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ABSTRACT: (ZnO),(Sb,Te;),_, materials with different ZnO contents have
been systemically studied with an aim of finding the most suitable composition for
phase change memory applications. It was found that ZnO-doping could improve
thermal stability and electrical behavior of Sb,Te; film. Sb,Te;-rich nanocrystals,
surrounded by ZnO-rich amorphous phases, were observed in annealed ZnO-
doped Sb,Te; composite films, and the segregated domains exhibited a relatively
uniform distribution. The ZnO-doped Sb,Te; composite films, especially with 5.2
at% ZnO concentration were found to have higher crystallization temperature,
higher crystalline resistance, and faster crystallization speed in comparison with
Ge,Sb,Tes. A reversible repetitive optical switching behavior can be observed in
(ZnO);,(Sb,Te;)o45 confirming that the ZnO doping is responsible for a fast
switching and the compound is stable with cycling. Therefore, it is promising for
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1. INTRODUCTION

Phase change memory (PCM) is an emerging nonvolatile
random-access memory that exploits the unique behavior of
chalcogenide alloys, e.g., these alloys can be repeatedly and
rapidly switched between amorphous and crystalline phases
with a drastic change in electrical resistances."”> When the
amorphous state with high resistance represents a binary “1”,
and the crystalline state with low resistance represents a “0”,>
the crystallization time scale is typically on the order of 100 ns.*
Therefore, the alloys can be promising to be used as Flash
memory with the potential to work at a speed currently reached
by the volatile Dynamic Random Access Memory (DRAM).®
Although the switching time and inherent scalability of PCM
are promising, its temperature sensitivity is perhaps a
bottleneck that may require changes in the production
processing compatibly with the present technology.

Generally, a good phase change material should meet several
requirements:° (1) the material should have an extremely short
crystallization time in order to perform a fast switching speed in
SET process; (2) the material should have a high crystallization
temperature in order to increase 10-years data-retention ability;
(3) the material is of a low melting temperature and high
crystalline resistances so that it can reduce the RESET current
in PCM; (4) the amorphous/crystalline resistance is large
enough in order to obtain a large ON/OFF ratio; and (5) the
material should have a smaller volume change due to
crystallization, which can improve the SET/RESET program-
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ming cycles of PCM devices. Initial successful attempts at the
PCM production were carried out using Ge,Sb,Te; (GST)
material switching between a metastable rocksalt phase and the
amorphous phase. The phase transition in the alloy is
companied by a profound density change of 6.8%,” which has
been suggested to be closely correlated with the large electrical
contrast. The drawback of GST material as PCM devices are its
high RESET current, relatively slow amorphous-to-crystalline
speed, and poor thermal stability in the amorphous state. In
contrast, other Sb—Te binary alloys that have been widely
applied in phase change optical recording show higher
crystallization speed than usual GST, and this is attributed to
the growth-dominated crystallization mechanism. However,
due to low crystallization temperature and poor data retention,
Sb—Te binary alloys are not suitable for PCM application
without further optimization. While a lot of attempts® " have
been applied to search various material alternatives to GST or
Sb—Te, recently, the idea of using nanocomposite materials'>'?
have been developed in order to achieve high thermal stability
and crystalline resistance while keeping fast crystallization
speed. According to ref 14, defining smaller programming
volume by formation of a composite film is an effective method
to reduce power consumption. The composite film is
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characterized by several tens of nanometer scale clusters of
phase change material, which is self-encapsulated by a dielectric
material with high thermodynamical stability and low electrical
conductivity, such as SiO,, HfO,, and TiO,."* ¢ Therefore,
nanocomposite materials are expected to possess appropriate
thermal and electrical properties for PCM applications.

In this paper, we doped ZnO into Sb,Te; in order to modify
the properties of the materials for the potential applications in
PCM. ZnO is a direct band gap (3.37 eV) semiconductor with
excellent physical and chemical properties and thermodynam-
ical stability at room temperature.'” We further investigated the
electrical resistances, thermal stability, and optical reflectivity of
ZnO-doped Sb,Te; and evaluated the microstructure and phase
change mechanisms of the materials. Our aim was to screen the
best material which meets all the requirements mentioned
above for the applications in PCM.

2. EXPERIMENTAL SECTION

ZnO-doped Sb,Te; nanocomposite films with a thickness of ~200 nm
were deposited on quartz and SiO,/Si (100) substrates by a
magnetron cosputtering method using individual ZnO and Sb,Te;
targets. In each run of the experiment, the chamber was evacuated to
1.4 X 107" Pa, and then Ar gas was introduced to 0.3 Pa for the film
deposition. Pure Sb,Te; and GST films with the same thickness were
also prepared for comparison. The chemical composition of ZnO-
doped Sb,Te; films was measured using energy dispersive spectros-
copy (EDS). The sheet resistances of as-deposited films as functions of
elevated temperature (nonisothermal) and time at specific temper-
atures (isothermal) were in situ measured using a four-point probe in a
homemade vacuum chamber. X-ray diffraction (XRD) was employed
to characterize the structure of as-deposited and annealed ZnO-doped
Sb,Te; thin films. The diffraction patterns were taken in the 26 range
of 10-60° using Cu Ko radiation with a wavelength of 0.154 nm.
Raman scattering spectra excited by 785 nm laser were recorded at
room temperature using a backscattering configuration. During Raman
spectra measurements, the power density on the sample was kept at
low levels (~0.2 mWum™) in order to avoid any structural
deformation induced by laser radiation. X-ray photoelectron spectros-
copy (XPS) was used to examine the chemical bonding states of the
elements. The microstructure of the composite film was analyzed by
transmission electron microscopy (TEM). The 40 nm thick sample for
TEM analysis was deposited on copper mesh with carbon film. The
surface morphology was determined by atomic force microscopy
(AFM). The optical transmission spectra of the films were measured
using a UV-VIS-NIR spectrophotometer. A static laser tester (PST-1,
NANOSstorage Co. Ltd,, KOREA) with a wavelength of 658 nm was
used to characterize crystallization behavior and optical switching test.
The change of the laser power was from S mW to 70 mW, and that of
the laser pulse width was from 5 to 250 ns.

3. RESULTS AND DISCUSSION

The sheet resistance (R,) changes of GST, Sb,Te;, and ZnO-
doped Sb,Te; films with different annealing temperatures were
presented in Figure 1. It can be seen that, Sb,Te; film does not
have an obvious abrupt drop of resistance because of a partial
crystallization in the as-deposited state. In contrast, the GST
film has transition of the resistance at 168 °C and 300 °C,
respectively. Previously these two transitions have been
assigned to amorphous to cubic and cubic to hexagonal
transition, respectively.'® For ZnO-doped Sb,Te; films, a
sudden drop of R, occurs when the temperature reaches their
individual crystallization temperature (T.) of ZnO-doped
Sb,Te; films. The T, defined by the temperature correspond-
ing to the minimum of the first derivation of the R-T curve,
increases to ~212, ~217, ~223, and ~241 °C with increasing
the Zn content of 0.6, 0.8, 1.7, and 5.2 at%, respectively. All the

8489

10°+ —4—(Zn0), (Sb,Te,),,,
—_ 107 v (ZnO)OS(SbZTeCi)QSQ
'\ ] < (Zno)1 7(Sb2Te3)98v3
\g/ 106! > (Zno)52(Sb2T83)948
8 f (Zno)s 5(Sb2Tes)94 5
c
K 10°+
A7)
€N 4
O 104
= = Sb,Te,
QD 10°y o Ge,Sb,Te,
(D L]

2
10 . . h .
0 100 200 300 400
Temperature (°C)
Figure 1. R-T curves of GST, Sb,Te;, and ZnO-doped Sb,Te; films.

ZnO-doped Sb,Te; films exhibit higher T, than GST (~168
°C) and Sb,Te; (~100 °C)," indicating that the addition of
ZnO can improve the thermal stability of the Sb,Te; films.
However, when ZnO content is 5.5 at%, no significant abrupt
change in sheet resistance can be observed, implying that
excessive ZnO doping would retard the phase transition ability.
This result shows that crystallization temperatures can be
controlled by adjusting the ZnO content, and the optimal
composition with good thermal stability can be confirmed to be
(ZnO);5(SbyTey)y 5.

Compared with that in undoped Sb,Te; films, the resistance
ratio between the amorphous and crystalline states in
(ZnO);,(Sb,Te;)g,s film increases four to five orders of
magnitude. The large resistance ratio can increase ON/OFF
ratio values in PCM operation.20 On the other hand,
(ZnO);,(Sb,Te;)o45 has higher resistance for both amorphous
and crystalline states in comparison with Sb,Te; and GST films,
which is helpful to reduce the driving current for both set and
reset operations of pCM.*

It is well known that thin films formed in vacuum usually
exhibit more wrong-bonds compared with their bulk counter-
parts, and these wrong bonds (or heteropolar bonds) can form
the localized states in amorphous solids and thus modify the
optical band gap of the materials.”* In order to understand the
effect of doping on the optical band gap of the films, the optical
transmittance (T,,) of the films were measured, and the
absorption coefficient (@) can be calculated by using well
known relation®®

a = (1/d) In(1/T,,)

where d is the thickness of the film.
Then, the optical band gap (E,,) was also evaluated using
the absorption properties, which were expressed as?

a-hv = B(hv — Eopt)2

(1)

)

where hv is the photon energy, and B is a parameter that
depends on the electronic transition probability. (a-hv)"/? as a
function of hv (being photon energy in an unit of eV) was
plotted in the main panel of Figure 2.

By extrapolating the linear portion of the curves to zero
absorption, E,, of the optimal (ZnO);,(Sb,Te;)g,s film was
determined to be 0.664 eV, which is higher than that of Sb,Te;
(0.307 eV). The results are in good agreement with the well-
documented conclusion that amorphous GST usually exhibits a
larger band gap than its crystalline counterpart.”’ The
(ZnO);,(Sb,Tes)oss film is totally amorphous, while the
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Figure 2. Tauc’s plot of Sb,Te; and (ZnO);,(Sb,Tes)o4s films.

Sb,Te; film contains crystalline grains as evident by XRD and
Raman measurements below.

The XRD diffraction patterns of Sb,Te; and ZnO-doped
Sb,Te; films with various annealing temperatures are presented
in Figure 3.

As shown in Figure 3(a), with as-deposited Sb,Te; film
exhibits a broad band overlapping with one crystalline
characteristic peak corresponding to Te (110), confirming
that the nominal Sb,Te; film actually contains some crystalline
Te grains. At the annealing temperatures of 200 °C, a new
Sb,Te; phase that can be indexed with a R3m rhombohedral
structure according to the PDF card of JCPDS NO.15-0874
forms, and XRD intensity corresponding to this phase becomes
stronger with increasing annealing temperature. Moreover, a
crystalline peak at 20 = 35.3° that can be assigned to the Sb,0;
phase appears at high annealing temperature of 300 °C and 350
°C due to the poor thermal stability of the Sb,Te; film.

As for ZnO-doped Sb,Te; films as shown in Figures 3(b)-
3(f), all the as-deposited and 150 °C-annealed films exhibit an
amorphous state. The crystalline peaks of Sb,Te; appear in
(Zn0O)g4(SbyTe;)g94 and (ZnO),5(Sb,Te;)gq, films annealed
at 200 °C, and the crystalline Sb,O; peak appears at 250 °C as
shown in Figures 3(b)-3(c). The intensity of all the peaks
increases with increasing annealing temperature. In contrast, in
the (ZnO),,(Sb,Te;)os;3 film as shown in Figure 3(d), the
amorphous state is still kept at 200 °C. The crystalline peaks
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Figure 3. XRD patterns of as-deposited and annealed ZnO-Sb,Te; films: (a) Sb,Te;, (b) (Zn0),6(SbyTes)g04 (c) (Zn0)y5(SbyTes)g,, (d)
(ZnO)1'7(Sb2Te3)98‘3, (e) (Zno)s.z(szTes)%s; and (f) (Zno)s.s(szTes)%y

8490

dx.doi.org/10.1021/am501345x | ACS Appl. Mater. Interfaces 2014, 6, 8488—8496



ACS Applied Materials & Interfaces

Research Article

(a) E D eSb,O, mSb,Te, Sb,Te, fim (b) c @5Sb,0, MSbTe,
- JM > 34
= (% = < ‘@ M (Zn0),4(Sb,Te,)y, ,
GC, M 300°c E
I N < 0
kel 250°C o
8 g
g 200°C ©
S
S J\—/\L as dep. 5
Z z
]\\7M77 Sb, Te, target
100 200 300 400 500 500
Raman shift (cm™) Raman shlft (cm!
E®
c D d
) 8.  @oypsvre,, | @ (Zn0), (Sb,Te,),,,
= . >
%) ‘0
g 5
€ "é‘ 350°C
- - 300°C
8 S
© ®
£ £
z 2
100 200 300 400 500 100 200 300 400 500
Raman shift (cm™) Raman shift (cm)
e c
@) " (ZnO), ,(Sb,Te,),, o ® (ZnO), (Sb,Te,),, s
2 2
2 350°C UC’
@ 2
o o 300°C
S S
© ©
£ €
— —
[e] (]
z z
100 200 300 400 500 100 200 300 400 500

Raman shift (cm™)

Raman shift (cm™)

Figure 4. Raman spectra of as-deposited and annealed ZnO-Sb,Te; films: (a) Sb,Te;, (b) (Zn0)y4s(SbyTes)g94 (c) (ZnO)ys(SbyTes)g0,, (d)
(Zn0),5(Sb,Tes)os3, () (ZnO)s,(SbyTey)oys and (f) (ZnO)ss(SbyTes)oys.

that correspond to the rhombohedral Sb,Te; phase appear at
an annealing temperature of 250 °C, implying that the
crystallization temperature increases. Nevertheless, the Sb,0;
phase still can be found in the (ZnO);,(Sb,Te;)q4g5 film. With
further increase of the ZnO doping content,
(ZnO);,(SbyTey)gss and (ZnO)ss(SbyTey)gy films as shown
in Figures 3(e)-3(f) exhibit a single phase of rhombohedral
Sb,Te;, and the Sb,O; phase is totally suppressed in the
(Zn0O);,(Sb,Te;)gy5 and (ZnO)s s(Sb,Te; )0y s films due to the
improvement in thermal stability, even at the annealing
temperature of 350 °C. The Sb,Te; crystalline peaks in Figures
3(e)-3(f) appear to be broader in width and lower in intensity
with increasing ZnO doping. All these results indicate that,
increasing the ZnO doping content could increase T, suppress
the formation of Sb,O; and restrain the growth of the
crystalline grains.

Figures 4(a)-4(f) show Raman spectra of Sb,Te; and ZnO-
doped Sb,Te; films. The target and the as-deposited film
present the characteristics of stoichiometric Sb,Te; at ~65
(peak A), ~110 (peak B), and ~165 cm™" (peak C) as shown
in Figure 4(a)."”***> With increasing annealing temperature
from 200 to 300 °C, Raman spectra exhibit negligible difference
compared with those of the target and as-grown film, suggesting
that they have quite similar microstructures. However, with
further increasing annealing temperature to 350 °C, two new
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bands at ~123 cm™ (peak E) and ~140 cm™ (peak D) appear,
which are ascribed to the vibrations of the Sb,O; phases.*®

We use these five peaks (A-D) as criterion to see how the
ZnO doping can suppress the formation of crystalline Sb,Te;
and Sb,0; phases. Figures 4(b)-4(c) are Raman spectra of the
as-deposited and annealed (ZnO),4(Sb,Te;)q9, and
(ZnO),5(SbyTes)gq, films, respectively. Raman spectra of the
as-deposited and 150 °C-annealed (ZnO)y4(Sb,Te;)g04 films
show a broad band in the range from 100 to 180 cm™" as shown
in Figure 4(b). The disappearance of the sharp peaks in Figure
4(a) demonstrate that a small amount of ZnO doping can
effectively suppress the formation of the crystalline Sb,Te;
phase. The broad band evolutes into a band with two
distinguishable peaks features in Raman spectrum of the film
annealed at 250 °C and finally develops into three peaks with
increasing annealing temperatures to 350 °C. As marked in
Figure 4(b), the sharp peaks have the same positions as the
peaks E, D, and C in Figure 4(a). Since the peaks E and D
correspond to the vibrations of Sb,O; and the peak C to that of
crystalline Sb,Te;, the present results indicate that both
crystalline Sb,Te; and Sb,O; phases can be formed in
(ZnO)o4(Sb,Te;)g04 films annealed at higher temperature.
The same conclusion can be drawn for the Raman spectra of
(ZnO)o5(Sb,Te;)g9, films in Figure 4(c), which however
exhibits much stronger peaks E and D at 300 °C.

dx.doi.org/10.1021/am501345x | ACS Appl. Mater. Interfaces 2014, 6, 8488—8496
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Figure 5. XPS spectra of ZnO-Sb, Te; phase-change films: (a) Zn 2p, (b) Sb 3d, and (c) Te 3d.

536

Figure 6. (a) The TEM BF micrograph, (b) the TEM DF micrograph, and (c) the SAED pattern of the (ZnO);,(Sb,Te;)q4 5 film annealed at 300
°C. (d) The HRTEM images of the same film.

Let us go to Figures 4(d)-4(f) that correspond to the Raman
spectra of (ZnO);(SbyTe;)gs3, (Zn0O)s,(SbyTes)oss and

(ZnO);s5(SbyTey)gys films. A

common feature of Figures

4(d)-4(f) is that, with an increasing annealing temperature, a
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Figure 7. AFM images of nanocomposite ZnO-Sb,Te; annealed at 300 °C for 3 min with different ZnO content: (a) 0, (b) 0.8 at%, (c) 1.7 at%, (d)
5.2 at%, and (e) 5.5 at%. (f) The relation between RMS and ZnO content.

sharp peak corresponding to peak C appears overlapping with
the broad band from 100 to 180 cm™', and there is no any peak
at the positions corresponding to peaks E and D. This is a
symbol that the formation of oxidized Sb,0O; crystalline grains is
totally suppressed with increasing content of ZnO doping.

The observations are in agreement with the XRD analysis,
indicating that high ZnO-doping concentration can suppress
the formation of the Sb,O; phase and improve the thermal
stability of (ZnO),(Sb,Te;),_, films.

In order to examine whether Sb,O; comes from surface
oxidation, we employed XPS to measure the bonding structure
of ZnO-Sb,Te; films. Before doing that, the films were
presputtered by Ar ions for 2 min to remove the possible
surface oxidation layer of Sb,O; formed during the annealing
treatment or exposure in air.

Figures 5(a)-S(c) show the XPS Zn 2p, Sb 3d, and Te 3d
spectra, respectively. It is obvious that the peak positions of Zn
2p almost keep no change with increasing ZnO content as

8493

shown in Figure 5(a), indicating that Zn atoms do not bond
with Sb and Te atoms. This can be confirmed further in Figures
5(b)-5(c). The peak positions of Sb 3d and Te 3d exhibit no
shift in binding energy in ZnO-doped Sb,Te; films. This
indicates that the Sb and Te atoms in Sb—Te bonds are not
replaced by Zn or O atoms. We did not observe any new peaks
that could be ascribed to Sb,0; in Figure S(b), indicating that
Sb,0; can be only formed in the surface of the film, and they
have been removed by Ar ion sputtering. Previously, we have
revealed that the introduction of Zn atoms in Zn—Sb—Te
systems” could form Zn—Sb and Zn—Te bonds at the grain-
boundaries. According to the results presented here, in the case
of ZnO—Sb,Te;, no additional Zn—Sb and Zn—Te bonds can
be formed. Combining with XRD and Raman scattering spectra
where no peaks corresponding to the crystalline ZnO can be
observed, we conclude that only amorphous ZnO exists in
ZnO-Sb,Te; films. In fact, ZnO has a high melting temperature
(1975 °C)""*® and thus is relatively stable when ZnO—doped

dx.doi.org/10.1021/am501345x | ACS Appl. Mater. Interfaces 2014, 6, 8488—8496



ACS Applied Materials & Interfaces

Research Article

(1)012- A ®)
. e 10

ERNR . ek | 2
2 v 4

+ 0.094 « e X R

7] N gg 0 W é
© .35 10557 000 00" e =
E 0,06 ¢ w0 MR 0
g : ?,Z ::’:":0.:»' "w'wvvw“‘w 8
° o 55 Mra et ¥ < . .y
© 0.031 60 sl et T M o I}
2 o658 4 T - @
S 000 * admies =
O . 1 x

0 50 100 150 200 250
Pulse width (ns)
(© 010 (d
(\d Ge,Sb,Te, [ ¢
2 0.05 ~
3 Crystalline state 9
© Ty -‘-.-u-_,._ o
2 oo il T | €
o Amorphous state o
8 -0.05; 3
a a
o0l 10
0 10 20 30 40 50

Number of cycles

70

l0120
0.105

60

50 0.089
0.074
0.058

0.043

0.027

0.012
-0.004

250

50 100 150 200

Pulse width (ns)

0.10
(Zn0),,(Sb,Te,),,
0.05 Crystalline state
-'\i."-**‘v.ﬁ.‘ -.'-'-.'-
0.004----- - Switching properties
n"'o’-'ﬂ”'-'#‘»'""n’u‘.”u'-"’
-0.054 Amorphous state
-0.10

10 20 30 40 50

Number of cycles

0

Figure 8. (a) Reflectivity changes of (ZnO);,(Sb,Te;)o,5 film with different laser power and pulse width; (b) PTE (power-time-effect) diagram of
(ZnO);,(Sb,Te;)g45 film. The optical switching behaviors during 50 cycles of operation on (c) the GST film and (d) the (ZnO);,(Sb,Te;)g45 film.

Sb,Te; films are annealed at 300 °C. On the other hand, the
bond energy of Zn—O is larger than Sb—O and Te—O bonds.
The thermodynamic stability of the oxides follows the order
ZnO > Sb,0; > TeO, Therefore, Zn has a priority to react with
oxygen when the film was created in vacuum where the oxygen
is deficient.

In order to investigate the distribution of crystalline grains in
the ZnO-doped Sb,Te; film, we measured bright-field (BF),
dark-field (DF) TEM images, selected area electron diffraction
(SAED) patterns, and high-resolution transmission electron
microscopy (HRTEM) images of the optimal
(ZnO);,(SbyTes)oss film. Figure 6(a) shows the BF TEM
image of the (ZnO);,(Sb,Te;)gss film after 3 min heating at
300 °C. The crystallized film with a grain distribution in the
range of 10—20 nm is in well agreement with the results
estimated from the line width of XRD patterns. The DF TEM
image in Figure 6(b) shows us the nanocrystals (white spots).
The analysis of EDS (not shown here) indicates that the black
(or dark) and white (or bright) domains in Figure 6(b)
correspond to ZnO-rich and Sb,Te;rich phases, respectively.
Again, this demonstrates the amorphous nature of ZnO in the
(ZnO);,(Sb,Te;)gss film. This result is very important for
development of PCM. On one hand, current can be confined in
the Sb,Te; domains. On the other hand, the segregated
domains exhibit relatively uniform distribution, and thus the
ZnO-Sb,Te; phase change layer would have a small
programming volume and may exhibit significantly reduced
operating power, with relatively small cell-to-cell variation.'**’

Noteworthy is that the SAED pattern of the
(ZnO);,(Sb,Te;)o4s film in Figure 6(c) suggests a phase of
Sb,Te;, which is in agreement with the XRD analysis. HRTEM
images as shown in Figure 6(d) make it possible to measure the
interplanar distances, which are in agreement with those of
crystalline Sb,Te;. No other crystalline phase was observed in
the film. Based on all the analysis above, a nanocomposite
structure with mixed amorphous ZnO and crystalline Sb,Te;
phases is confirmed.

Film surface roughness is extremely important for device
performance, since electrical properties depend on not only a
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well-defined microstructure but also the quality of the
electrode-film interface. Figures 7(a)-7(e) show the AFM
images of Sb,Te; and ZnO-doped Sb,Te; films annealed at 300
°C. Figure 7(f) is the root mean square (RMS) roughness of
the films as a function of ZnO-doping concentration. The scan
area in Figures 7(a)-7(e) is 1 yum X 1 ym. RMS roughness of
the Sb,Te; thin films is 8.17 nm as shown in Figure 7(a), and
this is attributed to its larger grain size. The decrease of the
RMS roughness with increasing ZnO concentration as shown
in Figure 7(f) can be attributed to the smaller grain size,
indicating that increasing the ZnO concentration can improve
the surface quality of the films. So we can infer that the
(ZnO);,(Sb,Tes)o45 phase change films have a smoother and
uniform surface.

Phase change speed is one of the most important parameters
of phase-change materials as it affects the data switching rate for
a PCM.* In order to characterize phase change behavior and
crystallization time of the (ZnO);,(Sb,Te;)q,5 film, a static
tester using pulsed laser irradiation was employed, where the
power was increased up to 70 mW, and the width of the laser
pulses was increased from S to 250 ns. The optical contrast
(AR) of a phase change material is one of the most important
optical parameters in phase change storage.” It can be defined
by the following equation: AR = (Riger—Rpetore)/Rpefores Where
Riefore and Rig,, indicate the reflectivity before and after
irradiation, respectively. Figures 8(a) and 8(b) show the optical
contrast as a function of pulse width and power-time-effect
(PTE) diagrams for the (ZnO);,(Sb,Tes)o45 film, respectively.
The significant increases of AR values are found almost in the
whole crystallization process with the laser power and pulse
width increasing. The magnitude of AR can be further
illustrated using the different colors in the PTE diagram.
With a lower laser power of S mW, reflectivity does not change
with pulse width increasing (region I), because the applied laser
power was insufficient to initiate crystallization. As the laser
power is increased, the film receives sufficient energy gradually
to overcome the activation barrier. Thus, crystallization occurs
and AR increases (region I1).>*3 When the laser powers were
10, 30, 50, and 70 mW, the minimum times for crystallization
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of GST were 300, 150, 80, and 40 ns, respectively, reported in
our previous work.>* In case of the (ZnO),(Sb,Te;)g,s film,
its minimum times for crystallization were 130, 40, 20, and 10
ns, respectively, when the same power is applied in the sample,
illustrating that the crystallization speed of the film is faster than
GST.

To confirm the stability of the structure during repetitive
melt-quenching cycles, we checked the optical switching
behavior of the GST and (ZnO),(Sb,Te;)g,s films. The
laser power and pulse width for crystallization and melting of
GST and (ZnO);,(Sb,Te;)g45 films was 35 mW—250 ns and
70 mW—100 ns. Figures 8(c) and 8(d) show reliable optical
switching behaviors in the GST and (ZnO)s,(Sb,Te;)g,5 films
during 50 cycles of operation. We can see that the differences in
AR between crystallization and amorphization recording were
sustained by relatively constant values, which indirectly
supports the fact that the nanocomposite structure of
(ZnO);,(SbyTes)gyg is sustained and the compound is stable
under repetitive melt-quenching and crystallization-switching
cycles.

4. CONCLUSIONS

We investigated ZnO-doped Sb,Te; films in order to achieve
superior phase change materials with better thermal stability
and electrical properties while maintaining other advantages of
Sb,Te; materials. The addition of ZnO could increase
crystallization temperature and crystalline resistance, suppress
the formation of Sb,0;, and restrain the growth of the Sb,Te;
crystalline grains. Sb,Tes-rich nanocrystals are surrounded by
the ZnO-rich amorphous phase in the (ZnO);,(Sb,Te;)gss
film, and the segregated domains exhibit relatively uniform
distribution. The (ZnO)s,(Sb,Te;)9,5 film exhibits a smooth
and uniform surface. The minimum times for crystallization of
the (ZnO);,(Sb,Te;)g45 film is revealed to be as short as ~10
ns at a given proper laser power of 70 mW. The reliable
repetitive switching behavior of the film can be also verified in
the (ZnO);,(Sb,Te;)oss film, confirming that the film
composition is stable with cycling. All these suggest a huge
potential of (ZnO),,(Sb,Te;)q,5 used in PCM.
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