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The structure evolution and surface modificationtloé ZnSb, ZnSb-Bi and
ZnSb-NiO phase-change films are detected by inR@onan laser irradiation with the
different laser power and irradiation time. Theutessshow that undoped ZnSb films
exhibit a phase transformation from amorphous ttastable phases at 250mW. The
Bi-doped ZnSb films exhibit two different crystabition behaviors as the laser power
increases. The films containing low Bi-doping camtcation exhibit an
amorphous-to-metastable phase transition, whildilitms containing high Bi-doping
concentration directly crystallize into a mixturerew Bi-related crystalline phases
and metastable ZnSb phases. As for ZnO-doped Zih88, fthe structure evolution
encounters an amorphous phase, metastable ZnSke pirasnixture of both.
Identifying the structure evolution in the metas&alphase by in-situ Raman
measurement method is of great significance fosplthange memory application.
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Phase-change memory (PCM) has the two-level datags [1], which is due to
the rapid and reversible switching of phase-changterials [2] between amorphous
phase of high resistance state and crystalline eplofislow resistance state upon
heating [3]. The data storage capacity of two-legelow, which has become the
major obstacle in the development of multi-leveladstorage. It is well known that
the conventional germanium-antimony-tellurium (Ge1®) phase-change films have
three-state, such as amorphous, cubic and trigphakes, which can lead to
multi-level data storage properties [4]. Howevég poor thermal stability and low
crystalline resistance of GST is currently stilbig challenge to apply in multi-level
data storage.

In comparison, the novel phase change materiaksdbas Te-free Zn-Sb ternary
system have been extensively used as phase-chaygeih non-volatile memory
device due to its better thermal stability and kigbrystalline resistance. Among the
Zn-Sb phase change materials, the crystal strucfumSb (the ratio of Zn to Sb is
1:1) alloy has been widely used and investigate@][3t exhibits a metastable
orthorhombic structure and a stable hexagonal A&i&lcture confirmed d by X-ray
diffraction and transmission electron microscop¥M) in order to distinguish the
distinct state [6]. However, the temperature spamt@rmediate resistance state for
ZnSb films is rather narrow, which make the contfothe resistance state being very
difficult. Wang et al.[7] reported that the additiof Bi into the GeTe-Slie; could
result in the decreased crystallization temperatwigich was correlated with the
reduction in the crystalline activation energy. $hwe introduce the Bi into ZnSb to
decrease the phase transformation temperatureasovth adopt in situ continuous

Raman irradiation to observe the vibration modebénmetastable phases.
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The Raman spectra can record information basedt@mi@ arrangement in
amorphous marks in a crystalline layer of a phdsaige material [8]. Due to the
large difference in the optical reflectivity betvmethhe amorphous and crystalline state,
structural information can be obtained based orchi@ge in Raman mode, position
and intensity [9]. When the laser irradiation powerrelatively low, no obvious
compositional change and no Raman vibration modebeaobserved in an exposed
region. Then, a bright spot may appear and becangei in size as the laser power
increases beyond its crystallization temperatuvéver, the ablation may happen in
the case of exposed samples with a higher laseempd&cause the laser irradiation
induces temperature above its melting point [10].

Thus, we adjust laser power to irradiate the Zn&et films in order to observe
the structure evolution in terms of its Raman madeation. The paper is devoted to
the in situ Raman studies of laser irradiationaften amorphous materials intending
to show and analyze phase changes in these materihlthe evidence for sequential
transitions from one phase to metastable phaseimgtieasing laser power. Through
systematic investigations on the relation betweam& mode variation and laser
power, we confirm the existence of the intermedgdtase.

The Bi-doped and NiO-doped ZnSb films with a thieks of 200nm were
deposited on Si substrate by using magnetron ctiespig method with separate

Bi/NiO and ZnSb targets, respectively. The chamims evacuated to 2 x ¥®a, and

then Ar gas was introduced at 0.3 Pa. Undoped Zi@b with the same thickness
were also prepared for comparison. The composiibthe ZnSh-based films was
determined by energy dispersive spectroscopy (EDBg. structure evolution was

monitored and measured by a laser confocal Ramaatrap (Renishaw inVia,



Gloucestershire, UK). The irradiation source faduoing phase change was an” Ar

laser with an wavelength of 785nm and maximum lgs®arer of 500mW while
selecting a grating (~1200 I/mm) correspondingh® laser source. We altered scan
conditions, the exposure time and laser power, Bnging the acquisition tab of
spectral acquisition setup. The exposure time is ff laser irradiation. The 8
different laser powers (~0.25, 0.5, 2.5, 5, 25,281, 500mW) were set available for
laser irradiation. Since the initial laser powervisry small, resulting in a poor
signal-noise ratio (SNR) of the spectra, it isidifft to obtain real smooth Raman
curve. The morphological characteristics of thendlafter Raman laser irradiation
was observed by using a super-long depth-of-vieticapmicroscope (VHX-1000E,
Keyence) in a 2-D mode.

Fig.1 (a) shows the Raman spectra of ZnSb filmediated by different laser
power for 15s. It is found that a broad peak GI#5-7 cn is reasonably assigned to
the vibration of numerous wrong bonds formed in #isedeposited state. With the
laser power increasing from 0.25 to 50mW, the ammous nature can be kept. The
higher laser power irradiation results in a reoigation of the amorphous network
with the rupture of the wrong bonds and formatidneoergetically more stable
heteropolar Zn-Sb bonds. Subsequently, the twatahgstion peaks A (108.6 cf
and B (144.6 ci) appear at the laser power of 250 mW. The two pshkt towards
a low wavenumber at 140.6 &nand 104.3 cr at 500 mW, respectively. Comparing
the peak positions with that in the Raman spectrdhfermal-annealed ZnSb samples
[11], we confirm that the Raman peaks attributiaughly coincides with the
precipitation metastable ZnSb phases.

The structure evolution from amorphous to crystallis observed clearly by the

change in the surface morphology as shown in F.1{ records the laser-induced
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surface modification after in situ laser irradiation the film surface. We observe the
smooth surface morphologies of amorphous ZnSb fitrasliated at 0.25, 0.5, 2.5, 5,
25 and 50mW. As the laser power increases to 250th&/ZnSb film startes to
crystallize, corresponding to the metastable ph&ke. surface morphology has an
obvious long crystallization area (see dotted yelbircle). With further irradiating up
to 500mW, it is noteworthy that the surface morpiggl of ZnSb film changes
significantly and a dark center appeared, implyithgt the element ablation may
happen so that the Si substrate can be exposed.

For Bi-doped ZnSb films, the Raman spectra witlieddnt laser powers from
0.25 to 500mW for 15s were shown in Figs.2(a)4fct)xhe case of a lower Bi-doping
concentration as shown in Fig.2(a), it is foundt tie amorphous broad peak G is
also kept until 50mW, while the position of the Rampeaks (A and B) in the
crystalline state is the similar as that in undoga&b, indicating that the metastable
phase is also precipitated in (Zn&3}Bi)s.16 Noteworthy, there are two new peaks
C and D appeared. This may be related to the vworanf Bi-related crystalline
phases. From the results in Fig.2(b) and (c), tlen&h peaks of ZnSb films
containing high Bi-doping concentration are verffedent from that in ZnSb films
containing low Bi-doping concentration. Obviouslthe (ZnSby,;Bii725 and
(ZnSbYs oBi24.07films exhibit crystallization behavior at the i@itilow laser power of
0.25mW. The result predicts that the films havenbawgstallized at room temperature
with doping excess Bi, which would deteriorate thermal stability and cause
crystallization. This is well agreement with thder@f Bi investigated in previous
reports on Bi-GST [7] and Bi-Sb-Te [12]. With thessér power increasing from 0.25
to 50 mW gradually, we can determine that the sitgrof Raman peaks A and B is

decreased compared with that in low Bi-doping catregion ZnSb. Different from
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Fig.2(b), the Raman peaks C and D of ZnSb filmstaiamg 24.07at% Bi-doping
concentration as shown in Fig.2(c) exhibits a skaignd stronger intensity while
peaks A and B become weaker and broader. Thidrdlies that the initial metastable
ZnSb phase is suppressed and new crystalline pbaseme dominated due to higher
Bi-doping concentration. The Bi, which lies in tkame group as Sb, has larger
atomic radiusygi=0.163nm,ys;=0.163nm) [13], which is easier to enter the nekwor
structure of ZnSb film and replace Sb position. §htimay result in the generation of
new Raman peaks originated from the vibrational esodf (Bi,Sb) and/or ZnSbBi
crystalline phases.

Fig.3 (a) shows the Raman spectra of NiO-doped Zhlfts irradiated at
different laser powers for 15s, respectively. Thead Raman peak G of the
NiO-ZnSb films irradiated at 0.25mW is observed,ckhimplies the presence of an
amorphous phase. With the laser power increasihg, dmorphous nature of
(ZnSb}4(NiO)s films can be kept until 50mW. When the film isadiated at 250mW,
a mixture of amorphous and crystalline state has lagpeared, just as the small peak
A and broad peak B’. Then, it is completely traerséd into the metastable ZnSb
phase at 500mW. The variation is very differentrfrbig.1 and Fig.2, illustrating that
the addition of NiO into ZnSb improve the therm@hslity, but the metastable phase
can still be detected at higher 500mW power. Threesponding surface modification
has been depicted in Fig.3(b). The amorphous sn&gfiace is kept until 50mw. A
small crystallization area is observed at 250mWlyng partial crystallization. With
the laser power increasing, the crystallizatioradrecomes large obviously.

In summary, the Raman mode vibration of the ZnS{ebddilms exposure to the
different laser powers from 0.25mW to 500mW hasnb&tedied by using Renishaw

Raman Spectrometer. The results show that the dwoospand crystallization states
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are successfully found with the distinguishable Ramuibration modes at different
laser powers. For ZnSb films, the amorphous statebe kept until 50mW, and then
the films were crystallized into crystalline staléhe precipitated crystal types were
confirmed to be metastable ZnSb phases. For Bidlof@Sb films, the Raman
evolution of (ZnShys sBis.16 films exhibit the similar crystallization proceas the
undoped ZnSb films. As the Bi-doping concentraiimreases, both (ZnSh),Bii7.25
and (ZnSbps oPBiza 07 exhibit an initial crystallization with four Ramapeaks.
Meanwhile, the peaks A and B are gradually decceasel new peaks C and D are
increased due to higher Bi-doping concentrationjclvhcan lead to no phase
transformation from amorphous to crystalline stakes NiO-doped ZnSb films, the
complete metastable phase appears at a higher pws50mW due to the better
thermal stability. The experimental results suggélsat the in-situ Raman
measurement method is valuable for studying thestaamation characteristics of
phase change materials and has better sensitwitgharacterize phase transition
behavior.
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Figure captions

Fig. 1 (&) Raman spectra and (b) surface morphologies of ZnSb films irradiated at
different laser powers from 0.25 to 500 mW.

Fig. 2 Raman spectra of (a) (ZnSb)gsssBiszis, (D) (ZnSb)sz75Biz2s and ()
(ZnSh)75.93Bi24.07 filmsirradiated at different laser powers from 0.25 to 500 mW.

Fig. 3 (a) Raman spectra and (b) surface morphologies of ZnSb-NiO films irradiated

at different laser powers from 0.25 to 500 mWw.
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® \We demonstrate a continuous real-time 785 nm laser strategy to manipulate
metastable states.

® Raman vibrationa mode in metastable phases is clearly observed to confirm
phase transition.

® A different phase-change behavior on the various ZnSb-based films is
distinguished.



