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Time-evolution growth of Ag nanolayers on differently-passivated Si(001) surfaces
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The growth and evolution of Ag nanolayers on differently-passivated Si(001) substrates at ambient condition
have been studied. Initial compactness and smoothness of Ag nanolayer on the H-passivated Si(001) surface
are found better compared to those on the Br-passivated Si(001) surface, which can be understood considering
surface free energy and surface mobility of the passivated surfaces. As the time passes, the growth of dewetted
three-dimensional (3D) islandlike structures (Volmer-Weber-type mode) from comparatively wetted Ag nano-
layer (Stranski-Krastanov-type mode) is evident at ambient conditions. Such evolution of growth is through
dewetting (related to the change in the interfacial energy due to the oxide growth), migration, and coalesce of
Ag, which can even produce large epitaxial [Ag(001)/Si(001)] 3D islands on H-passivated Si(001) surface. The
growth rate, size, number density, and epitaxy/nonepitaxy of 3D islands are different for different passivated
surfaces. These differences can be realized considering the growth time of oxide (i.e., instability of passivated
surface), in-plane inhomogeneity of interfacial energy (i.e., inhomogeneous nature of passivation), and in-plane

diffusion of Ag on the passivated surfaces.
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I. INTRODUCTION

Ag (compared to Al and Cu) has been recognized as a
potential interconnection material for ultralarge-scale inte-
gration (ULSI) technology because of its high electrical con-
ductivity and high electromigration resistance. As the dimen-
sions of electronic devices decrease with increasing packing
density, the thickness of metal layers decreases continuously.
Accordingly, understanding of the growth of metal thin film
on a semiconductor becomes important both from fundamen-
tal and practical points of view.! In general, there are three
known thin-film growth modes: layer-by-layer [Frank—van
der Merwe (FM)], island [Volmer-Weber (VW)], and layer-
plus-island [Stranski-Krastanov (SK)] growth modes.>3
Which growth mode will be adopted by a given system will
depend on the surface free-energy terms and on the lattice
mismatch. A great deal of effort has been devoted in control-
ling and/or altering the film growth using foreign species or
“surfactants.” Introduction of a foreign atomic layer (of hy-
drogen, bromine, etc.) in place of clean or oxide layer on
substrate surface®'* can change its surface energy and/or
roughness, which can alter the growth mode and morphology
of an overlayer. The morphology and structure of that thin
overlayer plays significant role in its electrical™® and other
physical properties.

The effects of deposition conditions on the morphology of
thin Ag films on Si have been investigated extensively in
recent decades. Ag is found to grow epitaxially on both
Si(001) and Si(111) through coincident site lattice matching,
though there is a large (25%) lattice mismatch.'-2° Epitaxial
Ag films have been obtained mostly by molecular-beam ep-
itaxy (MBE) process, where the energy of depositing par-
ticles is relatively low. While using magnetron sputtering
process, Ag films usually obtained are nonepitaxial with
(111) as the preferred growth orientation.”!*> However, in
few works, epitaxial growth of Ag on native oxide-covered
Si(100) has been observed by magnetron sputtering process
at higher temperatures.?>>* Epitaxial growth of Ag on
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H-passivated and Br-passivated Si(111) substrates has been
observed above room temperature (RT).>-3! But there is no
such report of epitaxial growth of Ag on H-Si(001) at RT.

It is clear from the large number of studies of Ag films on
Si that Ag dewets the native oxide-covered Si (OSi)
surface’?*3 and wets the clean Si surface.’ If y,, and 7, are
the surface free energies of metal and substrate, respectively,
and v, is the metal-substrate interface free energy, then Ag
on OSi needs to satisfy dewetting condition: vy,,+ ¥, > v, and
Ag on clean Si needs to satisfy wetting condition: 7,,+ v,
< y,.3 These can be well understood by considering the sur-
face energies (y,,~1.1-1.2 J/m? for Ag, y,~ 1.2 J/m? for
clean Si, and y,~0.3-0.6 J/m? for OSi) (Refs. 34—-36) and
simply neglecting the interfacial energies. Although Ag on
clean Si satisfies wetting condition, it is not necessary that it
always form epitaxial film. Studies suggest that epitaxy can
be achieved either by slow deposition (such as MBE) or by
enhanced surface migration. Enhanced surface migration or
in-plane diffusion can be achieved by raising the growth
temperature>>?* or by introducing foreign atoms.>!? Better
epitaxial film has been obtained on H-passivated Si surface,
which has been attributed to enhanced surface migration and
increased nucleation site density. In general, it is accepted
that by passivating the surface differently, one can grow thin
films of different morphology and epitaxy. It is also known
that this passivation is not stable for longer time in open air,
even in the presence of overlayer (such as Au).>” With time,
passivated layer desorbs® and native oxide layer grows at the
metal-semiconductor interface,>’ which can change the sur-
face and interface energies, leading to a modification in the
film growth. No study has been made so far to monitor such
later stages of growth of Ag on Si, which is very important
from the stability point of view and gives rise to the possi-
bility of studying interesting growth transition. Understand-
ing of physical phenomena associated with stability and
growth transition will be useful for getting required struc-
tures by controlling the growth.

In this paper, using complementary techniques, we have
monitored both in-plane and out-of-plane evolutions of Ag
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nanolayers deposited on differently-passivated Si(001) sub-
strates. It has been observed that the interfacial instability at
ambient conditions induces the wetting to dewetting transi-
tion in the Ag nanolayers, which then provides interesting
nanostructures having different size, number density, and
even crystallinity and/or epitaxy, depending on initial Si(001)
surface passivation conditions. An attempt has been made to
understand such transition considering change in interfacial
energies.

II. EXPERIMENT

For the present work we have deposited thin Ag film of
thickness of about 11 nm on n-type Si(001) of resistivity
5-10 Q cm using a dc magnetron sputtering unit (PLS 500,
Pfeiffer) for 2 min. The substrates were sonicated by
trichloro-ethelene (10 min) and methyl alcohol (10 min)
separately to remove organic contaminations. Then one set
was etched by hydrofluoric acid (HF) (10%) after sonication
to remove the native oxide layer, so it is likely to be passi-
vated by hydrogen whereas the second set was Br passivated
(thoroughly rinsed by 0.05% Br-methanol solution) after the
removal of the oxide layer by HF etching. These substrates
were loaded into the sputtering chamber for Ag deposition.
The power and the argon pressure were maintained at 25 W
and 3.2 X 10~ mbar, respectively, in the chamber during the
deposition. Ag-deposited films on these three types of pre-
treated substrates were designated as Ag-OSi(001), Ag-
HSi(001), and Ag-BrSi(001), respectively.

X-ray reflectivity (XRR) measurements of Ag nanolayers
on differently pretreated Si(001) substrates were carried out
using a versatile x-ray diffractometer (VXRD) (D8 Discover,
Bruker AXS) setup.?’” VXRD consists of a diffractometer
with Cu source (sealed tube) followed by a Gobel mirror to
select and enhance Cu Ko radiation (\=1.54 A). The dif-
fractometer has a two-circle goniometer [#-26] with
quarter-circle Eulerian cradle as sample stage. The latter has
two circular (y and ¢) and three translational (X, Y, and Z)
motions. Scattered beam was detected using Nal scintillation
(point) detector. Data were taken in specular condition, i.e.,
the incident angle (6) is equal to the reflected angle (6), and
both are in the same scattering plane. Under such condition,
a nonvanishing wave-vector component, g, is given by
(47/\)sin @ with resolution of 0.0014 A-l. XRR
technique’®3? essentially provides an electron-density profile
(EDP), i.e., in-plane (x—y) average electron density (p) as a
function of depth (z) in high resolution.??3” To see the evo-
Iution of EDP, XRR data for one set of samples were col-
lected as a function of time after keeping that set at ambient
conditions, while for other set of samples, XRR data have
been collected just before and after the samples were in ul-
trahigh vacuum (UHV) conditions. X-ray diffraction (XRD)
data around Ag(111) and Ag(002) peaks were collected as a
function of time for the same set of samples that kept at
ambient conditions for monitoring the evolution of crystal-
linity and/or epitaxy. Prior to XRD measurements, x-ray
beam was aligned parallel to the Si(004) plane. Also to find
out the major crystalline directions of Ag(111) and Ag(002)
planes, rocking scans across those peaks were performed.
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FIG. 1. (Color online) Time-evolution XRR data (different sym-
bols) and analyzed curves (solid line) of Ag nanolayers on two
differently pretreated Si(001) substrates at ambient conditions in
two panels. In each panel, data and curves are shifted vertically for
clarity. In legends, “d” indicates the time in day. Inset: correspond-
ing analyzed EDPs, which consist of two layers (L1 and L2) above
the Si substrate as indicated.

The topography of the Ag nanolayers on differently-
passivated Si(001) substrates in small scales but in great de-
tails was mapped through atomic force microscopy (AFM)
technique (Nano Scope IV, Veeco or AutoProbe CP, PSI)
at ambient conditions and also mapped through scanning
tunneling microscopy (STM) technique (beam-deflection
AFM, Omicron NanoTechnology) at UHV condition
(~107'° mbar) to separate out the effect of ambient condi-
tions on the evolution of sample topography. WSXM
software*” has been used for processing and analysis of both
AFM and STM images. The evolution of topography in large
area and in greater statistics of the Ag nanolayers on
differently-passivated Si(001) substrates at ambient condi-
tions was mapped through scanning electron microscopy
(SEM) technique (Quanta 200, FEG).

II1. RESULTS AND DISCUSSION
A. Growth and evolution at ambient condition
1. Electron-density profile and its evolution

Time-evolution XRR data of Ag nanolayers on
differently-passivated Si(001) substrates at ambient condi-
tions are shown in Fig. 1. Oscillations are evident in all
curves, which shift toward the lower g, value with time. The
shift, however, depends strongly on the initial passivation
conditions. Very rapid shift is observed in the XRR profile of
the Ag-BrSi(001) sample compared to the Ag-HSi(001)
sample. There is no significant change in the XRR profiles
for the Ag-OSi(001) sample (not shown here) and excluded
from further discussion. To obtain the quantitative informa-
tion (such as EDP), XRR profiles of these samples have been
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FIG. 2. (Color online) Topography of Ag nanolayers on two
differently pretreated Si(001) substrates in two columns. Top panel:
AFM images showing initial topography. z indicates maximum
height variation. Middle and bottom panels: SEM images in two
length scales showing time-evolution topography at ambient condi-
tions. Well-faceted planes and angle between them are indicated for
the dewetted Ag island on the H-passivated Si(001) surface.

analyzed using the formalism of Parratt.*! For the analysis,
each sample has been divided into a number of layers with
roughness at each interface.3>3” The EDPs obtained from the
fitting of the data are shown in the inset of Fig. 1. It can be
noted that all EDPs can be divided into three parts: first part
is the Si substrate of constant electron density; second part is
L1, the original deposited Ag layer (of fixed thickness about
11 nm) at the bottom, the electron density of which decreases
with time, and third part is L2, the top Ag layer that forms
due to migration of Ag from original layer, both thickness
and electron density of which increase with time. However,
the initial values of different parameters and their variation
with time are different for different samples. The peak value
of p of the L1 layer for the Ag-BrSi(001) sample changes
from 2.6 to 1.8¢/A3, whereas that for the Ag-HSi(001)
sample changes from 2.75 to 2e/A>.

2. Topography and its evolution

Typical AFM images of Ag nanolayers, taken just after
deposition on different passivated Si(001) substrates, are
shown in Fig. 2. Initial topography, obtained from the AFM
images, suggests that all films are composed of islands.
However, the height variation in the Ag-BrSi(001) sample is
large compared to that of the Ag-HSi(001) sample. Corre-
spondingly, compactness of the latter nanolayer is more,
which is also consistent with the EDP. This indicates that the
wetting of Ag nanolayer on the HSi(001) substrate is com-
paratively better, while dewetting of the Ag nanolayer on the
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FIG. 3. (Color online) Time-evolution XRD data (around two
Bragg peaks as indicated) of Ag nanolayers on two differently pre-
treated Si(001) substrates at ambient conditions in two panels. Inset:
SEM image showing typical island structure of Ag that evolved
with time on the H-passivated Si(001) surface.

BrSi(001) substrate starts even in the initial stage. It is nec-
essary to mention that the formation of nearly dewetted
structure of Ag nanolayer on the OSi(001) substrate (not
shown here) is observed. The evolution of topography, moni-
tored using SEM images, is shown in Fig. 2. Growth of large
size islands with time is clearly evident. The large size is-
lands that grow in the Ag-BrSi(001) sample have large num-
ber density and size distribution having size less than 1 wm.
On the other hand, for the Ag-HSi(001) sample, number den-
sity and size distribution of large size islands are found to be
small, having size in the range of 1-8 um. The shapes of
the islands on the latter sample show faceting nature similar
to that observed for directed crystalline or epitaxial growth.
It is necessary to mention that such three-dimensional (3D)
islands in the Ag-HSi(001) sample do not present in the ini-
tial stages, which we have verified by taking AFM images in
different portions of the film. From the SEM images it may
appear that the top of the 3D islands for the Ag-HSi(001)
sample is very smooth, which is not the case. Due to the
focusing on the two-dimensional (2D) layer, it cannot be
resolved beyond a certain height, and accordingly we see
bright white islands. However, when we focus mainly on the
top of the 3D islands, we found that the surface (shown later)
is not smooth at all. This makes them very difficult to image
using AFM. Other portions of the samples where 3D islands
are not present have been imaged quite well using AFM,
which shows an increase in roughness compared to the initial
stages, consistent with the decrease in material (electron den-
sity) on that portion.

3. Toward crystallinity and/or epitaxy

Crystalline or epitaxial nature of the samples at ambient
conditions has been verified monitoring time-evolution XRD
data, mainly Ag(111) and Ag(002) Bragg peaks, as shown in
Fig. 3. For the Ag-BrSi(001) sample, the intensity of the
Ag(002) peak is almost negligible, while the intensity of the
Ag(111) peak increases slightly with time. On the other
hand, for the Ag-HSi(001) sample, the intensity of the
Ag(002) peak increases appreciably with time, while the in-
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FIG. 4. (Color online) Time-evolution XRR data (different sym-
bols) and analyzed curves (solid line) of Ag nanolayers on two
differently pretreated Si(001) substrates at UHV conditions in two
panels. In each panel, data and curves are shifted vertically for
clarity. Inset: corresponding analyzed EDPs and STM image (of
scan size 750X 750 nm?) along with line profile showing height
variation (in nm).

tensity of the Ag(111) peak remains almost negligible. It can
be noted that the Ag(111) peak is the 100% peak of the bulk
crystal structure and expected to be observed'?? even if
films are composed of randomly oriented Ag nanocrystals.
The fact that no Ag(111) peak has been observed in the ini-
tial stages may be related to the low thickness (about 11 nm)
of the film. The intensity of different peaks becomes observ-
able with time as 3D islands grow from more thin 2D struc-
tures (as evident from EDP and topography). The slight in-
crease in the Ag(111) peak intensity having no preferred
direction (as confirmed from rocking curve) for the Ag-
BrSi(001) sample is a clear signature of nontextured growth
of 3D islands of Ag on the BrSi(001) surface. On the other
hand, appreciable increase in the Ag(002) peak intensity hav-
ing preferred direction ((001) direction of Si substrate as
obtained from rocking curve) for the Ag-HSi(001) sample
suggests epitaxial [Ag(001)/Si(001)] growth of 3D islands of
Ag on the HSi(001) surface with time.

B. Growth and evolution at UHV condition

Time-evolution XRR data of Ag thin films on differently-
passivated Si(001) substrates at UHV conditions are shown
in Fig. 4. EDPs obtained from the analysis of XRR data are
shown in the inset of Fig. 4. It can be noted from the XRR
profiles that there are almost no changes in the samples with
time as long as those are at UHV conditions, which is also
evident from the corresponding EDPs. STM images of the
same samples (when at UHV conditions) collected at differ-
ent time suggest that there is no appreciable change in the
topography of the samples with time. Typical topography of
each samples along with a line profile are shown in the inset
of Fig. 4. Height variation in the Ag-BrSi(001) sample is
found to be greater compared to that of the Ag-HSi(001)
sample, consistent with the EDPs, suggesting initial small
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FIG. 5. Variation in coverage of Ag (from original L1 layer)
with time on two differently pretreated Si(001) substrates at ambi-
ent conditions in two panels. In the top panel, solid line represents
simple exponential decay. In the bottom panel, two regions exist
(separated by dotted line). Solid line in region I corresponds to
linear decay, while solid line in region II corresponds to exponential
decay. Dashed line indicates possible exponential decay considering
the whole range.

dewetting nature of the Ag-BrSi(001) sample and better wet-
ting nature of the Ag-HSi(001) sample, which, however, re-
main unchanged with time in UHV conditions.

C. Dewetting and epitaxy: A controlled evolution

In order to understand the evolution of the Ag nanolayer
at ambient conditions, the variation in its coverage on differ-
ent passivated surfaces is plotted as a function of time in Fig.
5. The coverage (C in fraction) of the nanolayer is calculated
from the EDP by considering the peak value of p at L1 layer
in a particular time, normalized with the corresponding bulk
value (2.77e/A3). It is evident from Fig. 5 that the nature of
the variation in C for two samples is very much different.
For the Ag-BrSi(001) sample, coverage decays very rapidly
from the beginning in exponential nature, while for the Ag-
HSi(001) sample, two different types of decay (classified in
two regions) have been observed. In region I, i.e., up to
about 32 days, the decay of coverage is very slow and linear
in fashion, while in region II, i.e., beyond 32 days, the decay
of coverage is similar in nature to that of the Ag-BrSi(001)
sample.

The variation in coverage can be quantitatively analyzed
using the following general relations:

1-C,
1——t for r=1,

C(t) = ‘ (1)
(C.— Ce 7 C,, for t=1,,

where 7, is the critical time (for transition from linear to
exponential nature), C, is the corresponding value of the
coverage, C.,, is the final coverage, and 7 is the decay time.
Analysis of the time-evolution coverage data using Eq. (1) is
shown in Fig. 5. Parameters obtained from the analysis are
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t.~0 day, C,=~0.94, C,,=0.65, and 7= 10 days for the Ag-
BrSi(001) sample; while 7.~32 days, C.=~0.9, C,=0.7,
and 7=~ 14 days for the Ag-HSi(001) sample. Considering
slow linear decays in region I, the value of 7 for the latter
sample is quite large. This can also be realized (from 7
~28 days) if we analyze the whole range of data with ex-
ponential function (dashed curve in Fig. 5) for comparison.

The decay of Ag coverage can be related to the growth of
oxide layer on the passivated Si(001) surface, which takes
place even in the presence of metal layer.’” However, the
oxide growth in the Ag-Si(001) system is very slow com-
pared to that in the Au-Si(001) system®’ and covers only
about 30% of the surface area. It is known that the Ag/Si
interface is less reactive compared to the Au/Si interface,*
which makes the former interface abrupt and probably slow
down the diffusion of oxygen at the interface through Ag
layer. The dewetting that occurs with time produces 3D is-
lands, which are different in crystalline nature for different
samples, as evident from the XRD data (Fig. 3). For the
Ag-BrSi(001) sample, even though the evolution is fast, no
appreciable change in the Ag(111) or Ag(002) Bragg-peak
intensity has been observed, suggesting that 3D islands are
not epitaxial. On the other hand, for the Ag-HSi(001)
sample, even though the evolution is slow, appreciable
change in the Ag(002) Bragg-peak intensity at the later
stages of evolution has been observed, suggesting epitaxial
growth of 3D islands.

It is known that surface and interface free energies govern
the growth mode of metal thin film on semiconductor
surface,>* and any change in these energies (namely, v, and
v, due to the oxide growth) with time can strongly alter the
growth mode of the film (from wetted to dewetted nature) on
the substrates. The surface energy of H-passivated Si(001)
surface (yys;) is known,3® which is less than that of the clean
Si(001) surface (7yg;) but comparable to that of the oxide-
covered Si(001) surface (yqg;). On the other hand, the sur-
face energy of Br-passivated Si(001) surface (yg,s;) is not
known. If we consider it to be comparable with that of the
H-passivated Si(001) surface, then evolution of dewetted
structures on both Br- and H-passivated Si(001) surfaces are
mainly related to the interfacial free energy (which includes
adhesion, in-plane diffusion, etc.) and its change with time.
The values of free energy and its change due to instability,
which we are concerned about, are the average value. The
passivated surface is not homogeneous in terms of passiva-
tion. Due to this inhomogeneity some areas (can be referred
to as the strongly passivated area) of the surface remain pas-
sivated for longer time compared to others (can be referred to
as the weakly passivated area) when exposed to open air,
even in the presence of overlayer (Ag, Au). For the weakly
passivated areas, fast desorption of H or Br atoms followed
by the growth of oxide layer takes place, while for the
strongly passivated areas, oxide layer rarely grows as the
desorption is slow or almost negligible. The number density
and size of dewetted structures, which we observed here, are
related to this inhomogeneous nature of the passivated sur-
face, while the value of 7 is related to the average instability
of the passivated surface, which is different for different sur-
face passivation.

Variation in initial growth or wetability of Ag nanolayer
on different passivated surface, which is mainly related to the
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initial interfacial free energy, suggests that Yag psi < Yag-Bisi
< Yag-osi- The value of yxg psi OF Yagpsi- however, changes
with time and tries to be the value of Y54 og;- This means that
if' the initial energy difference is greater (Yag.osi— Yag-usi
> Yag0si— YagBrsi) then it takes more time (7Tagps;
> Tag-rsi) 10 become 5, 0si, Making the evolution or dew-
etting slow. Within the surface, dewetting (after deposition)
starts from the weakly passivated areas, where the fast
growth of the native oxide layer quickly changes the interfa-
cial free energies. Accordingly, Ag atoms on weakly passi-
vated areas leave 2D layer (L1) and go on top of the remain-
ing L1 layer. It can be noted that the origin of the observed
dewetting on passivated surface with time at ambient condi-
tion here is quite different from the surface unwetting during
growth on clean surface at UHV condition found earlier.¥
The number density and size of dewetted structures evolved
in the Ag-BrSi(001) sample indicate that the BrSi(001) sur-
face has large number of strongly Br-passivated areas, which
are very small in size. Growth of 3D structures having no
preferred crystallographic direction takes place around those
strongly passivated points by dewetting from weakly passi-
vated area. However, dewetted Ag atoms cannot diffuse eas-
ily over relatively rough L1 layer, which restrict the size of
3D islands. It is known that large mobility of Ag on the
H-passivated Si(001) surface can help to form better wetted
as well as epitaxial layer, which is evident in the Ag-
HSi(001) sample. The high compactness and epitaxial nature
of the Ag film probably control the initial slow linear growth
of dewetted structures at ambient conditions, while the high
exponential growth time of dewetted Ag structures is related
to the high stability of the HSi(001) surface compared to that
of the BrSi(001) surface.’” The growth of small number den-
sity and relatively large size of Ag structure with time indi-
cate that the HSi(001) surface has small number of strongly
H-passivated areas, which are relatively large in size. Growth
of large 3D epitaxial structures takes place around those
strongly passivated area by dewetting from weakly passi-
vated area and large in-plane diffusion through smooth L1
layer over strongly H-passivated area. Well-faceted layered
structures within large 3D islands are evident form the SEM
image (shown in the inset of Fig. 3), which seem to form due
to migration and coalesce of small islands.*+*

IV. CONCLUSIONS

The growth process of Ag nanolayers on differently-
passivated Si(001) substrates and its time evolution at ambi-
ent conditions have been investigated using complementary
techniques such as XRR, XRD, AFM, and SEM. SK (layer-
plus-island)-type growth mode of Ag nanolayers have been
observed initially, which is more toward the FM (layer-by-
layer)-type growth mode on the H-passivated Si(001) sur-
face, while that on the Br-passivated Si(001) surface is more
toward the VW (island)-type growth mode as observed on
the native oxide-covered Si(001) surface. Such initial growth
modes remain almost unchanged in UHV conditions, while
at ambient conditions strong evolution of growth has been
observed. Dewetted 3D islandlike structures evolved due to
the oxide growth at the interface. On the Br-passivated
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Si(001) surface, fast growth of large number of small size 3D
structures having no preferential crystallographic direction
has been observed, while on the H-passivated Si(001) sur-
face, slow growth of small number of large size well-faceted
3D epitaxial [Ag(001)/Si(001)] structures has been observed.
Such transition from relatively wetted to dewetted structures
of the Ag nanolayer having epitaxy or not, along with initial
growth, can be understood considering interfacial energies as
Yag-Hsi < Yag-Brsi < Yag-osi- Surface free energy, surface mo-
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bility, and surface instability of the passivated surfaces gov-
ern and control the growth and evolution of such interesting
structures of silver on silicon.
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