted earlier,
we have also used the pH-controlled etchant to fabricate tri-
layer PEALD ZnO TFTs with selective etching of Al2O3 used
before source and drain contact deposition.13 The bias stress
stability of the tri-layer TFTs fabricated using the selective etch
is equal to or better than that of our non-selective-etch TFTs.
We have described a highly selective pH-controlled etch for

Al2O3 over ZnO. The etching is simple, easily controlled, and
provides highly selective etching. Using TMAH and suitable
pH-buffers at 10 ≲ pH ≲ 12 and 40 °C < T < 80 °C provides
useful etch rates and high selectivity (>50/1). This allows Al2O3
films to be etched even over very thin ZnO layers for use in
thin film transistors, metal oxide gas sensors, and optical
devices. Preliminary results show similar etch selectivity for
similar metal oxide semiconductors, including InGaZnO. This
selective etch is a flexible tool for oxide semiconductor device
fabrication.
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