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Ag/Si0,/Si multilayer samples with different SiO, layer thicknesses were prepared through deposition of Ag
layer onto SiO,/Si substrates at different substrate temperatures (Ts,,) by RF magnetron sputtering method.
Microstructure of the multilayer was characterized by XRD 6/26 scan and ¢-scan analysis, depth-resolved XPS
analysis, and Doppler broadening of annihilation radiation (DBAR) spectra of positron measurements. The ex-
perimental results indicate that, at Ty, = 25 °C, the Ag deposition forms Ag/SiO./Si multilayer structure. With

Tsup increasing to 200 °C, Ag atoms are found to diffuse into the SiO, layer. This thermal diffusion process plays a
critical role in removing SiO, layer on the Si substrate. At Ty, of 600 °C, the 31-nm-thick SiO, layer is partially
desorbed from the Si surface as a result of Ag diffusion, and eventually results in a deposition of Ag layer directly
on the Si substrate. This is also confirmed by the XRD ¢-scan measurements, which indicates epitaxial growth of
Ag atoms directly on the surface of Si substrate at T, of 600 °C.

1. Introduction

The metal/Si systems have attracted tremendous attention due to
the potential applications of their electronic [1], magnetic, optical
properties [2], and in fundamental mechanic growth process [3, 4].
Among all metal/Si systems, Ag/Si is one of the most interesting sub-
jects due to its non-interactive and atomically abrupt interface [5], also
for the smallest electrical resistivity by Ag and the most practically used
substrate of Si(001) [6-8]. In the past decade, it is well known that
epitaxial growth of silver on silicon can be obtained by evaporation
techniques such as molecular beam epitaxy [9, 10]. However, tradi-
tional epitaxial growth requires clean Si substrate surface, and thermal
annealing at high temperature in ultrahigh vacuum condition.

In recent years, a new mechanism was proposed that during mag-
netron sputtering process [11-13], the bombardment of highly en-
ergetic sputtered particles with the outmost oxide layer enables deso-
rption of the oxide layer from Si substrate surface, and thus allows
foreign atoms to reach the Si surface [4]. So the presence of a thin SiO,
layer has been utilized for the benefit of growing epitaxial Ag film on Si.
Obviously, structural defects and incomplete growth residues at inter-
face will highly affect the quality of deposited overlayer. It is thus quite
important to probe the interfaces buried at certain depth in the Ag/
SiO,/Si multilayer and to identify the type and the concentration of

structural defects [14]. However, very few methods can give direct
identification of atomic-scaled defects and also provide depth-resolved
analysis of the defect distribution.

Positron is a unique probe for the nanometer-scaled defects in ma-
terials. By changing the incident energy of the positron beam, positron
implantation depth in the sample can be controlled, and the depth
distribution of defects near the subsurface area can be obtained. A high-
purity Ge detector was used to collect the annihilation y-rays to con-
struct the Doppler broadening of annihilation radiation (DBAR) spec-
troscopy. S parameter is used to characterize the DBAR spectrum,
which is defined as the ratio of the annihilation events in the central
region ( 511 + 0.76 keV) of the 511 keV annihilation peak to the total
number of counts within the peak. Thus, when positrons are trapped at
low electron density environment such as vacancies, they have less
chance to annihilate with high momentum core electrons, leading to a
narrower DBAR spectra [15, 16]. For this reason, an S parameter larger
than the defect-free bulk value is often associated with vacancy-type
defects and, in many cases, it can also provide information on the local
chemical environment where positrons annihilate [17-21]. Further-
more, Ag/SiO,/Si multilayer is an interesting system since it benefits
from the following factors: (1) Positron affinity of Ag is rather strong in
transition metals [22-27] so that a positron prefers to annihilate with
Ag; (2) The S parameter in SiO, and Si is relatively higher than that in
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Ag; (3) The diffusion length of positron in SiO, is very short (less than
10 nm), while in Si single crystal the diffusion length is much longer
(commonly in the range of 100 nm). In this work, we utilize a mono-
energetic positron beam to investigate the diffusion of Ag into SiO,/Si
at different Ty, during magnetron sputtering.

2. Experiment
2.1. Samples preparation

The SiO,[31]/Si and SiO,[110]/Si (the number in square brackets
denotes layer thickness in nm) substrates were obtained by annealing
the Si(001) wafers ( 10 x 10 mm) at 800°C in an O (99.999%) at-
mosphere. The 30-nm-thick Ag films were grown on SiO,/Si substrates
at different Tsyp, by RF magnetron sputtering method using an Ag
(99.99%) target. The base pressure of deposition chamber is up to
3 x 10~ °Pa. During sputtering process, the pressure of working gas Ar
(99.999%) was kept at 0.3 Pa. We denote samples in the way of Ag[301/
Si05[311/Si@25 °C, where the temperature after @ denotes Ty, in °C.

2.2. XRD 6/26 scan and @-scan measurements

XRD measurements were performed on a high-resolution X-ray
diffractometer (SmartLab, Rigaku) by using the X-rays from Cu K, ra-
diation. For XRD 6/260 measurements, the scanning range was from 20°
to 90° with a step of 0.01°. The XRD ¢-scan measurements were also
performed on Si(001), Ag[30]1/Si0,[311/Si@25 °C and 600 °C. In the ¢-
scan for Si(001) substrate, the 20 angle was fixed at 260 = 28.443° and
the tilt angle ¢ ranged from 40° to 80° with a step of 1°. While in the ¢-
scan for Ag film, the 20 angle was fixed at 20 = 44.279° and the ¢ angle
ranged from 40° to 80° with a step of 1°.

2.3. Depth-resolved XPS measurements

The depth-resolved XPS measurements were performed by using a
PHI-5000 VersaProbe II (ULVAC-PHI, Chigasaki) system. The base va-
cuum level of the system is 2-3 x 10" Pa. During the depth-resolved
measurements, the vacuum gets worse to 3-5 x 107Pa. After each
sputtering process (4 keV Ar* for 30 ), XPS analysis was carried out to
quantitatively determine the atomic concentrations of all elements.

2.4. DBAR measurements

The DBAR measurements were carried out by using a magnetically
guided variable-energy positron beam (0.2 -20.2keV). For the con-
venience of comparison, all S parameters were normalized to the defect-
free Si bulk value (i.e. S value of bulk Si equates to 1). To further un-
derstand the positron annihilation characteristics in Ag/SiO,/Si, the
VEPFIT [28] software has been employed to resolve the defect depth
profiles and depth structures of deposited Ag/SiO,/Si layers. The S
parameter measured at different positron energy E is a linear combi-
nation of the specific S value for each layer. It can be formulated in the
form of:

S(B) = S,F(E) + ), SF(E),

i=1

where S; and S; are the S parameters at surface and in ith layer,
respectively, while F; and F; denote the fraction of positrons
(K(E) + Zl,":l E(E) = 1) annihilated at surface and in each layer, re-
spectively. By considering the one-dimensional diffusion equation of
positrons and the Makhov implantation profile using VEPFIT program,
the S parameters and positron diffusion length in each layer can be
obtained.

Applied Surface Science 496 (2019) 143527

S
S
~ )
= 0
- <
50
= <
I
5
o) .
)
2 A
37 g _400°C
g ;
E
. 200°C

25°C

35 40 45 50
Diffraction angle 20 (degrees)

Fig. 1. XRD 6/26 diffraction patterns of Ag[30]/Si0,[31]/Si @25, 200, 400,
and 600 °C.

3. Results and discussion
3.1. XRD 6/20 scan and ¢-scan measurements

The XRD 6/26 scan profiles of Ag[30]/Si0,[31]/Si@25, 200, 400,
and 600 °C are shown in Fig. 1. It was found that, at Ty, = 25 °C Ag
film was deposited and grown preferentially with (111) crystal-
lographic direction and also exhibited meagre intensity of (200) re-
flection. With increasing Ty, the intensity of (111) reflection peak
becomes weaker while the intensity of (200) reflection peak becomes
stronger. Most significantly, the dominant (111) peak intensity de-
creases with increasing (200) peak intensity at 600 °C. This change of
Ag film orientation indicates that the mechanism of Ag film growth
might have changed at elevated Ty,

Fig. 2a—c shows the ¢-scans of Si(001) wafer, Ag[30]/Si0,[31]/Si@
25 °C, and Ag[30]/Si0,[31]1/Si@600 °C, respectively. In Fig. 2b, the Ag
(200) pole figure of Ag[30]1/Si0,[31]/Si@25 °C shows random growing
orientation in all the directions. On the contrary, the Ag(200) pole
figure of Ag[30]/Si0,[31]/Si@600 °C reveals a remarkable fourfold
symmetry and matches Si(111) poles well, which indicates the epitaxial
relationship of Ag(110)/Si(110). The four distinct equidistant max-
imum pole densities were observed at the tilt angle ¢ of 54.7° which
corresponds to the angle between the (111) and (001) planes in cubic
crystals. It should be mentioned that this Ag film is initially sputtered
onto SiO,/Si substrate. However, in Ag[30]/Si0,[311/Si@600 °C, the O
1s peak becomes much weaker and narrower, and it can be seen clearly
that the peak center of O 1s moves outward towards the surface. This
suggests that SiO, is partially absorbed.

3.2. Depth-resolved XPS measurements

The depth profiles of atomic concentrations of all elements of
SiO,[31]1/Si substrate, Ag[30]/Si0,[311/Si@25 °C, and Ag[30]1/
Si05[31]1/Si@600 °C are shown in Fig. 2 (d), (e), and (f), respectively.
In both SiO,[311/Si substrate and Ag[30]1/Si0,[31]/Si@25 °C, the
different layers could be clearly observed from depth-resolved XPS.
However, in Ag[30]/Si0,[311/Si@600 °C, no clear interface between
the neighboring layers was observed. The XPS analysis shows that the
deposited Ag atoms were diffused into the SiO, layer, and even a few
percent of Ag atoms reached the Si layer.
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Fig. 2. (a) The Si(111) pole figure of Si(001) wafer. The Ag(200) pole figures of (b) Ag[30]/Si0,[31]/Si@25 °C, and (c) Ag[30]/Si0,[31]/Si@600 °C. Depth profiles
of Ag, O, and Si concentrations of (d) SiO,[31]/Si substrate, (e) Ag[301/Si0,[311/Si@25 °C, and (f) Ag[30]1/Si0-,[31]1/Si@600 °C derived from depth-resolved XPS

analysis.

3.3. DBAR measurements

The Doppler broadening S parameter, as a function of incident po-
sitron energy (S-E curve), for two types of SiO,/Si samples with and
without Ag deposition, are shown in Fig. 3, The solid lines are derived
from VEPFIT fitting. In the S-E curve of SiO,[110]1/Si, there is a dip at
around 3 keV which is identified as the SiO,/Si interface [17-19]. When
positron incident energy is lower than 3 keV, positrons mainly annihi-
late in the outmost SiO, layer. As incident energy increased, positrons
can inject into Si substrate and diffuse in Si substrate in random-walk
mode. Due to the attractive potential of the interface, some fraction of
positrons stopped near this area can get trapped and annihilate at the
interface. At SiO,/Si interface, the S parameter is smaller than that in Si

Mean implantation depth (nm)

0 30 110 350 800 1300  (inSiO)

1 02 [ I L T L T L T L T L T ~ ]
Cer 0 10 30 100% 200 300 (inAg) ]
 1.00F .
51 I ]
g 0.98| E
g ]
g i ]
5096} .
- [ ]
L 0.04f v - : ]
= T 77 u Si0,[31)/Si j
g 0.92f 'T'/Y ° Si0,[110)/Si ]
z 090: i { Ag[301/Si0,[311/Si@25°C |1
R 4 v Ag[30)/SiO,[110)/Si@25°C| ]
N B T T

0.88 0 5 10 15 20

Incident positron energy (keV)

Fig. 3. Normalized S parameter as a function of incident positron energy for
SiO,[31]1/Si, SiO,[1101/Si, Ag[301/Si0,[311/Si@25 °C, and Ag[301/
Si0,[1101/Si@25 °C. The scatters are derived from the fitting by VEPFIT. The
solid lines are eye-guide lines.

bulk or oxide. Generally, in a defective solid, the S value is expected to
be higher than the bulk value in defect-free case. The lower S parameter
than that of either Si or SiO5 bulk is probably due to the change of
electron momentum detected by positrons. In case of positron annihi-
lation with core electrons of oxygen, there will be a substantial decrease
of S parameter [29] At SiO,/Si interface region, there are many dan-
gling bond sites [30, 31]. Positrons are trapped at these sites, and an-
nihilate with outer core-electrons of oxygen atoms, leading to a wider
Doppler broadening peak and a lower S parameter [20]. However, in
SiO,[311/8i, such similar interface was not detected by the positron
beam. The 31-nm-thick SiO, layer is very thin (the interface is too
shallow below the SiO, surface), and the surface state could compete
with the SiO,/Si interface, therefore the SiO,/Si interface is difficult to
be distinguished. Up to now, no such shallow interface in the SiO5[31]/
Si system has been detected by positron beam.

As shown in Fig. 3, for Ag[30]/Si0,[311/Si@25 °C, and Ag[30]/
Si0,[1101/Si@25 °C, fitting results exhibit an S parameter of about 0.9
in Ag overlayer. It should be noted that the positron diffusion length L
in Ag overlayer fitted from VEPFIT is around 9 nm, which is much
shorter than that in Ag single crystal (about 110 nm) [32], indicating
the presence of structural defects in Ag overlayer which trap positrons
and reduce the diffusion length. In the low energy region (E < 2keV)
of the S-E curves, the S parameter decreases with increasing positron
incident energy. The initial points in the two curves of Ag[30]1/
Si0,[30]1/Si@25 °C and Ag[30]/Si05[110]/Si@25 °C show the relative
high values of S parameter, which is most probably due to the higher S
parameter in the surface state. The depth-resolved analysis of the S-E
curve by VEPFIT program can thus clearly identify the Ag overlayer,
SiO, layer, SiO,/Si interface and Si substrate for the samples deposited
at 25°C.

The S-E curves measured for all the Ag/SiO,/Si multilayers grown at
different substrate temperatures are shown in Fig. 4. At the first glance,
it could be easily found that the two SiO,/Si samples without Ag films
have much higher S parameter than that of all Ag/SiO,/Si, especially in
the low energy region of less than 3.6 keV (corresponds to the mean
implantation depth of 30 nm in Ag or 120 nm in SiO,). In this figure, for
the five samples with Ty, higher than 25 °C (Ag[30]1/Si0»[31]/Si@200,
400, and 600 °C; and Ag[30]/Si05[110]/Si@300 and 600 °C), the S-E
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Fig. 4. Normalized S parameter as a function of incident positron energy for (a)
Ag[30]/Si0,[31]/Si samples that deposited at different Ty, and (b) Ag[30]/
Si0,[1101/Si samples that deposited at different Tgp.

curves cannot be well fitted by VEPFIT. This is most probably due to the
destruction of the multilayer structure. It is suggested that Ag atoms get
enough kinetic energy to diffuse through the SiO, layer at higher Ty,
This diffusion process plays a critical role for epitaxial growth of Ag on
oxide-covered Si.

Compared to Ag[30]/Si0,[31]1/Si@25°C, Ag[30]/SiO,[31]/Si@
200 °C shows a much higher S parameter in the energy region below
4keV but a lower S parameter between 4 and 8 keV. From depth-re-
solved XPS analysis, we know that, with increasing T, some fraction
of Ag atoms penetrate into SiO, layer. Thus, the multilayer structure is
destroyed and the measured S parameter of Ag[30]/SiO5[31]1/Si@
200 °C is a weighted average of both Ag and SiO, in the low energy
stage since positron diffusion length in either Ag (around 9 nm) or SiO,
(less than 5nm) is very short. The situation in Ag[30]/SiO,[31]/Si@
400 °C is similar to that deposited at 200 °C. In the energy region of
E > 4keV, these two curves are nearly the same. However, the S-E
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curve of Ag[30]/Si0,[311/Si@600 °C demonstrates a totally different
shape. In the low energy region (E < 7 keV), the S parameter increases
monotonically with increasing positron energy, and in the high energy
region (E > 7 keV), the S-E curve is just the same as that of SiO5[31]/
Si. At Tgy, = 600 °C, energetic Ag atoms not only penetrate into SiO,
layer but also induce desorption of SiO, layer so that much of the Ag
atoms were deposited directly on the surface of Si substrate. This is
confirmed by the XPS measurements mentioned above. The XRD ¢-scan
profiles also confirm the epitaxial growth of Ag films on the Si sub-
strate.

For Ag[30]/Si0,[110]/Si samples grown at higher T,,, which is
shown in Fig. 4b, the penetration of Ag atoms into SiO, layer can still be
observed from S-E curves and the situations in these cases are very si-
milar to that in Ag[30]/Si0,[31]/Si samples. The Ag[30]/Si0,[110]/
Si@300 °C and 600 °C samples have higher S values in the low energy
region than that deposited at 25 °C. This is certainly the consequence of
Ag diffusing into SiO, layer. However, a 110-nm-thick SiO, layer is
rather difficult for Ag atoms to penetrate through and reach the Si
surface, so the difference between Ag[30]/Si0,[31]/Si@600 °C and Ag
[30]1/Si0,[110]/Si@600 °C is evident. In Ag[30]/Si05[31]1/Si@600 °C,
the thickness of SiO, layer is possible for the Ag atoms to reach Si
substrate. However, the penetration of SiO, layer in Ag[30]/SiO5[110]/
Si@600 °C becomes difficult because the SiO, layer is much thicker.

4. Conclusion

To summarize, we investigated the Ag/SiO,/Si system using depth-
resolved slow positron beam together with XRD and depth-resolved XPS
measurements. It is found that, at Ty, = 25 °C, the deposition of Ag on
SiO,/Si substrate will form Ag/SiO,/Si multilayer structure with
structural defects in Ag overlayer. As Ty, increases, energetic Ag atoms
can penetrate into SiO, layer and drive SiO, layer out from Si substrate.
At Tgyp = 600 °C, the 31-nm-thick SiO, layer was nearly desorbed from
Si surface as a result of Ag diffusion process, and the epitaxial growth of
Ag films on Si substrate was obtained. While for Ag[30]/Si05[110]/Si,
the 110-nm-thick SiO, layer is too thick to be penetrated through by Ag.
It is expected that with thinner SiO,, it could be much easier for Ag
atoms to penetrate and further lead to epitaxial growth on Si surface.
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