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In this work, the degradation of the GST surface after etching by a neutral beam was investigated and compared with that in the
case of inductively coupled plasma etching, using Cl2 and HBr. The XPS (X-ray photoelectron spectroscopy) compositional depth
profiling of the blank etched GST shows a shift of the peaks related to Ge, Sb and Te to a higher energy, indicating the degradation
of GST in the case of both ICP etching and neutral beam etching. Cl2 showed more severe degradation compared to HBr for both
etching systems due to the higher reactivity of Cl2 with GST than HBr. However, the neutral beam etched GST showed less surface halogenation and less change of the surface composition. In addition, when the compositional change on the etched sidewall
of the patterned GST feature was investigated after etching using Cl2, the significant degradation of the GST sidewalls by halogenation was observed for the ICP etched GST while no significant degradation was observed for the neutral beam etched GST. The
lower degradation of the neutral beam etched GST is believed to be due to the higher ratio of energetic vertical particle flux to random halogen radical flux to the GST compared to the ICP etching.
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One of the most important technological advances in recent
years is electrical data storage,1–3 owing to the memory switch
based on the noticeable electrical contrast between the amorphous
and crystalline states of multicomponent chalcogenides.4 The main
phase-change material that have been paid attention for nanoscale
non-volatile memories is Ge2Sb2Te5 (GST) which has advantageous
properties such as high-speed phase transformation and a high
degree of read-write cyclability without any compositional change
between the different phases.
The applicability of phase change memory (PCM) based on GST
as a next generation memory device beyond-20 nm strongly depends
on the ability to the downscale the devices and the reliability of the
GST. To achieve these goals, among the various processing techniques for GST, sophisticated nano-scale GST etching techniques
should be developed.4,5 Ge-Sb-Te materials are known to be easily
halogenated and apt to be damaged when exposed to halogen-gasbased plasmas in the etch process, whereas a stoichiometric composition of GST should be maintained for normal efficiency. Especially, it is difficult to conserve the etched sidewall composition of
GST without halogenation-induced degradation.
Previously, the GST has been etched using fluorocarbon gases in
an inductively coupled plasma (ICP) etching system and the use of a
fluorocarbon gas mixture with a higher carbon/fluorine(C/F) ratio
showed less halogenation degradation of the etched GST surface
and sidewalls due to the formation of a thicker polymer layer on
them.6 When different halogen-based gases such as CF4, Cl2, and
HBr were used in an ICP system, HBr showed the lowest halogenation on the etched GST, due to its having the lowest reactivity
among the halogen gases used. However, the degree of halogenation
on the etched GST was still high when GST was etched with various
halogen-based gases in an ICP etching system.
Experimental
Recently, neutral beam etching methods have been investigated
by several researchers to avoid the charge- or physical-related damage.7 The damage related to charging can be eliminated because,
compared to the conventional reactive ion etching, no ions participate in the etch process. In this study, the extent of the GST surface
damaged during the etching by different halogen-gas-based neutral
beam etching system is investigated and the results are compared
with those of an ICP system. The level of surface degradation of
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GST at different two halogen gases such as Cl2 and HBr was compared using XPS and TEM.
An eight-inch diameter ICP etch system (STS PLC, UK) was
used in this experiment for the comparison with neutral beam etching. The schematic diagrams of the ICP system and the neutral
beam etching system used in this experiment are shown in Figs. 1a
and 1b, respectively. For the formation of the neutral beam etching
system, the ICP source section was replaced with a neutral beam
source as shown by the dotted line in Fig. 1b, while using the same
reactor chamber and substrate holder as the ICP etch system. The
neutral beam source was composed of a 15 cm-diameter ICP ion
gun with three grids for the acceleration of the reactive ions and a
low angle parallel plate reflector made of graphite for the neutralization of the reactive ions. The energetic reactive ion beam was
extracted from the ICP ion gun by the grid system and the extracted
ion beam was neutralized by reflecting on the parallel reflecting
plates, which are tilted at an angle of 5 to the ion beam direction
for the low angle reflection of the extracted ion beam. The details of
the ICP etching system6,8 and the neutral beam etching system7
used in the experiment can be found elsewhere.
Hundred nanometer-thick GST blank thin films on SiO2/Si substrates and 100 nm-thick GST thin film patterned with a SiO2 hard
mask after depositing the Ti/TiN layer on the GST films were used
in the experiment. As the etching gases, Cl2 and HBr were used.
(For comparison of the etch rate, CF4 was also used) The variation
of the etch depth was measured using a surface profilometer (Alphastep 500, Tencor), and the chemical bonding characteristics of the
GST films after the etching were examined by XPS (ESCA2000,
VG Microtech Inc.) using an Al Ka twin-anode source with a photon energy of 1486.6 eV. The profiles of the etched GST sidewalls
were observed using a transmission electron microscopy (TEM)
(JEOL 3000F). The extent of the chemical changes in the GST-elements on the etched GST sidewall was observed by annular darkfield (ADF) images using scanning TEM/EDS (FEI F20).
Results and Discussion
The etch rates of GST by the three-grid neutral beam system
using halogen-based gases are shown in Fig. 2. The flow rate of the
halogen gases, CF4, Cl2 and HBr, was 15 sccm and a 13.56 MHz rf
power of 500 W was applied to the ion gun of the neutral beam
source to generate the halogen plasmas. To the each grid of the
three-grid neutral beam system, a potential of 300 V was applied to
the 1st grid located close to the source (acceleration grid), a
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Figure 1. Schematic diagram of (a) the ICP etching system and (b) the neutral etching system used in this study.

potential of 700 V was applied to the 2nd grid (extraction grid)
and the grid located outside was grounded. During the operation of
the system, the chamber pressure was maintained near 4  104
Torr. In the case of the ICP system, the etch rates of GST by CF4,
Cl2 and HBr ICP are also shown in Fig. 2 for comparison with that
of the neutral beam etching. The ICP etch system was operated at
the condition of the RF inductive power and bias voltage of 500 W
and 100 V, respectively, while sustaining a gas flow rate for each
halogen gas and process pressure at 50 sccm and 3 mTorr, respectively. The details of the ICP etching of GST using CF4, Cl2 and
HBr can be found in a previous study.8 The etch process conditions
described here were kept constant for further processes of GST etching in this article. As shown in Fig. 2, the etch rates of GST by the
neutral beam were 58, 81 and 43 nm/min for CF4, Cl2 and HBr,
respectively. The etch rate of GST by the ICP was about 6 times
higher than that afforded by the neutral beam, however, the variation of the etch rate with the halogen gas was similar that of the neutral beam etching; Cl2 showed the highest GST etch rate. The etch
mechanism of both ICP etching and neutral beam etching by halogen gases are related to the formation of volatile compounds with
GST and higher vapor pressure compounds are formed with GST in
the sequence of F > Cl > Br. Even though fluoride of GST shows
the highest vapor pressure with GST, as described in a previous paper,8 the GST etch rate by CF4 was lower than that by Cl2 in the
case of both ICP etching and neutral beam etching possibly due to

Figure 2. Etch rates of Ge2Sb2Te5 by ICP etching and neutral beam etching
as a function of different halogen-based gases.

the formation of a thin fluorocarbon layer which protects the surface
of GST. The lower etch rate of GST by neutral beam etching compared to ICP etching is related to the lower reactive particle flux to
the substrate from the neutral beam source. Due to the grids on the
neutral beam etching source, the ion flux from the ion source is
blocked by the grid system. In addition, during the reflection at the
neutralizing plate, some of the ions are scattered away and, therefore, a lower flux is obtained in the neutral beam etching system
compared to the ICP etching system, which results in a lower GST
etch rate.
Figures 3a and 3b show the XPS binding peak spectra of Ge 2p,
Sb 3d5/2, and Te 3d5/2 after the Arþ ion depth profiling of the blank
GST films etched by Cl2 and HBr, respectively, using the neutral
beam etch system and the ICP etching system. The etch depth of
GST by both etchers was kept at 50 nm. For the depth profiling of
the etched GST, the Arþ ion energy and ion current were set to 2 kV
and 2 A, respectively. As shown in the figure, in addition to the
metallic bonding peaks related to Ge, Sb, and Te located at 1217.6,
528.9, and 573.1 eV, respectively, halogenated bonding peaks or the
peaks related to the mixture of metallic bonding and halogenated
bonding located at the higher bonding energies than the respective
metallic bonding peaks of Ge-Te, Sb-Te, and Te-Te could be
observed.9–12 As shown in Figs. 3a and 3b, due to the reactivity of
GST with halogen atoms, halogenated compounds were formed on
the etched GST surface. In the case of the etching using Cl2 gas, the
GST etched by the ICP showed the presence of GST chloride even
after sputtering for 60 s (in the previous study, in order to remove
the chloride completely, a sputtering time of about 75–90 s was
required8). However, in the case of Cl2 neutral beam etching, the
stoichiometric GST compound was exposed after 30–45 s of sputtering. A similar trend was observed in the case of etching using HBr
gas. For the HBr ICP etching, the bare GST surface was appeared to
be exposed after the sputtering of 60 s while, for the HBr neutral
beam etching, the bare GST surface appeared to be exposed after
sputtering for  30 s. The greater thickness of the halogenated layer
observed on the GST surface etched by Cl2 than that etched by HBr
in the case of ICP etching is believed to be related to the higher
reactivity of Cl with GST compared to Br Therefore, by using neutral beam etching, even though the etch rate is decreased, the less
surface damage by the halogenation could be obtained.
The GST masked by SiO2/Ti/TiN was etched using both ICP and
the neutral beam and the sidewall degradation of the etched GST
was investigated using XPS. As the etch gases, HBr and Cl2 were
used and the XPS binding peaks of Te 3d5/2 on the etched sidewalls
of GST are shown in Fig. 4. The etch conditions are the same as
those in Fig. 3. To detect the signal from the sidewall of the etched
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Figure 3. (Color online) XPS spectra of
each component of the GST films after the
etching in ICP etching and neutral beam
etching as a function of the sputter time
during Arþ ion depth profiling. (a) for Cl2
etching and (b) for HBr etching.

GST, the samples were tilted at an angle, as shown in the top portion
of Fig. 4 and, due to the low signals of Ge and Sb, only the XPS signal from Te 3d5/2 is shown in the figure. In the case of the Te 3d5/2
XPS peaks for the ICP etched GST, the results from a previous study
were used for the comparison with the XPS peak in the case of neutral beam etched GST.8 As shown in Fig. 4, in addition to the Te
3d5/2 XPS peak at 573.1 eV related to the metallic bonding of Te, a
halogenated XPS peak at around 576.2 eV was observed on the both
sidewalls of the GST etched by ICP and neutral beam. In addition,
for both ICP and neutral beam etched GST samples, the sidewall of
the GST etched using Cl2 showed a higher halogenated XPS Te 3d5/
2 peak height compared to that etched using HBr, as in the case of
the blank GST surfaces shown in Fig. 3 due to the higher reactivity
of Cl with GST compared to HBr. However, for the same etching
gas, the sidewalls of GST etched by the neutral beam showed the
lower halogenation compared to those etched by the ICP using both
Cl2 and HBr gases.
For the GST samples etched using Cl2 in Fig. 4, the depth of the
sidewall degradation during the etching process was also investigated using cross-sectional TEM and by observing the annular dark
field images of Ge, Sb, and Te using TEM/EDS, and the results are

shown in Fig. 5 for both ICP and neutral beam etched GSTs. As
shown in the cross-sectional TEM images, the ICP etched GST feature showed a thick halogenated layer on the sidewall of the etched
GST while the neutral beam etched GST feature showed no noticeable layer on the sidewall of the etched GST. When each component
was observed, a significant change in composition due to the degradation of the sidewall through the halide formation of Ge, Sb, and
Te could be observed for the ICP etched GST, while no significant
change in the composition and extent of degradation was observed
for the neutral beam etched samples.
The lower surface halogenation shown in Fig. 3 and lower sidewall damage in Figs. 4 and 5 for the neutral beam etched GST samples is believed to be related to the higher ratio of energetic vertical
particle beam flux to random radical flux in the case of the neutral
beam etching (similar to the case of reactive ion beam etching) compared to the ICP etching. (The effect of neutral beam instead of ion
beam on the etching process was not investigated in this study and
will be examined in the near future) For the etching of GST using
halogen-based gases, a less volatile halogenated layer is formed
during the etching of GST with halogen radicals and, to remove
the halogenated layer formed on the etched GST surface, energetic
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that of the neutral beam etching. In addition, when a masked GST
feature shown in Fig. 5 is etched, the sidewall of the GST is not
bombarded by the energetic particles, and the thickness of the sidewall halogenated layer is increased with the abundance of halogen
radicals in the etching system. Therefore, neutral beam etching
resulted in a thinner halogenated layer on the etched sidewall of
GST than ICP etching, due to the higher ratio of energetic vertical
particle-flux to random radical-flux.
Conclusion

Figure 4. (Color online) The curve-fitted spectra of Te 3d5/2 XPS binding
peaks on the sidewalls of GST after the etching by ICP etching and neutral
beam etching with Cl2 and HBr.

particle bombardment is required. In the case of higher ratio of
energetic vertical particle flux to random radical flux, a thinner halogenated layer is expected to be formed. In the case of the neutral
beam etching, energetic reactive particle beam is extracted
remotely from the ICP ion gun while keeping the chamber pressure
lower than 4  104 Torr. Therefore, a high ratio of energetic vertical particle beam flux to random radical flux is obtained. On the
other hand, the ICP etching system was maintained at 3 mTorr in
our study. Therefore, even though a significant reactive ion flux to
the GST surface is possible, due to the high ion density resulting
from the high dissociation rate of the reactive gas, a significant
radical flux is also obtained, and which is believed to result in a
lower ratio of energetic particle flux to radical flux compared to

Figure 5. (Color online) Cross-sectional images and the annular dark field
(ADF) images of the etched sidewall of GST by scanning TEM/EDS.

In summary, the etch degradation of GST by halogen-based
gases using ICP etching and neutral beam etching was investigated
using XPS and TEM. The etching of GST using halogen-based
gases such as Cl2 and HBr, resulted in the formation of a halogenated layer on the GST surface due to the high reactivity of halogen
radicals with GST. Especially, Cl2 showed a thicker halogenated
layer than HBr on the etched GST surface in both etching systems
due to its higher reactivity. However, even though the etch rate is
much higher in ICP etching than in neutral beam etching for all of
the halogen-based gases, the ICP etching resulted in a thicker halogenated layer with a more severe compositional change of the halogenated layer than the neutral beam etching possibly due to the
lower ratio of energetic vertical particle flux to random reactive radical flux. The sidewall of the etched GST feature also showed less
etch-degradation in the case of neutral beam etching.
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