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ing of an ovonic threshold switch
(OTS) material using hydrogen-based plasmas for
non-volatile phase change memories

Doo San Kim, a Ju Eun Kim,a You Jung Gill,a Jin Woo Park,a Yun Jong Jang,a

Ye Eun Kim,a Hyejin Choi,b Oik Kwonb and Geun Young Yeom *ac

Etch characteristics of ovonic threshold switch (OTS) materials composed of Ge–As–Te for a phase-

change random access memory (PCRAM) has been investigated using reactive ion etching via hydrogen-

based gases such as H2, CH4, NH3, CH4 + H2, and CH4 + NH3. Among the investigated hydrogen-based

gases, NH3 showed the highest etching rate of about 0.52 nm s�1, but the formation of nitride

compounds and the increased roughness were observed on the OTS surface by nitrogen. The use of

other hydrogen-based gases such as CH4 and CH4 + H2 showed the deposition and low OTS etch rate,

respectively, due to the presence of carbon in CH4. Even though H2 showed the better etch

characteristics due to the no surface residues or compounds on the OTS surface related to carbon or

nitrogen in the etch gases, the best OTS etch characteristics such as the second highest etch rate of

0.45 nm s�1, the lowest surface roughness of 0.21 nm, and no surface residues or compounds were

observed with CH4 + NH3 due to the removal of carbon and nitrogen on the surface by the formation of

volatile CN compounds while maintaining a high hydrogen atomic concentration in the plasma.
I. Introduction

Dynamic random access memory (DRAM), which is currently
used as a memory device, is fast but volatile, whereas the ash
memory is non-volatile but has a problem of slow speed.1,2 To
solve these problems, numerous researchers are investigating
next-generation memory devices, which are not only non-
volatile but also fast and highly integrated. In particular, as
the next generation memory devices, phase-change random
access memory (PCRAM), spin-transfer-torque magnetoresistive
random access memory (STT-MRAM), resistive random access
memory (RRAM), ferroelectric random access memory (FRAM),
etc., are widely investigated.3–7 Among them, PCRAM is one of
the most industrially applicable memory devices because of its
advantages such as non-volatility, scalability, high speed, and
low power consumption.8–10 PCRAM is operated by changing the
phase of the chalcogenide compound materials into crystalline
and amorphous states by Joule heating caused by the applica-
tion of current or voltage to the compound, and the information
is recorded using the resistance differences caused by the phase
change.11–13 The PCRAM device is generally operated through
Engineering, Sungkyunkwan University,
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a cross array structure, but an unintended leakage of current
can be generated because several cells are connected to one
access line. In order to resolve this problem, a selector material
is inserted together with the PCRAM device cell to operate the
device cell independently, and an ovonic threshold switch (OTS)
material is mainly used as the selector material.14,15 Recently, as
the OTS selector material, compounds composed of Ge–As–Te
have been mostly studied.16,17

In general, dry etching for the materials such as PCRAM and
OTS, which are composed of chalcogenide-based compound
materials, is performed with plasmas using a halogen gas such
as CF4, CHF3, and Cl2 or hydrogen-based gases such as CH4 +
H2.18–25 However, in the case of chalcogenide compounds, they
are easily halogenated by reactive ions and radicals during the
dry etching using halogen-based gases. The halogenation of the
chalcogenide surface aer the etching damages the interface
and degrades the phase transition property, and it prevents the
normal operation of the device. In the case of etching using the
CH4 + H2 gas, hydrocarbon polymer residues or carbon-based
compounds may remain on the surface of the chalcogenide
surface, and even though these residues or compounds can
work as sidewall passivation layers for anisotropic etching and
improve the etch selectivity over the mask layer, such as
photoresist, they could also affect the device operation if they
are not properly removed.

In this study, one of chalcogenide-based compounds, the
OTS material composed of Ge–As–Te, was etched with various
hydrogen-based gases such as H2, CH4, NH3, CH4 + H2, and
RSC Adv., 2020, 10, 36141–36146 | 36141
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particularly with CH4 + NH3 to remove the potential surface
damage and contamination problems observed during the
etching with halogen gases and CH4-based gases. Using
numerous hydrogen-based gases such as H2, NH3, and CH4, the
sources of damage and contamination aer the etching were
identied, and the effect of CH4 + NH3 on the etching of the OTS
material was veried.
II. Experimental

For the etching of OTS materials, an amorphous chalcogenide-
based compound (Ge–As–Te) was deposited on a SiO2 substrate
using a radio frequency (rf) magnetron sputtering as a multi-
layer of carbon (1 nm)/OTS (25 nm)/carbon (5 nm). The carbon
layers were deposited to prevent the oxidation of the OTS
materials. The surface carbon layer was removed before the
etching of the OTS material in the etching chamber. Also, TiN,
Si3N4, and SiO2 on silicon wafers were prepared to measure the
etch selectivities towards OTS.

An inductively coupled plasma (ICP) etching system shown
in Fig. 1 was used to etch the OTS material. 300 W of 13.56 MHz
rf power was applied to the ICP source located at the top of the
chamber and 50 W of 12.56 MHz rf power (a little lower rf
frequency to prevent the power interference problem) was
applied to the substrate for biasing the substrate. At the bias
power of 50 W, ��120 V of DC self-bias voltage was formed on
the substrate. The substrate temperature was maintained at
room temperature using a chiller. The base pressure of the
chamber was maintained lower than 6� 10�5 torr using a turbo
molecular pump (TMP). Etch gases were injected at the top side
of the chamber using a gas injection ring for uniform gas
injection. As the etch gases, H2, NH3, CH4, CH4 + H2 (1 : 1 ratio),
and CH4 + NH3 (1 : 1 ratio) were used, and the process pressure
was maintained at 5 mTorr. For the plasma analysis during the
etching using different etch gases, an optical ber was con-
nected to the quartz window on the sidewall of the chamber,
and optical emission spectroscopy (OES) was used to identify
the dissociated and recombined species generated in the
plasma during the etching.
Fig. 1 Schematic of the ICP etching system with hydrogen-based
gases used for the etching of the OTS material.

36142 | RSC Adv., 2020, 10, 36141–36146
The cross section of the sample was observed via eld
emission scanning electron microscopy (FE-SEM, Hitachi S-
4700) to measure the thickness of the etched OTS. Atomic
force microscopy (AFM, Bruker Innova) was used tomeasure the
root-mean-square (RMS) roughness of the OTS surface aer the
etching. The binding energies and surface composition of the
OTS material before and aer the etching were measured via X-
ray photoelectron spectroscopy (XPS, ESCA 2000, VG Microtech
Inc.) using a Mg Ka twin-anode source to observe the chemical
damages in the OTS surface aer etching using numerous
gases. The XPS spectra were deconvoluted by the Avantage
tting program supplied by VG Microtech.
III. Results and discussion

Fig. 2(a) shows the etch rates of OTS materials for different
gases such as H2, NH3, CH4, CH4 + H2 (1 : 1), and CH4 + NH3

(1 : 1) while keeping the other process conditions same. The ICP
power, the bias power, and the operating pressures are main-
tained at 300 W, 50 W, and 5 mTorr, respectively. As shown in
Fig. 2(a), OTSmaterials were etched by H2, CH4 + H2 (1 : 1), NH3,
and CH4 + NH3 (1 : 1), while no etching of OTS materials was
observed for CH4. In fact, a polymer based on hydrocarbon was
deposited on the OTS surface when the OTS material was
exposed to the CH4 plasma. For other plasmas formed with H2,
CH4 + H2, NH3, and CH4 + NH3, the OTS etch rates were 0.28,
0.18, 0.52, and 0.45 nm s�1, respectively; therefore, the highest
Fig. 2 (a) Etch rates of the OTS material using H2, CH4, NH3, CH4 + H2

(1 : 1), and CH4 + NH3 (1 : 1). (b) Etch selectivities of OTS over TiN,
Si3N4, and SiO2 for the etch conditions in (a).

This journal is © The Royal Society of Chemistry 2020
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Table 1 Boiling points for the hydrides of the OTS material compo-
nents such as Ge, As, and Tea

Ge As Te

Bonding Bp (�C) Bonding Bp (�C) Bonding Bp (�C)

H GeH4 �88.5 AsH3 �62.5 TeH2 �2.2
N Ge3N4 900 — —

a Bp: boiling point.

Fig. 3 (a) OES spectra for H2, NH3, CH4 + H2 (1 : 1), and CH4 + NH3

(1 : 1). 5% Ar was added to the gases for the rough estimation of the
hydrogen concentration in the plasma. (b) The peak intensity ratios of
H (656 nm)/Ar (751 nm) for (a).
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OTS etch rates were observed with NH3 plasma. Fig. 2(b) shows
the etch selectivities of OTS over numerous materials such as
TiN, Si3N4, and SiO2. No etch selectivity for the CH4 plasma was
measured due to the deposition of a hydrocarbon polymer on
OTS without etching. As shown in Fig. 2(b), in the case of TiN,
the decreased etch selectivity in the order of NH3 (7.5), CH4 +
NH3 (6.2), CH4 + H2 (0.9), and H2 (0.2) was observed. For Si3N4,
the decreased etch selectivity in the order of CH4 + H2 (11), CH4

+ NH3 (9.4), H2 (8.0), and NH3 (5.3), and for SiO2, the decreased
etch selectivity in order of CH4 + NH3 (7.0), NH3 (3.2), CH4 + H2

(2.3), and H2 (1.4) were observed. Therefore, even though the
highest etch selectivity of OTS was Si3N4 with CH4 + H2, the
overall etch selectivities towards the materials investigated were
the highest with CH4 + NH3.

Table 1 shows the boiling points for the hydrides of OTS
material components such as Ge, As, and Te. As shown in Table
1, the boiling points for the hydrides of Ge, As, Te were below
0 �C; therefore, those compounds can show high vapor pres-
sures at room temperature. The etching of the OTS material
using H2, CH4 + H2 (1 : 1), NH3, and CH4 + NH3 is related to the
formation of volatile hydrogen compounds by the reaction of
Ge, As, and Te in the OTS material with hydrogen atoms in the
plasmas dissociated from the hydrogen containing gases. In the
case of the CH4 plasma, even though hydrogen atoms dissoci-
ated from the CH4 plasma can also form volatile compounds
with Ge, As, and Te in the OTS material due to the carbon
remaining on the surface, instead of etching, a hydrocarbon
polymer appeared to be deposited on the OTS material surface.
By adding H2 to CH4, therefore, by using CH4 + H2 (1 : 1), the
hydrocarbon polymer on the OTS material and OTS material
itself were removed.

The effect of hydrogen atoms on the OTS etching can be also
understood for the etching using H2 and NH3 instead of CH4.
The binding energies of H–H, C–H, and N–H are 436, 413, and
391 kJ mol�1, respectively; therefore, it is expected that more
hydrogen atoms are dissociated for NH3 plasma than those for
H2 and CH4 plasmas. The highest OTS etch rate with NH3

plasma among H2, CH4, and NH3 shown in Fig. 2 could be
related to the highest hydrogen atom concentration in the
plasma (the binding energies of the compounds formed by
combining with the OTS material are as follows: the binding
energies of Ge–H, As–H, Te–H, As–N, and Ge–C are 263.2, 274,
270.7, 489, and 455.7 kJ mol�1, respectively). Using OES, the
amount of hydrogen atoms in the plasma was investigated, and
the results are shown in Fig. 3(a). The process conditions are the
This journal is © The Royal Society of Chemistry 2020
same as those in Fig. 2; however, 5% Ar was added to the gases
used in the OTS etching. As shown in Fig. 3(a), in the OES,
emission peaks related to H atoms (Hb and Ha) were identied
at 486 and 656 nm in addition to Ar peaks at 751 and 763 nm. To
estimate the relative hydrogen atom concentration dissociated
in the plasma, that is, to remove the effect of the electron
density on the OES peak intensity in measuring the concen-
tration of dissociated species, the peak intensity ratio of H (656
nm)/Ar (751 nm) was taken, and the results are shown in
Fig. 3(b). In fact, the excitation cross sections of H (656 nm) and
Ar (751 nm) may not be similar, therefore, the ratio of H (656
nm)/Ar (751 nm) is only a rough estimation of hydrogen
concentration. As shown in Fig. 3(b), the highest H (656 nm)/Ar
(751 nm) was observed for NH3 among H2, CH4, NH3, CH4 + H2

(1 : 1), and CH4 + NH3 (1 : 1), indicating the possible highest
OTS etch rate with NH3. The differences between the etch rates
of hydrogen-based gases in Fig. 2 and the H peak intensity (H
(656 nm)/Ar (751 nm)) of these gases in the plasma in Fig. 3(b)
were CH4 and CH4 + H2 due to the formation of a hydrocarbon
polymer on the OTS surface.

Aer etching �20 nm of OTS (25 nm in thickness) using
various hydrogen-based gases, the surface roughness of the
remaining OTS material was measured using AFM, and the
RSC Adv., 2020, 10, 36141–36146 | 36143
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Fig. 4 (a) Surface roughnessmeasured by AFM after the partial etching
(�20 nm) of the 25 nm thick OTSmaterial using Ar, H2, NH3, CH4 + H2,
and CH4 + NH3 gases. (b) AFM images of etched OTS materials in 5 mm
� 5 mm area.

Fig. 5 XPS surface composition of the OTS material etched by Ar, H2,
NH3, CH4 + H2 (1 : 1), and CH4 + NH3 (1 : 1) gases. The OTS material
was etched �20 nm.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/1
6/

20
24

 6
:2

2:
55

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
result is shown in Fig. 4(a) for RMS surface roughness values
and Fig. 4(b) for 5 mm � 5 mm surface roughness images for Ar,
H2, CH4 + H2, NH3, and CH4 + NH3. In the case of the OTS
surface etched by CH4, due to no etching of OTS, no data was
taken. To compare with pure sputtering, the OTS surface
roughness etched using an Ar plasma (other conditions are the
same as those in Fig. 3) was also included in Fig. 4. As shown in
Fig. 4(a) and (b), in the case of the pure sputtering of the OTS
material using the Ar plasma, the RMS surface roughness was
�0.21 nm and was similar to that of OTS surface etched using
H2 plasma (�0.22 nm). The RMS surface roughness with CH4 +
H2 (1 : 1) plasma (�0.24 nm) was a little higher than that with Ar
plasmas possibly due to the hydrocarbon polymer layer on the
OTS surface. However, when the OTS material was etched using
NH3 plasma, even though the etch rate was the highest among
the gases investigated, as shown in Fig. 2, the OTS surface
roughness was the highest as �0.35 nm. The increase in the
surface roughness for the OTSmaterial etched by NH3 plasma is
believed to be related to the low vapor pressure of nitrogen
compounds of an OTS component. As shown in Table 1, the
boiling point of a Ge nitride such as Ge3N4 is 900 �C (the
melting points/boiling points of the other component nitrides
such as Te3�4N4 and AsN are not well known); therefore, the
highest OTS surface roughness observed aer the OTS etching
using NH3 plasma is possibly related to the non-volatile nitride
formation on the OTS surface during the etching.

To remove (or not to form) the nitrides on the OTS surface
during the etching using NH3, CH4 was added in the plasma;
therefore, the OTS material was etched using the CH4 + NH3

(1 : 1) plasma. As shown in Fig. 2, the OTS etch rate using CH4 +
NH3 was 0.45 nm s�1, which is a little lower than that using NH3

(0.52 nm s�1). However, as shown in Fig. 4, the surface
36144 | RSC Adv., 2020, 10, 36141–36146
roughness of OTS etched by CH4 + NH3 (1 : 1) (�0.21 nm) was as
low as that by Ar plasma. The high OTS etch rate and low OTS
surface roughness etched by the CH4 + NH3 (1 : 1) plasma are
believed to be related to the removal of nitrides on the OTS
surface during the etching by the formation of volatile carbon
nitrides (the boiling point of cyanogen, C2N2, is �21.1 �C and
that of HCN is 25.6 �C) and to the decreased N ux from the
plasma to the OST surface during the etching by the formation
of CN in the plasma. As shown in Fig. 3(a), when the CH4 + NH3

(1 : 1) plasma was used instead of NH3, in addition to the OES
peaks at 336 nm and 357 nm related to NH radical and N2

molecule, respectively, very high peak intensities related to CN
at 386 nm and 418 nm were observed. This indicates the
possibility of removing nitrides on the OTS surface formed by
the etching using NH3 and the possibility of decreasing the N
ux to the OTS surface during the etching.

The surface compositions of the OTS surfaces aer etching
using Ar, H2, NH3, CH4 + H2 (1 : 1), and CH4 + NH3 (1 : 1)
plasmas were observed via XPS for the same etching conditions
in Fig. 4, and the results are shown in Fig. 5. As shown in Fig. 5,
the OTS surface composition aer etching using Ar was
Ge : As : Te : N : C ¼ 20.7 : 62 : 16.1 : 0.3 : 0.9%, and aer
etching using H2, the surface composition was similar to that of
Ar as Ge : As : Te : N : C ¼ 22.3 : 58.2 : 17.9 : 0.5 : 1.1%, even
though As was slightly decreased aer etching using H2.
However, aer etching using NH3, the composition changed to
Ge : As : Te : N : C ¼ 14.1 : 49.4 : 14.7 : 21.4 : 0.4%, indicating
a high nitrogen percentage on the OTS material surface by the
etching using NH3. When the OTS was etched using CH4 + H2

(1 : 1), the OTS surface composition was Ge : As : Te : N : C ¼
9.73 : 52.07 : 5.58 : 0:32.62%, indicating a high carbon
percentage on the OTS material surface. However, for the
etching with CH4 + NH3 (1 : 1), not only signicantly decreased
surface nitrogen percentage but also signicantly decreased
carbon percentage (Ge : As : Te : N : C ¼
19.2 : 59.4 : 14.2 : 3.1 : 4.1%) could be observed on the etched
OST surface.

To investigate the formation of compounds such as nitrides
and carbides formed on the etched OTS surfaces by the etching
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 XPS narrow scan data of (a) Ge 3d, (b) As 3d, and (c) Te 3d on the OTS material surfaces etched by Ar, H2, NH3, CH4 + H2 (1 : 1), and CH4 +
NH3 (1 : 1) gases. The OTS material was etched �20 nm.
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using NH3, CH4 + H2 (1 : 1), and CH4 + NH3 (1 : 1), the binding
states of Ge, As, and Te on the etched OTS surfaces were
investigated. Fig. 6(a)–(c) show the narrow scan XPS data of Ge,
As, and Te, respectively, aer the etching using Ar, H2, NH3, CH4

+ H2 (1 : 1), and CH4 + NH3 (1 : 1) for the same etching condi-
tions in Fig. 4. As shown in Fig. 6, aer the etching using H2, the
3d peaks of Ge at 30.2 eV, 3d5/2/3d3/2 peaks of As at 40.9/42.4 eV,
and 3d5/2/3d3/2 peaks of Te at 573.4/583.8 eV, which are similar
to those of the OTS surface etched by the Ar plasma were
observed, indicating no changes in the chemical binding states
of the OTS material aer the etching using H2. However, for the
etching using NH3, for 3d Ge peak, an additional Ge peak at
31.8 eV, which is related to Ge–N is observed in Fig. 6(a).
Similarly, as shown in Fig. 6(b) and (c), for the 3d5/2/3d3/2 peaks
of As and Te, additional high binding energy peaks were
observed at 41.6/43.8 eV and 575/585.2 eV, respectively, indi-
cating the formation of As–N and Te–N, in addition to the Ge–N.
Therefore, by the XPS analysis, the formation of nonvolatile
nitrides of Ge, As, and Te on the etched OTS surface could be
identied by the etching using NH3. For the OTS surface etched
by CH4 + H2, for 3d Ge peak, an additional Ge peak at 32.6 eV,
which is related to Ge–C was observed; however, no carbide
peaks related to As and Te were observed possibly, indicating
slight Ge–C formation of the OST surface in addition to the
formation of a hydrocarbon polymer layer on the OTS surface.
This journal is © The Royal Society of Chemistry 2020
However, for CH4 + NH3, no nitrides or carbides of Ge, As, and
Te could be observed on the OST material surface aer the
etching using CH4 + NH3 (1 : 1) possibly due to the formation of
volatile C2N2, HCN, etc., by the reaction of CH4 + NH3 in the
plasma and the reaction of N with the hydrocarbon on the
materials surface, as shown in high CN-related peaks in Fig. 3.
IV. Conclusions

In this study, the OTS material for PCRAM has been etched
using reactive ion etching by hydrogen-based gases such as H2,
CH4, CH4 + H2, NH3, and CH4 + NH3, and the etch character-
istics by different hydrogen-based gases were investigated. Due
to the high vapor pressures of the hydrides of Ge, As, and Te
composing the OTS material, among the investigated gases,
NH3 plasma exhibited the highest OTS material etch rate
(0.52 nm s�1) possibly because of the highest dissociated
hydrogen concentration in the plasma. In the case of CH4

plasma, even though hydrogen is dissociated from the CH4

plasma due to the carbon on the OTS surface, a polymer layer
was deposited, and to etch the OTS material, the addition of H2

to CH4 was required. Even though NH3 plasma showed the
highest OTS etch rate due to the nitride formation on the OTS
surface, the high surface roughness was observed. By using CH4

+ NH3 (1 : 1) instead of NH3, the OTSmaterial could be etched at
RSC Adv., 2020, 10, 36141–36146 | 36145
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a high OTS etch rate (0.45 nm s�1) without the formation of
nitrides and without increasing the surface roughness on the
OTS material surface through the formation of volatile CN-
related compounds.
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