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X-ray photoelectron spectroscopy was used to determine the level of surface fluorination damage of
Ge,Sb,Tes (GST) etched by fluorocarbon gases at different F/C ratios. When blank GST was etched,
the gas with a higher F/C ratio produced a thinner C—F polymer on the etched surface but fluorinated
Ge, Sb, and Te compounds were observed in the remaining GST. When the sidewall of the etched
GST features was investigated, a thicker fluorinated layer was observed on the GST sidewall etched
by the higher F/C ratio gas, indicating more fluorination due to the difficulty in preventing F
diffusion into the GST through the thinner C-F layer. © 2008 American Institute of Physics.

[DOL: 10.1063/1.2967468]

Recently, phase-change random access memory (PRAM)
has made prominent progress in memory performance and
has brought a bright prospect for the next generation non-
volatile memory (NVM) technologies in companies with its
competitive candidates such as ferroelectric random access
memory and magnetoresistive random access memory.l_3
Among them, PRAM is a rapidly emerging candidate for the
next generation NVM due to its excellent advantages such as
high-speed, high-density, low power consumption, nonvola-
tility, and competitive cost. One of the chalcogenide-based
phase-change materials that has been observed for nanoscale
nonvolatile memories is the Ge,Sb,Tes (GST) ternary alloy*
even though the understanding of the chemical state and etch
characteristics of GST is incomplete.

For the operation of GST, a stoichiometric composition
needs to be maintained for high-speed phase-change trans-
formations and a high degree of cyclability. Also, during the
etching of GST, the composition needs to be maintained with
no degradation. However, it is known that the GST material
is easily damaged during etching by halogen-gas-based plas-
mas, and it is difficult to maintain its sidewall composition
without halogenation-induced degradation.

In this article, the degree of surface degradation of GST
during etching by fluorocarbon plasmas with different F/C
ratios was investigated by x-ray photoelectron spectroscopy
(XPS) to study the possibility of preventing the sidewall deg-
radation by the formation of a C—F layer on the sidewall of
etched GST.

As samples, 100 nm thick GST thin films were prepared
on SiO,/Si substrates by rf magnetron cosputtering from
GeTe and Sb,Te; targets. Some of the samples were pat-
terned with a SiO, hard mask after depositing the Ti/TiN
layer on the GST films by dc magnetron sputtering without
breaking the vacuum. The etching experiments for the GST
films were performed in an 8 in. diameter inductive coupled
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plasma (ICP) etching system (STS PLC, UK) operated at a
frequency of 13.56 MHz. The etch depth variations were
measured using a surface profiler (Alpha-Step 500, Tencor),
and the etch profiles of the patterned GST samples were
examined by a field emission scanning electron microscopy
(SEM) (Hitachi S-4700). The chemical bonding characteris-
tics of the GST films after etching were examined by the
XPS (ESCA2000, VG Microtech Inc.) using an Al Ka twin
anode source with a photon energy of 1486.6 eV.

Figure 1 shows the etch rate of GST and C 1s spectra
measured by XPS from the surface of the partially etched
bare GST films as a function of the F/C ratio using CF,, 50%
CF,/50% C,Fg, and C,Fg while maintaining a flow rate and
operating pressure of 100 SCCM (SCCM denotes cubic cen-
timeter per minute at STP) and 7 mTorr, respectively. The rf
inductive power and bias voltage were maintained at 500 W
and —150 V, respectively. As shown in the figure, C 1s peak
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FIG. 1. GST etch rate (A/s) in the ICP etching system and C ls XPS

spectra of the GST surface partially etched in fluorocarbon plasmas with
different F/C ratios.
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FIG. 2. XPS spectra of each component of the GST films after the etching
in CF, and C,Fg plasmas as a function of the sputter time during Ar* ion
depth profiling.

measured on the GST showed different binding states for the
different F/C ratios such as C—C at 284.5 eV, C—CF, at 286.3
eV, and C-F, (x=1,2,3) at 288.7, 290.2, and 292.5 eV,
respectively. The decrease in the F/C ratio increased not only
the total binding peak intensity but also the relative intensi-
ties of the C—F, binding peaks compared to the C—CF, bind-
ing peak. Therefore, at a lower F/C gas ratio, a thicker and
more Teflon-like layer was formed on the GST surface dur-
ing the etching as reported elsewhere.”™® The decrease in the
GST etch rate with the etching gas with a lower F/C ratio, as
shown in the figure, is also related to the formation of the
C-F polymer layer on the GST surface during etching, which
prevents direct reactions such as diffusion of fluorine radicals
and energetic F* ions into the GST films.”

The differences in the polymer layer formed on the GST
surface during etching also varied in the depth at which the
fluorinated compound had formed in the GST layer. Figure 2
shows the XPS binding peak spectra of Ge, Sb, and Te after
Ar* ion depth profiling of the blank GST films etched by CF,
and C4Fg under the process conditions shown in Fig. 1. The
ion-gun energy and ion current were set to 3 kV and 2 uA,
respectively. For Ge 2p, the binding peaks were observed at
1218.4 (Ge') and 1220.3 eV (Ge?), originating from Ge-Te
and Ge-F,, respectively, as observed by previous
researchers.' """ The peak at 1219.2 eV observed after etch-
ing for 10 s appears to be a mixture of Ge! and Ge?. In the
case of Sb 3ds,, the binding peaks were observed at 531.2
(Sb%), 530.7 (Sb?), and 529.2 eV (Sb'). Among these peaks,
Sb! is from the metallic homopolar bonding between Sb and
Te. Sb? and Sb? are believed to originate from Sb—F,, while
another binding energy peak observed at 532.6 eV appears to
be related to the oxygen bonding formed on the surface dur-
ing air exposure prior to XPS analysis. For the spectra of Te
3ds,, the peaks are observed at 577.7 (Te?), 574.3 (Te?), and
573.0 eV (Te'), where Te! and Te? originated from the me-
tallic peak related to Te-Te and Ge-Te (or Sb-Te), respec-
tively, and Te? is believed to be from Te—F,.

After etching, the GST surface appeared to be Ge defi-
cient and covered with a fluorocarbon layer. After 5 s sput-
tering with Ar* ions, the fluorocarbon layer on the surface
was removed effectively by revealing each component of
GST. When the peak intensities of Ge 2p, Sb 3ds,, and Te
3ds,, peaks on the GST surfaces etched with CF, and C,Fg
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FIG. 3. Cross-sectional SEM images of the patterned GST samples for etch
steps. (a) The GST pattern after removing the Ti/TiN layer [process condi-
tion: 5 mTorr of BCly (15 SCCM)/Cl, (15 SCCM)/Ar (70 SCCM), 1
kW of inductive power, =75 V of dc bias voltage, and 20 s of etch time]. (b)
GST etched by CF, plasma, (c) GST etched by 50% CF,/50% C4Fg
plasma, and (d) GST etched by C,Fg plasma. (Process condition for GST
etching: 7 mTorr, 100 SCCM, 500 W of inductive power, and =150 V of dc
bias voltage).

were compared, the GST surface etched with C,Fg showed
the binding energy peaks related to the metallic bonds, indi-
cating no fluorination of the component even after 5 s sput-
tering. However, in the case of the GST surface etched by
CF,, the surface showed a shift in the binding energy corre-
sponding to Ge—F,, Sb-F,, and Te—F, of up to 15 s sput-
tering. Therefore, deeper fluorine penetration was observed
in the GST etched by CF,.

In addition to the degradation of the GST surface during
etching with the fluorocarbon gases, the sidewall degradation
of the GST features during etching of the patterned GST was
investigated. Figure 3 shows SEM images of the patterned
and etched GSTs. The stacked GST patterns were prepared
with a SiO,-mask/Ti (as an adhesion layer at 5 nm)/TiN (as a
diffusion barrier and mask for the GST layer)/GST/SiO,
stacks. A two-step etch process was applied in this experi-
ment. In the first step, the Ti/TiN layer was removed
under the following conditions: 5 mTorr of
BCl; (15 SCCM)/Cl, (15 SCCM)/Ar (70 SCCM), 1 kW
of inductive power, —75 V of dc bias voltage, and 20 s of
etch time. After this step, the surface corresponded to the
nonrecess of the GST layer. Figure 3(a) shows this feature. In
the second step, the etching of GST was performed with 100
SCCM of either CF,, 50% CF,/50% C4Fg, or C,Fg at 500
W inductive source power and dc bias voltage of —150 V for
20-70 s. The etched features are shown in Figs. 3(b)-3(d)
for the etching by CF,, 50% CF,/50% C4Fg, and C,Fg, re-
spectively. As shown in the figures, an almost vertical etch-
ing of the GST layer was obtained. The XPS analysis was
performed at a tilted angle to examine the sidewall of the
GST etched with fluorocarbon plasmas.

Figure 4 shows the XPS spectra of each component of
the etched GST sidewalls. In order to irradiate x rays onto
the whole sidewall surface, as represented in Fig. 3(b), the
samples were tilted by 14°. In the case of Sb 3ds,,, due to the
overlap between the O 1s peak from the SiO, hard mask
remaining on the GST features and the fluorinated Sb 3ds),
peak, smaller binding peaks observed for Sb 3d5, at 539.3
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FIG. 4. (Color online) Angular XPS spectra of Ge, Sb, and Te in the pat-
terned GST sidewall etched with fluorocarbon gases at different F/C ratios.

eV (Sb>: fluorinated Sb) and 538 eV (Sb*: metallic Sb) were
used for the analysis by knowing that the peak intensity ratio
of 3ds5:3ds,, (Sb*:Sb') is 2:3. As shown in this figure, the
XPS spectra of each component for the etched GST side-
walls showed both fluorinated peaks at approximately 1221
(Ge?), 539.3 (Sb°), and 577 eV (Te?) and metallic peaks at
approximately 1218.4 (Ge'), 538 (Sb*), and 573 eV (Te!),
possibly due to the thin fluorinated layer formed on the side-
wall during etching. When intensity ratios were considered,
the intensity ratios of Ge?/(Ge'+Ge?) for the Ge 2p spectra
after etching in CF,, 50% CF,,/50% C,Fg, and C,Fg were
0.74, 0.37, and 0.09, respectively. The intensity ratios of
Sb>/(Sb*+Sb%) for the Sb 3d;,, spectra were 0.46, 0.32, and
0.19 for those gases; and those of Te3/(Te!+Te?) for the Te
3ds), spectra were 0.58, 0.50, and 0.31. Therefore, the in-
crease in the F/C ratio increased the fluorinated peak inten-
sity compared to the metallic peak intensity. A decrease in
the F/C ratio in the etching gas resulted in the formation of a
thicker and Teflon-like C-F polymer film on the GST side-
wall (not shown), similar to the blank etched GST shown in
Fig. 1. Hence, the degree of fluorination of the etched GST
sidewall is related to the thickness and composition of the
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C-F polymer formed on the sidewall of the etched GST,
which protects the sidewall from fluorination during etching
by fluorocarbon gases.

In summary, blank and patterned GST samples were
etched by fluorocarbon gases with different F/C ratios and
the degree of surface fluorination was examined by XPS. The
use of a fluorocarbon gas with a lower F/C ratio resulted in a
lower GST etch rate due to the thicker C—F polymer formed
on the GST surface during etching. However, the formation
of the thicker C-F polymer decreased fluorination of the ex-
posed GST surface and sidewalls offering protection against
the diffusion of fluorine radicals and F* ions during etching.
It is believed that, by using fluorocarbon gas composed of a
low F/C ratio, the surface and sidewall degradation by fluo-
rination during etching can be effectively protected.
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