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Abstract

Two different plasma chemistries for etching ZnO were examined. Both Cl,/Ar and CH4/H,/Ar produced etch rates
which increased linearly with rf power, reaching values of ~1200 A/min for Cl,/Ar and ~3000 A/min for CH4/H,/Ar.
The evolution of surface morphology, surface composition, and PL intensity as a function of energy during etching
were monitored. The effect of H in ZnO was studied using direct implantation at doses of 10'°-10'® cm~2, followed by
annealing at 500-700 °C. The hydrogen shows significant outdiffusion at 500 °C and is below the detection limits of
SIMS after 700 °C anneals. SEM of the etched features showed anisotropic sidewalls, indicative of an ion-driven etch

mechanism.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

ZnO is attracting attention for use in UV opto-elec-
tronics, gas sensing, surface acoustic wave devices,
varistors, piezoelectric transducers, micro-actuators, and
transparent electrodes [1-23]. It is available in bulk,
cleavable substrate form and recently p-type doping has
been achieved which opens up a range of additional
device possibilities. The development of high resolution
etch processes is necessary for any device fabrication
schemes in ZnO. Wet chemical etching of ZnO has been
reported with a number of acid solutions, including HCI,
HNO;, and NH,Cl1 [24-26]. However, wet etch processes
are generally isotropic with limited resolution and poor
selectivity. Very few reports have appeared on dry
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etching of ZnO [27,28], especially with the type of high-
density plasma sources favored in modern manu-
facturing environments because of their versatility and
excellent uniformity.

In this paper we report an investigation of inductively
coupled plasma (ICP) etching of bulk ZnO in two dif-
ferent plasma chemistries (CH4/H,/Ar and Cl,/Ar) as a
function of the incident ion energy. The role of hydrogen
was further investigated by direct implantation of hy-
drogen and measurements of its effects in the lumines-
cence and structural properties. Hydrogen is predicted
to be a shallow donor in ZnO and some indirect mea-
surements are consistent with this theory [29-39].

2. Experimental
Bulk, wurtzite(0001) ZnO crystals obtained from

Eagle-Picher were used for all experiments. The samples
were nominally undoped (n ~ 8 x 10'® ¢cm~3) and the
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Zn-terminated surface was the one used in all cases.
Etching was performed in a Unaxis 790 reactor, which
employs a 2 MHz ICP source and 13.56 MHz rf-biased
cathode. Electronic grade gases were introduced through
mass flow controllers at a total flow rate of 15-16 stan-
dard cubic centimeters per minute. The two gas mixtures
investigated were 3CH,/8H,/5Ar and 10Cl,/5Ar. The
ICP source power was held constant at 500 W and the
process pressure at 1 mTorr. The ion energy was varied
by changing the rf chuck power from 50 to 300 W,
producing dc self-biases in the range of —75 to —344 V
for Cl,/Ar and —91 to =294 V for CH4/H,/Ar. Etch rates
were measured using stylus profilometer, while the op-
tical quality was obtained from room temperature
photoluminescence measurements using a He-Cd laser
excitation. The surface morphology was examined using
tapping mode atomic force microscopy (AFM) mea-
surements and scanning electron microscopy (SEM),
while the near-surface stoichiometry was measured by
Auger electron microscopy (AES). To further examine
the role of hydrogen in ZnO, direct implantation of 100
keV 'H* or 2H* at doses of 10°-10'® cm~2 was also
performed, followed by either secondary ion mass
spectrometry (SIMS) or Rutherford backscattering/
channeling (RBS/C).

3. Results and discussion

Fig. 1 shows the ZnO etch rates in both chemistries as
a function of rf chuck power. The CH4/H,/Ar produces
higher rates as expected from an examination of the
probable Zn etch products, namely (CH;3);Zn, which has
a vapor pressure of ~300 Torr at 20 °C compared to
ZnCl, which has a vapor pressure of 1 Torr at 428 °C.
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Fig. 1. Etch rates of ZnO as a function of rf chuck power in
ICP CH4/H,/Ar or Cl,/Ar discharges. The dc self-bias on the
cathode is also shown.

The etch product for oxygen is most likely O,, although
OH may play a role in the CH4/H,/Ar chemistry. For
ion-driven etch processes, the etch rate is generally
proportional to E% — E%}, where E is the average en-
ergy of incident ions and Ety is the threshold for initi-
ating etching [40]. The ion energy can be obtained from
the dc self-bias by adding the plasma potential (25 V in
our system). This analysis produces a value for Ety of
~96 eV for the CH4/H,/Ar chemistry.

Lee et al. [15] reported that reactively sputtered ZnO
epitaxial films grown on sapphire showed a major in-
crease in band-edge emission after exposure to a H,
plasma, while the deep level emission was largely
quenched. Fig. 2 shows PL spectra before and after ICP
etching of different rf chuck powers. There is a decrease
of approximately a factor of 4 even for the low bias
condition, which shows that ZnO is susceptible to ion-
induced damage during plasma etching. In etching real
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Fig. 2. Room temperature PL spectra from ZnO etched in ICP
CH,4/H,/Ar discharges at different rf chuck powers. The spectra
are shown on both log (top) and linear (bottom) scales.
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Fig. 3. Room temperature, deep-level PL emission from ZnO
etched in ICP CH4/H,/Ar discharges at different rf chuck
powers. The data are shown on both energy (top) and wave-
length (bottom) scales.

device structures it would be necessary to minimize both
ion energy and ion flux toward the end of the process in
order to minimize lattice damage. Fig. 3 shows a close-
up of the deep level emission spectra—the intensity of
these transitions is also decreased by the etch process. At
this stage, it is not clear if this is a result of hydrogen
incorporation, or simply a decrease in overall intensity
because of the introduction of non-radiative centers.
Fig. 4 shows AFM surface scans taken before and
after etching with CHy/H,/Ar at different rf chuck
powers. The surface morphology is clearly dependent on
the incident ion energy, and most likely results from
differences in the removal rates of Zn and O etch
products. Fig. 5 shows the root-mean-square (RMS)
roughness measured over 5 x 5 um? areas, as a function
of the rf chuck power. The roughness goes through a
minimum at 200 W rf power, corresponding to an ion
energy of ~251 eV. At this incident ion energy, the

surface roughness is the same as for the unetched control
material. Under these conditions the etch rate is ~2000
A/min, which is a practical value for most device pro-
cessing applications.

A smooth surface morphology is a good indicator
of equi-rate removal of both Zn and O during etching.
Fig. 6 shows AES surface scans before and after ICP
CH,/H,/Ar etching at 200 W rf power. Approximately
60 A of ZnO was removed by Ar ion sputtering in the
AES analysis chamber prior to analysis to remove
adventitious carbon and other atmospheric contami-
nants. The Zn-to-O ratio is identical within experi-
mental error and demonstrates that CHy4/H,/Ar etching
is capable of maintaining the surface stoichiometry of
ZnO through equi-rate removal of the Zn and O etch
products.

Given our results showing that CHy/H,/Ar has an
ion-driven etch mechanism for ZnO and can maintain
smooth, stoichiometric surfaces, we would expect to see
highly anisotropic pattern transfer using this plasma
chemistry. Fig. 7 shows features produced with an op-
timized CH4/H,/Ar process and photoresist masking.
The sidewall striations are due to initial resist sidewall
roughness, but one can see excellent high fidelity pattern
transfer into the ZnO.

Since atomic hydrogen is predicted to have interest-
ing effects on both the electrical and optical properties of
ZnO, we examined its behavior in more detail. Fig. 8
shows SIMS profiles of implanted >H as a function of
subsequent annealing temperature. A significant evolu-
tion of deuterium out of the ZnO occurs at temperatures
as low as 500 °C, with the remaining deuterium deco-
rating residual implant damage. Only 0.2% of the orig-
inal dose remains in the sample after 600 °C annealing,
and the signal is below the SIMS detection limit of
3 x 10" cm~3 after 700 °C annealing. The stability of 2H
retention in ZnO is significantly lower than in GaN,
where temperatures of ~900 °C were required to remove
all of the deuterium in samples implanted under com-
parable conditions to those employed here [41].

The *H implantation caused a complete loss of band-
edge luminescence, with only a partial (10%) recovery
after 700 °C annealing. By sharp contrast, only a minor
increase in RBS/C yield was observed for 'H implant
doses an order of magnitude higher than used for the
SIMS and luminescence experiments. Fig. 9 shows that
'H implantation of a dose of 10'® cm~2? (100 keV) did
not affect the measurable backscattering yield near the
sample surface, but did result in a small ion scattering
peak in the region where the nuclear energy ion profile
of 100 keV H* ions is a maximum (at around 7000 A).
The yield at this depth was ~7.8% after implantation,
compared to ~6.5% of the random level prior to im-
plantation. All of this data indicates that local defects
created by the implantation control the optical proper-
ties of the ZnO, even after 700 °C annealing.
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Fig. 4. AFM scans of ZnO before and after ICP CH4/H,/Ar etching at different rf chuck powers. The z-scale is 150 nm/div.
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Fig. 5. RMS roughness of ZnO surfaces etched in ICP CH4/H,/
Ar discharges at different rf chuck powers.

4. Summary and conclusions

Smooth, anisotropic pattern transfer in ZnO can be
achieved with ICP CH4/H,/Ar discharges render opti-
mum conditions. The etched surface is smooth and
stoichiometric under these conditions and the etching
proceeds by an ion-driven mechanism with a threshold
ion energy of ~96 eV. ICP Cl,/Ar discharges also pro-
duce practical etch rates for ZnO but are slower than
with CH4/H,/Ar because of the low volatility of the
ZnCl, etch product. The luminescence intensity from the
ZnO is significantly degraded by the dry etching and
indicates that hydrogen is not being incorporated into
the near-surface region at concentrations high enough to
remove the non-radiative defects created. Direct im-
plantation of deuterium was used to examine the ther-
mal stability of hydrogen retention and 700 °C anneals



K. Ip et al. | Solid-State Electronics 47 (2003) 2289-2294 2293

ZnO Control

dN(E)M”VW( |

Zn

50 250 450 650 850 1050 1250 1450 1650 1850 2050
Kinetic Energy (eV)

ZnO Etched

50 250 450 650 850 1050 1250 1450 1650 1850 2050
Kinetic Energy (eV)

Fig. 6. AES surface scans before (top) and after (bottom)
etching in ICP CH4/H,/Ar discharges. The spectra were taken
at a depth of ~60 A by first sputtering briefly with an Ar*
beam.

Fig. 7. SEM micrograph of features etched into ZnO using an
ICP CH4/H,/Ar discharge. The photoresist mask has been
removed.

removed the deuterium to below the detection sensitivity
of SIMS.
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Fig. 8. SIMS profiles of implanted >H in ZnO as a function of
annealing temperature.

Depth (A)
10000 7500 5000 2500 O
600 —4— . . 8 .
100 keV 'H © ZnO
k) L
2 400 —e—virgin
> . 16 -2
1) 4—1x10" cm
[an]
an
200} 1
O 1 1 1 1 1
04 06 08 10 12 14 16
Energy (MeV)

Fig. 9. RBS/C spectra from ZnO before and after implantation
with 100 keV "H* ions at a dose of 10" cm™2.
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