T f'[

¢l

\, |

The feasibility of Sn, In, or Al doped ZnSb thin film as candidates for phase change
material

Yimin Chen, Xiang Shen, Guoxiang Wang, Tiefeng Xu, Rongping Wang, Shixun Dai, and Qiuhua Nie

Citation: Journal of Applied Physics 120, 015301 (2016); doi: 10.1063/1.4955169

View online: http://dx.doi.org/10.1063/1.4955169

View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/120/1?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
A candidate Zr-doped Sb2Te alloy for phase change memory application
Appl. Phys. Lett. 108, 052107 (2016); 10.1063/1.4941418

Enhanced thermal stability and electrical behavior of Zn-doped Sb2Te films for phase change memory
application
Appl. Phys. Lett. 102, 131902 (2013); 10.1063/1.4799370

Phase change behaviors of Zn-doped Ge2Sb2Te5 films
Appl. Phys. Lett. 101, 051906 (2012); 10.1063/1.4742144

Effective atomic layer deposition procedure for Al-dopant distribution in ZnO thin films
J. Vac. Sci. Technol. A 28, 1111 (2010); 10.1116/1.3460905

Impact of solid-phase crystallization of amorphous silicon on the chemical structure of the buried Si/ZnO thin film
solar cell interface
Appl. Phys. Lett. 97, 072105 (2010); 10.1063/1.3462316

i

ToRHe Wt K UL

Chart recording FFT displays Trend analysis

- Intuitive front-panel operation « 1 mHz to 2 MHz
-Touchscreen data displa: - 2.5 nV/¥Hz input noise

- Save data & sc shots to USB flash drive -1 ps to 30 ks time constants
- Embedded w

O 'h!kjiib

1 SRS Stanford Research Systems -View results on a TV or monitor (HDMI output)
’ www.thinkSRS.com - Tel: [408)744-9040



JOURNAL OF APPLIED PHYSICS 120, 015301 (2016)

@ CrossMark
&click for updat

The feasibility of Sn, In, or Al doped ZnSb thin film as candidates for phase

change material

Yimin Chen,"22 Xiang Shen,"*2 Guoxiang Wang,"® Tiefeng Xu,"?* Rongping Wang,*
Shixun Dai,"® and Qiuhua Nie'®

'Laboratory of Infrared Material and Devices, Advanced Technology Research Institute, Ningbo University,
Ningbo 315211, China

Ningbo Institute of Material Technology and Engineering, Chinese Academy of Science, Ningbo 315201,
China

3Key Laboratory of Photoelectric Materials and Devices of Zhejiang Province, Ningbo 315211, China
4Centre for Ultrahigh Bandwidth Devices for Optical Systems, Research School of Physics and Engineering
Australian National University, Canberra, ACT 0200, Australia

(Received 4 March 2016; accepted 24 May 2016; published online 1 July 2016)

The potentials of Sn, In, or Al doped ZnSb thin film as candidates for phase change materials have
been studied in this paper. It was found that the Zn-Sb bonds were broken by the addition of the
dopants and homopolar Zn-Zn bonds and other heteropolar bonds, such as Sn-Sb, In-Sb, and
Al-Sb, were subsequently formed. The existence of homopolar Sn-Sn and In-In bonds in
Zns50SbieSn 4 and ZnySbiglnys films, but no any Al-Al bonds in Zn35Sb3gAlss film, was confirmed.
All these three amorphous films crystallize with the appearance of crystalline rhombohedral Sb
phase, and Zn3s5Sb3pAlss film even exhibits a second crystallization process where the crystalline
AlSb phase is separated out. The Zn3sSbspAlss film exhibits a reversible phase change behavior
with a larger E,, (~4.7eV), higher T, (~245 °C), better 10-yr data retention (~182 °C), less incuba-
tion time (20 ns at 70 mW), and faster complete crystallization speed (45 ns at 70 mW). Moreover,
Zn35Sb3pAlss film shows the smaller root-mean-square (1.654 nm) and less change of the thickness
between amorphous and crystalline state (7.5%), which are in favor of improving the reliability of

phase change memory. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4955169]

I. INTRODUCTION

As semiconductor devices continue to scale downward,
there is a requirement to explore new memory technology
that scales with the development of the portable consumer
electronics with less energy and reduced size without degrad-
ing the performance of the devices. One of the leading proto-
typical memories being investigated is phase change memory
(PCM) based on remarkable changes in the properties of
amorphous and crystalline phases of chalcogenide alloys.'

The most widely studied PCM material is chalcogenide
Ge,Sb,Tes (GST) with Sb,Te; and GeTe being one of the
most popular stoichiometry.” However, GST has a low crys-
tallization temperature, insufficient data retention ability,
and a slow phase transition speed. In attempts to solve these
problems, metallic elements, such as Al? Ag,4 Sn,>° Bi,>’
7Zn,® In,” W,'° have been incorporated into GST. In addition,
some pseudo chalcogenides, such as Sb-based binary
GeSb,'" GaSb,'” AlISb,"” SnSb,'* and ZnSb,"” have been
investigated for phase change materials due to their good
performances. Especially, the ZnSb film shows ultra-long
data retention.'” However, the crystallization behavior of
ZnSb will degrade the reliability of the interface between
phase change layer and electrode for PCM, due to the meta-
stable phase and non-uniform crystalline grains. Therefore,
in this paper, some metallic elements, such as Sn, In, or Al
that are usually used as the dopants for improving the
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performance of phase change materials, are introduced into
ZnSb alloy. Then, their physical properties, bonding struc-
tures, crystallization behaviors, phase transition speed, and
reversible phase change abilities, as well as the film surface
roughness and the change of the thickness between amor-
phous and crystalline state are investigated.

Il. EXPERIMENTAL

In, Sn, or Al-doped ZnSb films were prepared by mag-
netron co-sputtering method using separated ZnSb and metal
element alloy targets, e.g., In, Sn, and Al. These films were
grown on quartz substrates and SiO,/Si (100). The base and
working pressures were set to 2.0 x 10~*Pa and 0.35 Pa. The
compositions of the films were tuned by different sputtering
power applied for each target, and determined by Energy
Dispersive Spectroscopy (EDS). The relationship between
the sputtering powers and the compositions of these ZnSb-
based films was shown in Table I. The ZnSb film with the
same thickness was prepared for comparison. The film thick-
ness was in-situ controlled by a thickness monitor equipped
in the chamber and further ex-siru measured by Veeco
Dektak 150 surface profiler, being about 80 nm. The bonding
structure of the films was examined by X-ray Photoelectron
Spectroscopy (XPS). The crystallization behavior was stud-
ied by X-ray Diffraction (XRD) patterns and Raman spectra.
The sheet resistances of the as-deposited films as a function
of elevated temperature (non-isothermal) and time at specific
temperatures (isothermal) were in-situ measured using the
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TABLE I. Relationship between sputtering powers and compositions of
ZnSb-based films.

Power (W) Power (W)

ZnSbSn Composition (at. %) ZnSb In/Al  Composition (at. %)
50 0 Zn49Sbs((ZnSb) 50 4 7Zn4;Sbsglnys

50 3 Zns50SbzgSn 4 50 5 Zn33Sbaglngg

50 5 Zn4ZSb34Sn24 30 5 ZH27Sb3QII’I43

50 7 Zn3gSb3,Sn3g 50 3 7Zn33SbyrAlys

50 10 Zn34szgSn33 50 5 Zn355b30Al35

50 15 Zn,6Sby3Sns, 30 5 Zn,9Sbz4Alz;

two-probe method in a homemade vacuum chamber at a
heating rate of 40 K/min. The annealing experiments were
performed by rapid thermal annealing (RTA) for 10 min
under the protection of Ar gas. The incubation and crystalli-
zation time were obtained using a nano-second scale static
tester (PST-1, NANOSSTORAGE Co. Ltd., Korea). The sur-
face roughness and the change of the thickness in the film
were analyzed by Atomic Force Microscopy (AFM) and
X-ray Reflectometry (XRR), respectively.

lll. RESULTS AND DISCUSSION

Figs. 1(a)-1(c) exhibit the sheet resistance (R;) as a
function of annealing temperature at a heating rate of
40 K/min for Sn, In, Al-doped ZnSb films, respectively. A
continuous decrease of R, can be observed for all these films
during the heating process. Moreover, a sudden drop of R;
occurs when the temperature reaches respective crystalliza-
tion temperature (7,.) for all the films except for Zn33Sbsglnyg
and Zn,;Sbsglny; in Fig. 1(b). T,., which is determined by the
temperature corresponding to minimum of the first derivative
of R,-T curve, decreases from 240 °C to 80 °C with increasing
Sn concentration in Fig. 1(a) for Sn-doped ZnSb. In Fig. 1(b),
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Zn41Sbseln,; film exhibits a sharp decrease of R, at ~300°C,
but the addition of more In into the ZnSb film results in the
disappearance of the sharp decrease in R,. This might be
the metallic element In excessively doped into ZnSb film. In
Fig. 1(c), the T.s of Al-doped ZnSb films maintain at
~250°C when Al content changes from 26 at. % to 37 at. %.
However, the Zn35Sb3pAlss film exhibits a higher amorphous
resistance and sharper decrease of R,. In order to compare the
effect of the different doping on R, of ZnSb-based films, we
picked out the best film from Figs. 1(a), 1(b), and 1(c),
respectively, and plotted them together with ZnSb film as a
function of annealing temperature in Fig. 1(d). Some distin-
guishable features can be found as follows: (1) T, of
Zn4Sbsgln,; is nearly at 300 °C which is higher than that of
pure ZnSb film (~260°C), while both T.s of other ZnSb-
based films (245°C for ZnzsSbsgAlzs and 240°C for
Zns5oSbseSny4) are lower than that of pure ZnSb film; (2)
Compared with pure ZnSb film, In- or Al-doped films have
higher Ry, while the Sn-doped film exhibits lower R; at either
crystalline or amorphous state; (3) The slight trace of the sec-
ond R, drop can be observed for the pure ZnSb and
Zn35Sb3pAlss films at higher temperature; (4) When the films
transform from an amorphous to a crystalline state, the
change of R, in ZnSb, Zn35Sb;pAlss, and ZnsoSbseSnyy is
sharper than that in Zn4;Sbsgln,; film.

Fig. 2 exhibits the results of activation energy of crystal-
line (E,) and 10-yr data retention, which determine the amor-
phous thermal stability. These parameters can be obtained by
the extrapolated fitting curve based on the Arrhenius
equation'®

t = texp(E,/ksT), (D)

where ¢ is the failure time defined as the time when the film
resistance decreases to half of its initial value at the specific
temperature (7), and 7 is a proportional time constant, kg is
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FIG. 2. Arrhenius extrapolation at 10-yr of data retention for Zn;oSb3sSn4,
Zn41Sbsgln,; ZnssSbipAlss, and pure ZnSb films.

Boltzmann’s constant. The value of E, is 4.5, 2.2, 4.7, and
5.6eV for Zn505b36Sn14, Zn4ISb36In23, Zn358b30A135, and
ZnSb, respectively. The temperatures corresponding to 10-yr
data retention, T/.,,, are estimated to be 172, 156, 182, and
201°C for ZnSOSb36Sn14, Zn4lsb361n23, Zl’l35Sb3()Al35, and
ZnSb films, respectively. It appears that Zn3sSbspAlss pos-
sesses better thermal stability among these doped-ZnSb films
since it has higher T, larger E,, and better 10-yr data reten-
tion. In addition, the higher R, of amorphous state and
crystalline state for Zn3sSbspAlss is beneficial to improve the
threshold voltage and decrease the RESET current.
Furthermore, the first sharper R, change indicates faster
phase transition speed, and the existent of second R drop in
Zn35Sb3pAlss film could realize three-state storage in one
PCM cell employing the resistivity difference among the
amorphous, metastable, and stable phases.

To confirm whether doped metallic elements are bonded
with ZnSb host, we measured the core-level XPS spectra on
Zn 2p, Sb 3d, and the dopant Sn 3d, In 3d, and Al 2p of
as-prepared ZnSb, ZnsoSb3eSn;4, ZngSbseln,s, and ZnssSbs
Alzs films, respectively. All the spectra were normalized to a
binding energy of C /s at 284.8 eV. Figs. 3(a) and 3(b) are Sb
3d and Zn 2p XPS spectra of these films. It is clearly found in
Fig. 3(a) that two Sb 3d peaks for Zns,SbssSn;4 and
7Zn41Sbseln,s films shift towards higher bonding energy,
while these peaks for Zn35Sb;pAlss film shift slightly towards
lower bonding energy compared with the pure ZnSb film. It
is well known that the negative shift of the binding energy

J. Appl. Phys. 120, 015301 (2016)

increases with the decrease of neighboring atom electro-
negativity, vice versa.'’ The electro-negativities for Sn and In
atoms are 1.96 and 1.78, respectively, both of them are larger
than that of Zn atom (1.65), while the electro-negativity of Al
atom is 1.61 which is slightly smaller than that of Zn atom.
Therefore, once the original Zn-Sb bonds are broken by dop-
ant, new heteropolar bonds, such as Sn-Sb, In-Sb, and Al-Sb,
will be created, and the different electro-negativities result in
the positive or negative shift of the Sb 3d peak in Fig. 3(a).
Fig. 3(b) is the Zn 2p spectra for all the films. It was found
that Zn 2p peaks shift towards the lower binding energy after
doping, implying that the Zn-Sb bonds are broken by doping
and, subsequently, converted into the homopolar Zn-Zn
bonds, or other heteropolar bonds such as Zn-Al, Zn-In, and
Zn-Sn.

We further decomposed Sn, In, and Al 3d spectra, and
the results were shown in Figs. 4(a), 4(b), and 4(c), respec-
tively. Two doublets in Fig. 4(a) clearly indicate that Sn-Sn
and Sn-Sb bonds co-exist in the ZnsoSb3¢Sn;4 film, and their
positions are in good agreement with those in Ref. 14 and
support by XPS Handbook.'® Similarly, In-In and In-Sb
bonds co-exist in the Zng;Sbselnys film as shown in Fig.
4(b). Noteworthy is that the content of homopolar Sn-Sn and
In-In bonds is more than that of heteropolar Sn-Sb and In-Sb
bonds as shown in Figs. 4(a) and 4(b), respectively.
However, the binding energy of the Al 2p XPS spectrum for
Zn35SbspAlss as shown in Fig. 4(c) is 74.9 eV, being higher
than that of Al-Al bonds (72.65eV).'® The shift of the bond-
ing energy is due to the presence of Al-Sb bonds rather than
Al-Al bonds in the Zn3sSbsgAlss film. Generally, thermal
stability in the amorphous film containing a large amount of
homopolar bonds is poor, and a larger E, is required for the
crystallization of the amorphous film containing a large
amount of heteropolar bonds. Therefore, we think the value
of E, for Zn;5sSb3pAlss film is must larger than that of
Zns50Sb3eSn 4 and ZngSbaglnys films. This is supposed to be
well in agreement with the results of amorphous thermal sta-
bility, e.g., E, and 10-yr data retention. It is also interesting
to see that the difference in E, value between Zn,;Sbsgln,s
and Zn;5Sb;pAlss is 2.5eV, but such a difference becomes
almost zero between ZnssSbspAlss and ZnsoSbzeSnis. To
understand the physical origin, we also measured the E, of
Zn4pSb34Sny, film, being 2.64 eV (the details are not shown
in here). This is close to the E, value of Zn,Sbseln,s. Thus,
the increase in the E, value of the Zns5oSb3sSn 4 film may be
ascribed to a small number of Sn content doped into ZnSb
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FIG. 4. XPS spectra of (a) Sn 3d, (b) In 3d, and (c) A1 2p for ZnsoSbzsSn 4, Zny;Sbseln,s, and ZnzsSbipAlss amorphous films, respectively.

film, leading to smaller amount of Sn-Sn homopolar bonds
in the film.

We also employed XRD to verify the crystallization
behavior of the ZnsySb3gSn 4, ZnySbsgln,ys, and Zn;5SbspAlss
films. As shown in Fig. 5(a), the amorphous structure in
Zns5oSbseSny4 film even annealed at 200°C is still kept.
However, when the film was annealed at 250 °C, the diffrac-
tion peaks corresponding to rhombohedral Sb phase (JCPDS
No. 1-802) appear. With the further increasing annealing tem-
perature to 300°C and 350°C, these Sb diffraction peaks
become stronger, implying a further crystallization of the film.
Fig. 5(b) shows the XRD curves of the annealed Zn4;Sbsgln,s
films. Obviously, the film is still amorphous, even annealed at
300 °C. With further increasing temperature to 350 °C, the film
exhibits several broad diffraction peaks corresponding to
rhombohedral Sb phases (JCPDS No. 1-802). The XRD curves
of the annealed Zn35Sb;pAlss films are presented in Fig. 5(c).
We can see that the film annealed at 250 °C is still amorphous.
However, a crystalline rhombohedral Sb phase (JCPDS No. 1-
802) appears in the film annealed at 300 °C, and a cubic AlSb
phase (JCPDS No. 79-616) will overlap with those in the film
annealed at 350 °C.

Raman spectra of these three films obtained by laser
confocal Raman spectrometer are also used to trace the struc-
ture evolution of crystallization. The results and their decom-
positions into different structural units are shown in Fig. 6.
There are two broad peaks in the Raman spectrum of the
200 °C-annealed ZnsoSbssSn;4 films as shown in Fig. 6(a).
The peak at ~114cm™' can be assigned as E, mode for
Sb-Sb vibration.'” Another broad peak at 155cm ™" can be

decomposed into three peaks at 138, 149, and 170cm ™},

respectively. With increasing annealing temperature to
350°C, the peak at 114cm™' becomes stronger due to the
fact that the rhombohedral crystalline Sb appears in the film.
The Raman spectrum of the Zn4;Sbsgln,; film is presented in
Fig. 6(b). A dominant band around 155 em ! in 250°C and
300 °C-annealed films can be decomposed into three bands
at 133, 153, and 174 cm ™", respectively. When the annealing
temperature is increased to 350 °C, a sharp peak appears at
153 cm ™", which can be ascribed to A;, mode in the crystal-
lization of Sb phase.'” The peak at around 133 cm ™! (yellow
color in Fig. 6(b)) is due to the In-Sb vibration which is
broader than the Sb-Sb vibration peak, especially at 350 °C-
annealed film. This is due to the amorphous nature of InSb
phase even at 350 °C-annealed film, which is in agreement
with the fact that no crystalline InSb phase can be found in
the XRD pattern. Let us move to the Raman spectrum of
200°C and 250 °C-annealed ZnzsSbsgAlss film. The whole
spectrum can be decomposed into three bands as shown in
Fig. 6(c). With increasing annealing temperature to 300 °C,
the peak at 155cm™' becomes sharper, which is due to the
appearance of the crystalline Sb phase. When the annealing
temperature increases to 350 °C, the peak becomes stronger,
indicating that more crystalline Sb grains exist. In addition, a
broad peak at 134cm™' appears in 200°C-, 250°C-, and
300 °C-annealed films (yellow color in Fig. 6(c)), which is
due to the AISb amorphous phase in these films. The peak
becomes sharper when the annealed temperature is increased
to 350 °C. This corresponds to the separation of the crystal-
line AISb phase from the film. The evolution of all these
Raman spectra is in excellent agreement with the XRD
results.

(b)

~
o
S

(a) _ 1 JCPDS NO. 1-802 JCPDS NO. 1-802 ac JCPDS NO.79-616
a rhombohedral Sb ) rhombohedral 3b S5 cubicAISb
S s JCPDS NO. 1-802
= rhombohedral Sb
| 2
] S D @
c c c
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FIG. 5. XRD curves for (a) ZnsoSbssSny4, (b) Zng;Sbsglngs, and (¢) ZnssSb;pAlss films at different annealing temperatures.
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FIG. 6. Raman spectra for (a) ZnsoSbseSny4, (b) Zny;Sbaelngs, and (¢) ZnssSbipAlss films at different annealing temperatures.

The accurate crystallization time was measured using
nano-second scale static tester under laser irradiation. The
reflectance (AR) of the thin film can be defined by the fol-
lowing equation:

AR = (Rafter - Rbefore)/Rbeforea (2)

where Ry, and Rz, are the reflectivity before and after
irradiation, respectively. Figs. 7(a), 7(b), and 7(c) are the
Power-Time-Effect (PTE) diagram for ZnsoSbigSnq,
Zn4Sbsgln,s, and Zn;5SbspAlss film, respectively. The scale
bar in the right of the figures is relative crystallization,
defined as the ratio of AR to AR,,,.. Each PTE diagram can
be catalogued into three different regions. (1) The blue
region has a relative crystallization below 0.3, where the
reflectivity increases smoothly due to insufficient laser
power. This process can be called incubation. The incubation
time at 70 mW laser power labeled in the diagram is 40, 56,
and 20 ns for ZHSOSb36SIl14, Zn4ISb3GIn23, and Zn355b30
Alss, respectively. (2) The green region has a relative crys-
tallization between 0.3 and 0.8. The increase of relative crys-
tallization accelerates obviously in this region, due to the
continuous formation and growth of the nuclei in the amor-
phous matrix after incubation. (3) The relative crystallization
in the red region is beyond 0.8 and changes slowly due to the
growth of the nuclei up to the critical radius. The

70

-~
=

(a)" TON
: £
g g
%:a %m

10

50 100 150 200 250
Pulse width (ns)

100

Pulse width (ns)

corresponding time can be considered as complete crystalli-
zation time labeled in the diagram (at the laser power of
70mW), being 142, 134, and 45 ns for ZnsoSb3sSng,
Zny;Sbsglnys, and Zn;sSbspAlss, respectively. According to
our previous work,”’ the complete crystallization time of
GST film, which was obtained by the similar method, is
280ns. Thus, Zn3sSbspAlss film has faster crystallization
speed than that of conventional GST and Sn- or In-doped
ZnSb films in this paper.

Let us move to the up-right corner in Fig. 7(c) as marked
by the red dash ring. It can be found that the relative crystal-
lization of Zn35Sb3pAlss film decreases obviously when the
laser pulse power and duration time reach 70 mW and
160ns, respectively. The enlarged view of this corner is
replotted as Fig. 8(a), where the relative crystallization sub-
sequently decreases with increasing pulse duration or laser
power. Moreover, the value of AR is negative when the pulse
power and duration reach 70 mW and 227 ns, indicating that
Zn35Sb3pAlss film is re-amorphized in their atomic structure.

To examine whether crystallization and re-amorphization
are reversible, we performed the optical switching experi-
ments. The AR for ZnssSbypAlss film under repeated laser
pulses is shown in Fig. 8(b), where the set power and the pulse
width are 40 mW and 250 ns, respectively, for crystallization,
and the reset power and pulse width are 70 mW and 250 ns,

150 200 250 100 150 200
Pulse width (ns)

FIG. 7. Power-time-effect plots the nanopulse reflection response in (a) ZnsoSbseSny4, (b) Zny;Sbseln,s, and (¢) ZnssSbspAlss films.
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respectively, for amorphization. The laser pulses are repeat-
edly loaded onto the thin film, and this simulates cyclic opti-
cal switching upon phase transition. During 50 cycles of the
operation, the difference of AR between crystallization and
amorphization recording is slightly decreased, e.g., the opti-
cal reflectivity of amorphous state gradually increases, while
that of crystalline state is almost constant. This might be due
to the fact that the maximum laser power in our static tester
(PST-1) is 70 mW, which is not enough for Zn;5Sb3pAlss
crystalline film to be completely melted in short time. This
results in the residual nucleus or crystalline grains that are
not completely melted in the re-amorphization process. The
number of these residual grains increases with increasing
cycle, leading to the gradual increase of the optical reflectiv-
ity in amorphous state. Nevertheless, the difference in their
AR is still obvious to confirm a reversible phase transition
process in the Zn35SbspAlss film.

The surface roughness of the film has a significant impact
on device performance because it will affect the quality of the
electrode-film interface.”! Figs. 9(a) and 9(b) show the surface
morphology of the AFM images of 300 °C-annealed ZnSb and
Zn35Sb3pAlss film. The root-mean-square (RMS) surface
roughness of the crystalline Zn3sSbspAlss film is 1.654 nm,
which is smaller than that of the pure ZnSb film (14.04 nm).
The smooth surface in Al-doped film indicates that Al dopant
can restrain the grain growth, leading to smaller grain size and
lower roughness compared with the pure ZnSb film.

The phase change is always accompanied by an induced
stress that could lead to a significant volume change. XRR is

(a)

ZnSb -
RMS=14.04nm

Number of cycles (N)

an effective way to be used to analyze the thickness, density,
and interface of thin film. Fig. 10(a) shows XRR spectra of
the as-deposited and 300 °C-annealed Zn;5SbspAlss film. As
labeled by the dash lines, the reflection peaks in the crystal-
line film shift toward the higher angle compared with those
in the amorphous film, implying that the thickness of the thin
film thickness decreases after crystallization. Here, we used
the modified Bragg’s equation to evaluate the change of the
film thickness**

sin?0 = 20 + (m + 1/2)*(1/2h)%, A3)

where o, m (m=1,2,3...), A, and h are a constant, reflection
series, wavelength of Cu K, radiation (0.154nm), and film
thickness, respectively. Fig. 10(b) shows the plot of sin’0
versus (m + 1/2)2 for the Zn35SbsgAlss film. The correlation
of / and the slop k from the fitting lines in Fig. 10(b) is given
by the following equation:

h =22k, )

From the XRR data, we can achieve the thickness of the
amorphous film is 80 nm, which is in accord with that meas-
ured by Veeco Dektak 150 surface profiler. The thickness of
the crystalline film is 74 nm. Thus, the change of the film
thickness upon crystallization is about 7.5%, which is
smaller than that of GST crystallizes into hexagonal phases
(8.2 +0.2%).”* If no material is lost through evaporation,
the decrease of the thickness should be positively correlated
with the change of the density.”” Thus, compared with GST,

(b)
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FIG. 9. AFM patterns for 300 °C-annealed (a) ZnSb and (b) Zn35Sb;pAl;s films.
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7Zn35Sb3pAlss film possesses a smaller density change during
the amorphous-to-crystalline phase transition process, which
is in favor of the reliability of interface between phase
change layer and electrode for PCM.

IV. CONCLUSIONS

In this paper, we investigated the effect of Sn, In, or Al
doping on the structure and physical properties of ZnSb film.
It was found that the introduction of the metallic dopants
such as Sn, In, or Al into ZnSb can break Zn-Sb bonds, and
then form new homopolar Zn-Zn bonds and heteropolar Sn-
Sb, In-Sb, or Al-Sb bonds. Excess Sn and In were confirmed
to present in thin films in the formation of Sn-Sn and In-In
bonds in Sn 3d and In 3d XPS spectra. In contrast, the Al
dopant completely bonds with Sb, forming Al-Sb bonds due
to its similar electronegativity between Al and Zn. For ther-
mal stability, the Zn3sSbzgAlss film shows higher T.
(~245°C), larger E, (~4.7eV), and better 10-yr data reten-
tion (~182 °C). For phase transition speed, the Zn;sSb3pAlss
film exhibits less incubation time (20 ns at 70 mW), faster
complete crystallization speed (45 ns at 70 mW), as well as
the reversible characteristic. The surface roughness is
1.654nm for Zns3sSbspAlss, which is smaller than that of
pure ZnSb film. The change of thickness between amorphous
and crystalline state for Zn;sSbspAlss film is about 7.5%,
which is lower than that of GST. The above excellent proper-
ties suggest that the Zn3sSb3pAlss film could potential be a
phase change material for PCM application.
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