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Interface  engineering  has  emerged  as  a fertile  and  efficacious  approach  to  turn  functional  properties
in  the  field  of  film  systems.  In this  work,  the interfacial  properties  of  sputtered  yttrium  oxide  films
on  zinc  sulfide  substrate  (Y2O3/ZnS)  were  analyzed  by  transmission  electron  microscopy  (TEM),  X-ray
photoelectron  spectrum  (XPS)  depth  profile  and  nano-scratch  measurement.  An  interface  layer  with  the
depth  of  20  nm between  Y2O3 film  and  ZnS  substrate  was directly  observed  by  TEM.  Under  different
film growth  conditions,  although  the  interfacial  features  including  interfacial  width  and  composition
distribution  exhibit  similar  behavior,  it is  found  that  higher  cohesive  strength  is obtained  under  a  special
2O3/ZnS interface
PS depth profile
ano-scratch measurement
dhesion

substrate  bias  voltage  of −160 V  at low  substrate  temperature.  Such  an enhanced  mechanical  property
can  be  understood  by  the  role  of  physisorbed  oxygen  in the  interfacial  region,  in which  less physisorbed
oxygen  with  van der Waals  bonds  leads  to  a strong  adhesion.  Our  results  provide  a favorable  strategy
to  achieve  strong  adhesion  between  oxide  and  sulfide  at low  temperature,  which  are urgent  in  future
micro-electric  applications.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Yttrium oxide [1–7] and zinc sulfide [8–10], possessing multi-
unctional properties, have been known as the promising materials
n a wide range of applications. Interfacing Y2O3 and ZnS has
een widely used for thin-film electroluminescent devices [11–13],
ntireflective transmitting windows [14], field emission displays
15] and other functional structures.

Yttrium oxide films were widely fabricated on silicon to
uild Metal-Insulator-Semiconductor (MIS) devices. The interface
etween insulator and semiconductor, where charge accumu-

ation and transport occur, has attracted tremendous attention

16–19]. Numerous reports have demonstrated that Y2O3/substrate
nterfacial properties have great impact on the device perfor-

ance that included but not limited to opt-electron properties

∗ Corresponding author. Tel.: +86 451 86417970; fax: +86 451 86417970.
E-mail address: zhujq@hit.edu.cn (J. Zhu).

ttp://dx.doi.org/10.1016/j.apsusc.2015.05.109
169-4332/© 2015 Elsevier B.V. All rights reserved.
[20–22] and thermal conductivity [23]. Nevertheless, the adhesion
of coatings to substrate is paramount in practically all applica-
tion areas [24]. Successful combination and long-term stability
of any coated implementation are highly dependent on interfa-
cial adhesion strength between coatings and substrate. Especially,
strong cohesion can protect the substrate from the fierce envi-
ronment when yttrium oxide was used as protective coatings of
windows [25,26]. Although the intrinsic structure and properties
of Y2O3 films have been studied well [5–7] and several meth-
ods to improve the metal-oxide adhesion have been reported
[24,27], the origin of interfacial and mechanical properties of
hetero-materials Y2O3/ZnS are really limited and still not fully
illuminated.

In this paper, yttrium oxide films were grown on ZnS substrate
under different growth conditions to form distinct Y2O3/ZnS inter-

faces. TEM and XPS depth-profile analysis were explored to give
detailed information about their interfaces. The adhesion strength
was evaluated by nano-scratch measurement and also correlated
to the interfacial chemical bonds and structures.

dx.doi.org/10.1016/j.apsusc.2015.05.109
http://www.sciencedirect.com/science/journal/01694332
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http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2015.05.109&domain=pdf
mailto:zhujq@hit.edu.cn
dx.doi.org/10.1016/j.apsusc.2015.05.109
SH-USER1
Text Box
HPSTAR
0104-2015



1 ce Scie

2

f
p
f
a
w
w
e
p
r
t
a
d

i
i
e
3
a
(
w
i
s
u
m
n
p
f
a
s
g

F
fi

20 P. Lei et al. / Applied Surfa

. Experimental details

Yttrium oxide films were grown on ZnS substrate by radio-
requency magnetron sputtering. In order to detect the interfacial
roperties controlled by different conditions, the films under dif-
erent substrate temperatures and bias voltages were synthesized
nd interfaced to ZnS substrate. The low and high temperatures
ere 25 ◦C and 600 ◦C, and the low and high substrate bias voltages
ere set as 0 V and −160 V respectively. The other growth param-

ters remained in the constant state: the power of 130 W,  the total
ressure of 1.0 Pa, the ratio of Ar:O2 of 100:4. Before the deposition,
esputtering process was applied for all the ZnS substrate to remove
he surface contamination and to keep the same surface state for
ll the samples deposited on. The film thickness was adjusted by
eposition time.

In order to prepare the interfacial samples for TEM character-
zation, ∼1.2 �m film on ZnS was cut and fabricated by focused
on beam technique. The TEM images were obtained from TEM
quipment (TecnaiF2F30, FEI Corp.) with the accelerated voltage of
00 kV and the line resolution of 0.1 nm.  The chemical compositions
nd bonds were detected by X-ray photoelectron spectroscopy
XPS, Thermo ESCALAB 250) using a monochromatized Al K� source
ith a step size of 0.1 eV. The XPS depth-profile analysis was real-

zed by scanning the core level of the Y. O, S and Zn from film
urface into substrate. The cohesive strength of Y2O3 and ZnS
nder different growth conditions was evaluated by nano-scratch
easurement. The nano-scratch measurement was  performed by

ano-indenter XP system with force resolution of 100 nN and dis-
lacement resolution of 0.5 nm.  The procedure was  executed as

ollows: the initial load of 0.1 mN  linearly increased to the 100 mN
nd the distance of tip movement was 1000 �m.  The scratch mea-
urement was tested three times for each sample to get more
eneral results.

ig. 1. (a) The low-resolution TEM cross-sectional image of Y2O3/ZnS interface; (b) diffrac
lm and (d) the high-resolution TEM cross-sectional image of Y2O3/ZnS interface (Y2O3 fi
nce 351 (2015) 119–124

3. Results and discussions

The TEM images of (∼1.2 �m) Y2O3/ZnS interface are shown in
Fig. 1. Fig. 1(a) exhibits the low-resolution TEM image of interface
between ∼1.2 �m Y2O3 and ZnS substrate. It can be observed that
there is a clear and sharp interface instead of an obvious zigzag-
shaped transition zone at the scale of 0.5 �m.  The film shows the
columnar structure and each column is separated by boundaries
shown as dark areas. As shown in Fig. 1(b), ZnS substrate con-
tains large grains and in individual ZnS grain the diffraction image
exhibits the single crystal feature (cubic, PDF #05-0566). While the
films are polycrystalline structure (cubic, PDF #041-1105) as shown
in Fig. 1(c). In order to give more details of the interface, the high-
resolution TEM was obtained in Fig. 1(d). Unlike the results from
regular TEM (Fig. 1(a)), the interfacial boundary between film and
substrate is obscure and gradient-like, and a transition zone with
∼ 20 nm thickness can be determined.

To further confirm the composition and chemical bonds at the
interfacial transition zone, XPS depth-profile was obtained by scan-
ning the surface after every 2 min  argon etching. Fig. 2 gives the
core level spectra of O1s, Y3d, Zn2p, and S2p under different etching
times. As for 0 and 2 min  etching, the core level photoelectron spec-
tra of O1s and Y3d have strong intensity as shown in Fig. 2(a) and
(b) respectively, verifying the chemical composition of Y2O3 films.
As the etching time increases, the intensity of O1s and Y3d spec-
tra gradually reduces. While after 12 min  etching, O and Y signals
are very weak and almost disappear, indicating substrate area has
exposed to the detector. In contrast, Zn and S elements show the
opposite trend when approaching to the substrate. Before 4 min,

there are no signals of Zn and S elements. After 6 min  etching,
weak peaks of Zn and S appear, and the peaks gradually increase
until entering the substrate, which is characterized by the only
existed Zn and S peaks. As sputtering deepens from surface into

tion pattern of one single grain of ZnS substrate; (c) the diffraction pattern of Y2O3

lm grown on ZnS at 600 ◦C).
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(d) S2p of Y2O3/ZnS (0 V, 25 ◦C, ∼30 nm Y2O3 on ZnS substrate).

s
p
f
i
w
T

Y
c
e
e
i
c
t
t
A
o
h

p
p
Y
o
m
t
i
a
r
t
c
h

Fig. 3. The depth-profile of element concentration of Y2O3/ZnS interface under dif-
Fig. 2. The XPS depth-profile of (a) O1s, (b) Y3d, (c) Zn2p, 

ubstrate, the intensity of all the peaks varies and there are no other
eaks appear, indicating the uniform chemical bonds from the sur-
ace to the transition zone. It is also observed that there exists the
nterfacial transition zone which contains four elements within the

indows between 6 min  and 12 min  etching, agreeing well with the
EM images.

Fig. 3 shows the depth-profile of element concentration of
2O3/ZnS interface at substrate voltage of 0 V and −160 V. It is
lear to observe the transition zones of Y2O3/ZnS interfaces. The
lements in Y2O3 films are mainly Y and O. After several minutes
tching, the transition zone appears, which demonstrates the coex-
sted Y, O, Zn, and S elements. As the etching time increases, the
oncentrations of Y and O decrease while Zn and S elements have
he reverse trend. The variation of element concentration from
he film surface to the substrate was shown in Fig. 3(a) and (b).
lthough the films were grown in different conditions, it can be
bserved that the transition zone under the different bias voltages
as the similar width.

As shown in Fig. 4, both the element concentration and peak
osition change as a function of etching time. One can see that O1s
eak is deconvoluted into two peaks (at ∼529 eV and 531 eV) at
2O3 film surface, corresponding to the Y O bond and physisorbed
xygen (defined as O�) [28]. The O� can be mainly attributed to the
oisture or contaminations on the surface in the air [29]. While in

he films, as the argon ion peels forward and moves into the films, it
s believed that the O� comes from the injected oxygen gas as well
s the same case for interface. Being different with Rubio et al.’s

eport that the high binding energy of O1s (531 eV) may  be related
o the carbonate [30], we found that the O� greatly varies while the
arbon concentration changes slightly in the interface (not shown
ere). Therefore, it is reasonable to suppose that the dominating

ferent film growth conditions of substrate of bias voltage of (a) 0 V and (b) −160 V
(25 ◦C, ∼30 nm Y2O3/ZnS).
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Fig. 4. The variation of peak position of (a) O1s, (b

ontribution comes from the injected oxygen gas. The Y3d signal
an be subdivided into Y3d3/2 and Y3d5/2 peaks due to the spin-
rbit coupling [31]. Similarly, both the S2p and Zn2p spectra have

wo splitting peaks. The positions of both O1s and Y3d move slightly
igher position when the probing depth approaches to the inter-

ace. However, the positions of Zn2p and S2p move toward low
inding energy when approaching to the interface. The results of

ig. 5. The friction force and friction coefficient of yttrium oxide films at (a–c) substrate 

nd  400 ◦C.
(c) Zn2p and (d) S2p as a function of etching time.

peak position indicate that there is no other chemical bond for-
mation. Meanwhile, the chemical states of mixed O, Y, S and Zn
elements can be modulated by each other, reaching the negotiated

states in the interface zone.

To evaluate the cohesive properties of Y2O3/ZnS interface under
different conditions, the nano-scratch measurement was employed
and the results are shown in Fig. 5. As the substrate bias voltage or

bias voltage of 0 V, −80 V and −160 V, and at (d–f) the temperature of 25 ◦C, 200 ◦C
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Fig. 6. The ratio of boned O to O�(physisorbed O) of Y2O3/ZnS interface under three
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[19] K. Kita, A. Toriumi, Origin of electric dipoles formed at high-k/SiO2 interface,
ifferent growth conditions (∼50 nm Y2O3 film at substrate voltage of −160 V and
 V, ∼120 nm Y2O3 films at 600 ◦C).

ubstrate temperature increases, the friction force will increase. In
rder to avoid the influence of thickness on the cohesive properties,
he coefficient frictions under different conditions were measured
nd compared. The first maximum friction coefficient was  used to
valuate the cohesive strength. From Fig. 5(c) and (f), the increase
n cohesive strength was observed as the substrate bias voltage
ncreases. However, the substrate temperature does not offer an
bvious effect. That means the energetic ion bombardment can
mprove the initial film growth and the interface states during film
rowth, resulting in the strong cohesive force in the interface. Sev-
ral researchers also reported the similar results for other material
ystems [32–35].

In order to explore the influence factor of the cohesive proper-
ies between yttrium oxide film and ZnS substrate, we consider the
idth and chemical bonds of interfacial zone as the main influence

actors. We  first compare the width of transition zone at different
ubstrate bias voltages as shown in Fig. 3, in which the interfa-
ial width seems to be on the same level. In our work, the same
re-deposition strategy was applied to the same substrate to make
ure the same initial surface conditions (i.e. roughness, morphology
t al.). Accordingly, the interfacial bond should dominantly con-
ribute the adhesive properties. The higher binding energy of O1s
ore level is attributed to the physisorbed oxygen. The physisorbed
xygen in the film and interface mainly origins from the occluded
as (inputted oxygen gas) during film deposition. Fig. 6 shows the
atio of boned O to O� as a function of etching time. It can be
learly observed that the ratio of boned O to O� under bias sub-
trate voltage of −160 V is higher than those of other films in the
nterface zone. When much O� exists in the interface, they reduce
he number of strong bonds, resulting in weaker cohesive proper-
ies as the bonding of physisorbed oxygen predominately relies on
he weak van der Waals forces. Indeed, this bombardment prefers
o resputter loosely bonded atoms and implantation [35]. Although
he former results showed the less physisorbed oxygen content in
ttrium oxide film at higher temperature [28], the higher content
f physisorbed oxygen is attributed to the weak cohesion in the
nterface zone.

. Conclusion
In order to explore the interfacial features and cohesive prop-
rties of Y2O3/ZnS, yttrium oxide films were prepared on ZnS
ubstrate under different growth conditions including various sub-
trate temperature and substrate bias voltage. A transition zone

[

nce 351 (2015) 119–124 123

with a width of 20 nm was  directly observed by high-resolution
TEM at Y2O3/ZnS interface. Such transition zone can be con-
firmed by XPS depth-profile analysis, in which the peak position
of O1s, Y3d, Zn2p, and S2p change and converge. The nano-scratch
measurement demonstrates the bias voltage could enhance the
cohesive strength rather than the high substrate temperature.
The enhanced Y2O3/ZnS interface is mainly attributed to the less
physisorbed oxygen (weak van der Waals bonds). Ions interaction
is the feasible way to strengthen the interface at low substrate
temperature, which is promising for further MEMS  application.
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