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ABSTRACT

A bi-layers stack consisting of a semiconductor thin film of a varied thickness

and a very thin Pd layer (SiC/Pd/c-Si).was deposited onto c-Si by e-beam

evaporation at room temperature. The multi-layers structure was subjected to a

thermal annealing process at near eutectic temperature of the Si – Pd phase. It is

noticed, through top view SEM and cross-section STEM analyses, that the

sandwiched Pd metal layer dewets from the interface with the c-Si substrate in

well dispersed nanoparticles and it diffuses inward onto the top few monolayers

of the substrate; at times it permeates shallowly through the SiC semiconductor

top layer. The size distribution of the nanoparticles was found to be closely

linked to the thickness of the top semiconductor layer. On the other hand, the

top SiC layer was found to form islands protruding above the surface, when the

film was very thin. When thicker, the semiconductor SiC layer retained its

integrity and remained unaffected. An optical model of the resulting metal-

dielectric mixed layer is proposed.

1 Introduction

Thin metal films deposited on non-metal substrates

like ceramics and semiconductors have been reported

to be thermodynamically metastable and to dewet

from the substrate surface through solid state diffu-

sion at sufficiently high temperature of annealing,

even below the melting point of the material [1, 2].

Although SSD of thin films has been considered in

the past to be harmful to thermal and electronic

transport in microsystems, it has now also emerged

as a beneficial way of controlling the nanostructures

growth [3, 4] for varied applications. Hence the

motivation to investigate on its mechanisms and

kinetics [5], especially in multilayers structure.

Although a large body of knowledge has now been

accumulated on the mechanism behind the dewetting

of one single metal layer and single thin crystalline

films on a substrate [6–9], SSD of bi- and multilayers

adds more complexity to the SSD problem of pure
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metals as the intermixing of individual sub-layers

happens on a different timescale [10] and it is not

well understood; yet the SSD of multilayers repre-

sents a simple fabrication method of supported

nanoparticles with tunable composition and func-

tional properties [11, 12]. Mamogo et al. [13] have

recently discussed the effect of SSD of thin metal

layer on an intercalated semiconductor between the

dewetted metal and the substrate. A ‘‘c-Si substrate/

SiC layer/thin Pd metal’’ structure was used in that

study. It was shown that, at a temperature of

annealing close to the eutectic point of the Pd/Si

phase, the Pd metal upon dewetting, was diffusing

inward into the SiC layer. In this study, we want to

investigate the structure ‘‘Substrate/Metal/Semicon-

ductor’’ namely ‘‘c-Si/Pd/SiC’’ for its dewetting

mechanism and for the optical properties of the SiC

layer upon annealing. The binary compound SiC is a

promising semiconductor for applications in opto-

electronics, sensing and energy due to its outstanding

properties such as a wide bandgap, a high phonon

frequency, a high thermal conductivity and break-

down voltage [2, 14–16]. For an homogeneous semi-

conductor layer like a-Si:H or a-SiC:H on a substrate,

it is easy to obtain the optical constants [17–20] from

the reflection and transmission spectra as long as they

have a reasonable number of interference fringes. In

the studied layers stack, a composite semiconductor-

metal is obtained upon dewetting of the thin metal

layer; not only the layer is inhomogeneous but also

the spectra studied do not display a sufficient num-

ber of extrema of interference, there is thus a need to

devise accurate optical models for such mixed phase

composite, taking into account the effective dielectric

function.

2 Experimental techniques

A palladium thin film of a 5 nm fixed thickness and a

SiC layer of varied thicknesses were deposited onto n

–doped (100) c-Si substrate using high vacuum elec-

tron beam evaporation at room temperature. The

cleaning procedure of the substrate and the deposi-

tion details of the samples have been reported else-

where [13]. After the deposition, the samples were

annealed in a chamber maintained at a pressure of

1 9 10-7 mbar at 800 oC for periods ranging from 1 to

6 h. The temperature was ramped from room tem-

perature to 800 oC at a rate of 25 oC/min. When the

required temperature was reached, the chamber was

kept at 800 oC for the annealing duration. Thereafter,

the furnace was allowed to cool down to room tem-

perature overnight. For the scanning electron micro-

scopy studies (SEM), a Zeiss Auriga field-emission

gun scanning electron microscope (FEG-SEM) was

used for characterization of the surface morphology

and elemental composition of the films. It was oper-

ated at 5 kV for imaging using an Everhart-Thornley

secondary electron detector and at 20 kV for energy

dispersive X-ray spectroscopy (EDX) analysis using

an Oxford Instruments X-Max solid-state silicon drift

detector. In the focussed ion beam, the data were

acquired on a Zeiss Cross Beam 540 operated at 5 kV

using the in-lens and EsB detectors. The in-lens pro-

vides high resolution secondary electron images

while the EsB detector provides high resolution

atomic number contrast. The EDS data (X-ray maps

and Point ID) were acquired on an Oxford X-Max

Extreme ‘windowless’ detector operated in the same

conditions. The TEM studies were done using a

Technai G220 field emission gun transmission elec-

tron microscope (FEG-TEM), operated in scanning

transmission electron microscopy (STEM) mode. The

images were acquired at 200 kV accelerating voltage.

Raman spectroscopy: was carried out by a WITec

alpha 300 RAS ? confocal Raman microscope using a

laser wavelength of 532 nm at a power of *5 mW.

The Raman z-scan images were collected on a width

of 15 lm and depth of 10 lm. 200 lines per image

were scanned over an integration time of 1 second.

Fourier transform infrared (FTIR) analysis was con-

ducted using a perkin Elmer Spectrum 100, in the

range 400–4000 cm-1 for molecular vibrational stud-

ies. The reflection (R) spectra in the visible region of

the spectrum were obtained by a Maya 2000 PRO

spectrometer, a product of Ocean Insight, and the R

spectra were modelled using SCOUT software [21].

Two layer stacks, one consisting of 10 nm SiC/5 nm

Pd/c-Si and the other of 40 nm SiC/5 nm Pd/c-Si

were investigated in this study. Although surface

morphology and structural studies are done on

samples annealed at 800 oC where the dewetting was

observed, samples annealed at 800 oC are contrasted

with those annealed at a lower temperature of 500 oC

in order to study the evolution of optical constants.
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3 Results and discussion

3.1 Surface morphology

Figure 1 shows the surface morphology of the layer

stack with structure 10 nm SiC/5 nm Pd/c-Si sub-

strate in as-deposited (a) and annealed state (b–d);

the inserts on the left top corner of micrographs from

annealed samples are the respective FFT bandpass

filtered images, as generated from Image J software.

Figure 1a displays the SEM in-lens micrograph of the

pristine sample which is clearly characterized by a

smooth surface. Figure 1b–d show the micrographs

of the same stack annealed at 800 oC for 1 h, 2 and 3 h

respectively. The surface morphology of the sample

annealed for a shorter period in (b) reveals the

growth of nano-needle & rod like structures of dif-

ferent shapes and randomly orientated; this can still

be considered as the initial stage of dewetting of the

palladium film at the interface with the c-Si substrate.

Prolonged annealing in (c, d) results in more defined,

but at times distorted nanosphere features. This

results from the minimization of the surface energy

as more and more of the rod-features take spherical

shape and increase in volume.

Figure 2 presents the SEM micrographs of the

40 nm SiC/5nm Pd/c-Si layers stack where (a) is

from the as deposited sample, (b) from the annealed

sample at 800 oC for 1 h and (c) from the 800 oC

annealed sample for 3 h. In contrast to the pristine

stack of Fig. 1a, the as-deposited layers stack in

Fig. 2a shows already the presence of mono-dis-

persed small nano-dots; it is unclear at this stage if,

during deposition, the top relatively thick SiC layer

exerted much stronger interfacial forces to the thin Pd

film forcing it to disperse in small droplets. After one

hour of annealing, as shown by the nano-structural

details in Fig. 2b, nano-spherical features appear in

greater density when compared to the micrograph of

the stack in Fig. 1b with the same conditions of

annealing but where a top thinner SiC layer was

used. It appears thus that a thermal stability of the

bilayer was reached faster in the stack with a thicker

SiC surface layer. There is no major difference

between the microstructure between the micrographs

in Fig. 2b and Fig. 2c where different times of

Fig. 1 Dewetting of the 10 nm SiC film/5 nm Pd thin film/c-Si

substrate stack: a the pristine structure; b the SEM in-lens

micrograph of the same layers stack annealed at 800 oC for one

hour; c the same layers stack annealed for two hours and d the

same stack annealed for three hours
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annealing were used. The same observation holds for

Fig. 1c and Fig. 1d. We propose thus that the

dewetting process in these bilayers structures is more

sensitive to the thickness of the semiconductor when

the thermal stability of the bilayer has been achieved.

Furthermore, in comparing Fig. 1b, c and Fig. 2b, c, it

can be observed that the dewetting is more sensitive

to the thickness of the top layer but less sensitive to

the annealing time in both cases.

Figures 3 and 4 show the size distribution of the

dewetted nanoparticles for the two stacks discussed

in Figs. 1 and 2 respectively, as measured using

ImageJ software. The average crystal size values are

appended on the figures. As the microstructure of the

stack 10 nm SiC/ 5 nm Pd / c-Si annealed for 1 h had

shown planar and rods looking features rather than

spherical ones (please refer to Fig. 1b), the ‘‘diameter’’

label would be misleading; one needs to understand

‘‘size’’ for this particular sample as a length measured

in the confined dimension. However the size label-

ling approximates the diameter of the nanoparticles

for the other column-bar plots. A general observation

is that the distributions point to small islands

coarsening into isolated spherical –like larger parti-

cles. This can be explained in terms of interfacial

energy minimization. No particles agglomeration

was observed; we hypothesize that the SiC layer on

top of the dewetting Pd thin film acts a capping /

encapsulating layer on the formed nanoparticles

offering a thermal and physical barrier against

agglomeration especially when the top SiC film was

grown conformal and thicker.

The effect of the encapsulating layer and its thick-

ness is demonstrated much more clearly by the High-

angle annular dark field (HAADF) micrographs of

the lamellae (prepared for TEM studies) imaged by

the FIB SEM in Fig. 5. The inserts on the left top

corner of the micrographs are the respective FFT

bandpass filtered images, as generated from Image J

software. For the orientation of the reader, it is

important to note that before FIB sectioning, a thin C

layer of less than 100 nm was deposited by e-beam

followed by a thick gas-injected C layer of about 1 lm
in order to protect the bilayer of interest. Figure 5a

shows the SEM micrograph of the lamella prepared

from 10 nm SiC/ 5 nm Pd /c-Si stack. It is observed

Fig. 2 Dewetting of the 40 nm SiC film/5 nm Pd thin film/c-Si substrate stack: a In-lens SEM micrograph of the pristine structure; b the

same layers stack annealed at 800 oC for one hour and c the same layers stack annealed for three hours
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that the Pd thin layer dewetted and formed half-

hemisphere looking features protruding into the

interfacial layer of c-Si substrate; we noticed also that

the Pd layer and the top SiC film intermixed to give

bright distinguishable Pd nanoparticle embedded

into a dark grey matrix. The Pd-Si phase diagram [22]

Fig. 3 Size distribution of the dewetted nanoparticles in the 10 nm SiC/ 5 nm Pd / c-Si stack after the annealing treatment at 800 oC for

a 1 h; b 2 h and c 3 h

Fig. 4 Size distribution of dewetted nanoparticles in the 40 nm SiC/ 5 nm Pd / c-Si stack after the annealing treatment at 800 oC for a one

hour and b for 3 h
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shows that at the lowest eutectic temperature of

around 800 oC; metal rich silicide is formed with a Si

solubility of less than 20 at%; Si rich silicide also do

form but at a higher temperatures than the one used

in this study. On the other hand, the Pd-C diagram

phase diagram [22] shows that the solubility of C is

very small and it has been reportedly to be only

0.02% by weight at 1700 oC [23]. The interfacial

reactions between the SiC and noble metals like Pd

result thus in silicide and a free C as no metal carbide

is formed. The observed dark grey phase observed in

Fig. 5a comprises of silicide and C precipitates that

eventually evolve in C clusters. The half-hemisphere

bright nanoparticles, seen brighter due to Z contrast,

are Pd rich and are due to fast diffusion of the

dewetted material inward, the top layer being

already supersaturated.

Figure 5b is generated from a similar stack as in

Fig. 5a where the 10 nm SiC layer is replaced by a

40 nm SiC thicker one. In contrast to Fig. 5a, the top

SiC layer is still intact after the clear dewetting of the

sandwiched Pd layer. This can be explained by the

growth of a conformal semiconductor layer that do

not avail any diffusion path but instead acts as a

barrier encapsulating layer as explained above. We

can thus consider that the growth of this dispersed

Pd nanoparticles at the interfaces with both the sub-

strate and the SiC top layer is driven by the mini-

mization of the volume energy while the surface

energy is negligible. The results discussed above are

corroborated by the scanning TEM and the elemental

X-ray mapping analysis in Fig. 6.

The STEM HAADF image on the top left corner

shows in bright white font the dewetted Pd

nanoparticles in SiC(10 nm)/Pd(5 nm)/c-Si layer

stack; the most prominent large one is clearly

encroaching in the c-Si substrate while the smaller

ones are intermixed with the top SiC layer. The X-ray

map of Si (in green) shows a distinctive shadow of

this large Pd particle. The image in a yellow colour

code on the top panel shows much clearer the areal

distribution of the Pd nanoparticles. Finally the

image in the blue colour code represent the area map

of C; it has to be emphasized here that most of the C

signal is coming from the protective layer, as men-

tioned earlier a thin protective C layer was deposited

by e-beam, followed by a thick gas-injected C layer

before the FIB sectioning process. An analogue

analysis can be done about the images of the bottom

panel that represent the SiC(40 nm)/Pd(5 nm)/c-Si

layer stack; the highlights here is that on the right

bottom STEM image, the thick SiC layer has main-

tained its integrity and the Pd dewetted nanoparticles

are isolated from each other. At the same time on the

Si map (2nd bottom right), more shadows of Pd can

be seen in the sub-interface region.

3.2 Structural analysis

Figure 7 presents typical confocal Raman results as

obtained from the as deposited 10 nm SiC/5 nm Pd/

c-Si layer stack. The optical image (a) displays the line

scan running over two distinct contrasted regions; the

depth Raman image in (b) shows them with two

different colour codes (red and cyan) on top of the

blue continuous substrate signal. The spectra (c) and

(d) represent the respective average spectra obtained

over the scanned depth. The spectrum in (c), ema-

nating from the red colour code, shows mainly the

characteristics of the c-Si with a prominent peak at

Fig. 5 HAADF micrographs acquired by the FIB SEM a 10 nm SiC/ 5 Pd/ c-Si with a top deposited C protective layer ; b 40 nm SiC/5

Pd/c-Si with a top deposited C protective layer. The inserts are the corresponding FFT images
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around 520 cm-1 due to Si-Si TO vibration mode. The

spectrum in (d), emanating from the cyan colour

code, suggests that it is collected from a depth com-

prising also the deposited SiC film; in addition to the

c-Si signal, we observe two peaks at around

1400 cm-1 and at around 1600 cm-1; they are due to

C–C graphitic bonds, D- and G-bonds respectively.

In order to study the structural changes induced by

annealing, Fig. 8 shows analogue analysis done on

the same sample that was annealed one hour; it cor-

responds to Fig. 1b discussed earlier. The spectra

(c) and (d) obtained from the two contrasted phases,

green and red colour codes in (b), still all show the

signal of the c-Si substrate. This is expected as the

probed depth is 10 lm as mentioned earlier in the

experimental section.

The D-and G-graphitic bonds are still observed

although they are more refined in the spectrum

emanating from the surface region in green colour

code; it might be that the bottom phase in red colour

code has been affected by the mixing with the Pd

layer. Two additional peaks have been observed at

around 300 cm-1 and 1000 cm-1; they correspond to

SiC longitudinal optical (LO) and Si-Si longitudinal

acoustic (LA) modes respectively. While the

300 cm-1 suggests an amorphous Si (a-Si) disordered

phase, the higher wavenumber at 1000 cm-1is

attributed to the rearrangement of Si and C into

bonded SiC [24]. The blue shift of the LO SiC nor-

mally expected at 960 cm-1 is attributed to tensile

strain due to the positive volume change of the

crystal [25]. The field distortion may result from both

Pd mixing and from the C clusters. The microstruc-

ture evolution has been also studied by FTIR; Fig. 9

plots the FTIR spectra collected from the 40 nm SiC/5

nm Pd/c-Si stack in its pristine state and in the

annealed states for 1 and 2 h at 800 oC. Although the

spectra were collected over a broad wavenumber

range, our focus here is between 700 cm-1 -800 cm-1

where SiC gives an intense signal in infrared region.

We notice that for as deposited stack (bottom spec-

trum in black colour font), Si and C are mainly

Fig. 6 STEM images and elemental X-ray maps a top panel

images: STEM HAADF micrograph on the top left and X-ray

maps Si-K (green), Pd-L (yellow) and C-K (blue) imaged from

SiC(10 nm)/Pd(5 nm)/c-Si layer stack; b the images of the bottom

panel convey the same information and in the respective colour

code but they are taken from SiC(40 nm)/Pd(5 nm)/c-Si layer

stack (Color figure online)
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bonded to oxygen; and after the thermal treatment

(top spectra in blue and red colour fonts), it can be

seen that Si and C are bonded as shown by the

appearance of the prominent stoichiometric SiC TO

vibration mode at around 800 cm-1. A broad Si-O

stretching mode is also observed at around

1100 cm-1.

3.3 Optical analysis

As the SiC layer in the studied stacks was too thin to

display consistent interference fringes that can be

used to extract the optical constants by means of the

interferometric equation. [17, 18], we have used

SCOUT [21] to construct optical models that repro-

duced the measured reflection spectra. Four steps

were performed in setting up the optical model and

fitting the theoretical model to the experimental

measured spectra. The first step consists in defining

the ‘‘materials’’; these are objects where optical

constants are defined over a given spectral range of

investigation. Materials can be imported from the

database or they are set from scratch. The second step

consists in constructing the layers stack; this is a

geometric structure where the layers are filled with

the materials as pre-defined or imported from the

database. The third step consists in defining the

simulated spectra; a theoretical spectrum is generated

and it will be fitted to the measured spectrum. The

final step consists in fitting the parameters i.e. to

adjust the model while fitting the experimental data.

In order to set up the layer stack, the prior

microstructure studies done constitute good tools to

use in order to assume realistic layers to model. For

instance in our case, since SiC had different stoi-

chiometry sample by sample (please refer to Figs. 5

and 6), we assumed a concentration gradient where

the SiC volume fraction would vary in the Si matrix.

As oxidation bonds were found in the films in the

above prior studies e.g. FTIR, we have introduced a

Fig. 7 Raman analysis on the as-deposited 10 nm SiC/5 nm Pd/c-

Si layer stack a optical image where the line scan is appended in

red font colour; b depth Raman image where the colour codes

represent contrasting microstructures; c and d average Raman

spectra corresponding to the two contrasted colour codes as

indicated by the red arrows
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shallow layer of SiOx in the stack. While we kept Pd

film as a single unmixed layer in as-deposited stack,

we adopted a metal silicide in the annealed spectra.

The choice of the dielectric background of the mate-

rial is a very important step as it determines de facto

the fitting parameters. In order to get the right shape

of the refractive index, a constant n0 was assumed in

the long wavelength for the real part of the complex

refractive index and an inter-band harmonic oscilla-

tor was chosen for normal dispersion of the refractive

index. Another inter-band harmonic oscillator was

adopted for bandgap absorption in semiconductor

materials. Figure 10 shows the reflection spectra of

the 40 nm SiC/5 nm Pd/c-Si stack as deposited and

annealed at 500 oC and 800 oC for 1 h. The obtained

simulated spectra are overlaid to the experimental

ones. The deviation between the experimental and

the simulation spectra must be minimized and it was

found to be less than 1 *10-5 in each case.

Figure 11 shows the dispersion relation obtained in

terms of the real part of the refractive index as well as

the absorption coefficients for the 500 oC and 800 oC

annealed samples in red and black font respectively.

Fig. 8 Raman analysis on the annealed 10 nm SiC/5 nm Pd/c-Si

layer stack for 1 h a optical image where the line scan is appended

in red font colour; b depth Raman image where the colour codes

represent contrasting microstructures; c and d average Raman

spectra corresponding to the two contrasted colour codes as

indicated by the red arrows

Fig. 9 FTIR spectra of the 40 nm SiC/5 nm Pd/c-Si stack, as

deposited and annealed for 1 and 2 h at 800 oC. The spectra are

identified on the respective plots (Color figure online)
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It is evident that the refractive index shows the

expected normal dispersion upon an inter-band

transition in the UV region. The obtained absorption

coefficient can be used to calculate the energy gap

using the Tauc model [19]. Figure 12 shows the

extracted properties as function of annealing tem-

perature from the proposed model for the SiC top

layer of the stack. The increase of the SiC volume

fraction within the Si matrix explains the obtained

increasing values of the gap energy while the increase

of the oxygen content with the increase of the

annealing temperature justifies the decreasing trend

of n0.

4 Conclusion

The mechanism of dewetting of a noble Pd thin film

metal sandwiched between a SiC semiconductor

layer of varied thicknesses and a c-Si substrate was

studied. Intermixing of the sandwiched noble metal

with the top semiconductor layer is observed when

the thickness of the semiconductor layer was thin

enough. As the solubility of Si is limited in Pd rich

silicide and that no Pd carbide is expected according

to both Pd-Si and Pd-C phase diagrams respectively,

the non-intermixed dewetted Pd diffused towards

the substrate where they thermally stabilize in semi-

hemisphere features. When the top semiconductor is

grown much thicker than the sandwiched metal

layer, it is observed to act as a barrier layer to the

metal that dewet towards the substrate. The confor-

mal top semiconductor layer stayed unaffected. We

have proposed an optical model through SCOUT that

reproduced the measured spectra with deviations

between measured and simulated spectra of less than

1*10- 5 and giving at the same time the expected

shape of the dielectric functions.

Fig. 10 Experimental and simulated reflection spectra of as-deposited and annealed 40 nm SiC/5 nm Pd/c-Si stack at 500 oC and 800 oC

for 1 h (Color figure online)
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