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ABSTRACT
We demonstrate an effective method for depositing smooth silver (Ag) films on SiO2/Si(100) substrates using a thin seed layer of evaporated
germanium (Ge). The deposited Ag films exhibit smaller root-mean-square surface roughness, narrower peak-to-valley surface topological
height distribution, smaller grain-size distribution, and smaller sheet resistance in comparison to those of Ag films directly deposited on
SiO2/Si(100) substrates. Optically thin (∼10-20 nm) Ag films deposited with ∼1-2 nm Ge nucleation layers show more than an order of
magnitude improvement in the surface roughness. The presence of the thin layer of Ge changes the growth kinetics (nucleation and evolution)
of the electron-beam-evaporated Ag, leading to Ag films with smooth surface morphology and high electrical conductivity. The demonstrated
Ag thin films are very promising for large-scale applications as molecular anchors, optical metamaterials, plasmonic devices, and several
areas of nanophotonics.

Many unconventional nanoelectronic devices incorporating
molecules, DNA, carbon nanotubes, or semiconductor nanowires rely on the use of noble metals such as silver (Ag),
platinum (Pt), and gold (Au) for electrical probing and
interfacing.1-3 The recent demonstration of the confinement
of photons in miniaturized metallic waveguides and optical
nanoantennas employing surface plasmons also utilized noble
metal films.4 In the embryonic field of photonic metamaterials, especially for optical imaging far beyond the diffraction
limit, Ag has been the noble metal of choice.5-7 Other novel
properties, such as artificial plasmonic response, synthetic
magnetism at terahertz frequencies, and negative refractive
index, have also been observed with Ag films.8 Nearly all
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noble metals deposited by such techniques as thermal
evaporation, ion-beam-assisted deposition, and rf/dc sputtering consistently reveal a rough surface morphology with
larger grains than the size suitable for desired nanoscale
building blocks and electrical interfaces.9-11 Rough surface
morphologies and high sheet resistances due to the poor
wettability of silver and gold, have been observed on
electrically insulating substrates,12 which led to diminished
device yields and poor optical quality, repeatability, and
reliability.8,13 Therefore, the drive to produce ultrasmooth
noble metal films has been a vital prerequisite for future
nanodevices and systems. In this paper, we report an effective
method to deposit a smooth Ag film on SiO2/Si(100)
substrates with a Ge nucleation layer. The deposited Ag films
are characterized by a significantly lower root-mean-square
(rms) surface roughness, narrower peak-to-valley surface
topological height distribution, smaller grain-size distribution,
and lower sheet electrical resistance when compared to those
of Ag films deposited without a Ge nucleation layer.
The Ge and Ag depositions were done sequentially on a
silicon substrate without breaking vacuum in a CHA Mark-

Figure 1. Representative morphologies from AFM topographs: (a) 15 nm Ag film on SiO2/Si(100), (b) 15 nm Ag film with a 2 nm Ge
overlayer on SiO2/Si(100), and (c) 2 nm Ge on SiO2/Si(100). (d-f) Histograms of the 2D surface-height values from the respective topographs.
The surface of the Ag/SiO2/Si sample had an rms roughness of 6-8 nm, which was an order of magnitude larger than that for the Ag/
Ge/SiO2/Si. The 2 nm seed layer of Ge on SiO2/Si had an rms roughness of ∼0.1 nm and the rms roughness of SiO2 is <0.1 nm. The 1
µm × 1 µm topographs (512 × 512 pixels) were plane fitted automatically to compensate for any sample tilt, and a 42 nm color scale was
used to represent the height distribution for (a) and (b), while a 5 nm color scale was used for (c). The Z axes for the height histograms were
scaled relative to the peak height.

50 ISS E-beam evaporator at a base pressure of ∼1 µTorr
and at ambient temperature. Prior to the deposition, the
substrate was cleaned in a “Piranha” solution of composition
H2SO4:H2O2 (3:1) and dried with nitrogen. A native oxide
layer (∼2-4 nm thick) was found to be present on the
substrate before film deposition, and thus the substrate is
referred to as SiO2/Si(100). The deposition rate was 0.01
nm/s for Ge and 0.1 nm/s for Ag.
Thin Ag films with a nominal thickness between 10 and
20 nm were deposited on the SiO2/Si(100) substrates covered
by a Ge nucleation layer of various thicknesses (0.5, 1.0,
2.0, 5.0, 7.5, and 15 nm) for surface morphology characterization. In addition, resistors for four-point sheet resistance
measurement were separately fabricated on thermally grown
100 nm SiO2/Si(100) substrates by depositing Ag films
(nominal thicknesses ∼10 nm), with and without a 1-2 nm
Ge nucleation layer, in order to evaluate the influence of
surface morphology on electrical resistivity. Electrical access
to the resistors was made by having four contact pads
patterned on each resistor by a conventional metal lift-off
process with 250 nm thick Ag.14 No further postprocessing
(e.g., thermal annealing) was carried out on the blanket
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coated and resistor samples. The sheet resistivity was
measured using a coaxial four-point probe technique with a
semiconductor parameter analyzer (HP 4155B) operated in
a differential voltage mode. During the probing, the current
was limited to 1 mA to minimize any resistance variation
due to Joule self-heating.
The surface morphology of the prepared samples was
observed at room temperature using a Digital Instruments
multimode atomic force microscope (AFM) in a noncontact
mode at ambient conditions over a scan size of 1 µm × 1 µm
and at a scan rate of 1 Hz. The collected AFM topographs were
characterized quantitatively and statistically by computing the
rms roughness, the peak-to-valley height difference and the grain
size distribution from the topology data. Grazing incidence
X-ray reflection (GIXR) measurements were used to provide
an independent estimate of surface-interface roughness and
thin film thickness. The GIXR data were acquired under a
specular reflection geometry with the incidence angle from the
surface plane varied from 0.5 to 2.5° using collimated Cu KR
(40 kV, 45 mA) X-rays as the radiation source.
Panels a and b of Figure 1 show the representative AFM
images and height histograms of the Ag/SiO2/Si(100) and
179

Figure 2. Plot showing the average rms surface roughness as a
function of the Ge thickness for a constant Ag thickness of 15 nm
(line drawn for clarity). The total improvement in surface roughness
was a factor of 10, with nearly all of the improvement coming with
the first 0.5 nm of Ge that was deposited. The insets (a) and (b)
show the contrast between a rough and a smooth surface for SEM
images of without and with Ge (scale bar is 0.5 µm).

Figure 3. GIXR data (reflected intensity as a function of the surface
normal component of the X-ray wavevector, qz) for 15 nm of Ag
and 1 nm of Ge on the SiO2/Si(100) system and 15 nm of Ag on
SiO2/Si(100), clearly showing the significant difference in film
uniformity of the two samples. The silicon substrate had ∼2-4
nm of native oxide. The rapid damping of the interference
oscillations arises as the rms roughness becomes large. The fitted
parameters are shown in the legend (error <5%).

Ag/Ge/SiO2/Si(100) samples, respectively, while Figure 1c
displays the surface morphology of evaporated Ge on the
SiO2/Si(100) substrate shown as a reference. As shown in
Figure 1a, the Ag/SiO2/Si(100) sample is rough with an
average rms roughness of ∼6 nm within 1 µm2. In addition,
the average peak-to-valley height of the large grains on the
Ag surface was measured to be ∼20 nm, with a high density
of grain clusters of with lateral size ∼100 nm and above.
Figure 1b depicts an AFM image collected on the Ag/Ge/
SiO2/Si(100) sample. The surface morphology was much
smoother than that shown in the panel a, demonstrating that
the presence of a thin Ge layer reduced the rms roughness
(Rrms) of the film by at least a factor of ∼10 in comparison
180

Figure 4. Representative current-voltage (I-V) plots for rough
silver (10 nm of Ag on 100 nm of SiO2) and smooth silver (10 nm
of Ag/2 nm of Ge on 100 nm of SiO2) films. The measured
resistance of the rough silver film is ∼2× larger than the smooth
silver films, with the extracted resistivities Fsmooth-Ag ∼20 µΩ·cm
and Frough-Ag ∼40 µΩ·cm. Inset: schematic of the four-point sheet
resistance test structure.

to thin Ag films deposited by standard techniques.9,11,15,16
Panels d-f of Figure 1 are histograms of the two-dimensional
(2D) surface-height values of the representative images
shown in panels a-c of Figure 1 scaled to the peak height
data. The histogram provides a measure of the maximum
peak-to-valley height difference and the deviation from the
average height.17 The evaporated Ge reference film shown
in Figure 1f has a fairly smooth surface (peak-to-valley height
of only ∼0.6 nm). The Ag on Ge film has a narrow and
symmetric height distribution, shown in Figure 1e, with a
peak-to-valley height difference of ∼6 nm. The Ag film with
no Ge layer in Figure 1d is characterized by two distinct
height distributions, one with a total peak-to-valley difference
of ∼34 nm and a narrower but more heavily populated
distribution with a total height difference of ∼19 nm.
Figure 2 shows the average rms surface roughness of a
set of Ag/Ge/SiO2/Si(100) samples having a 15 nm thick
Ag film deposited onto substrates with Ge layers of various
thicknesses. Shown in the inset are scanning electron
microscope (SEM) images that clearly show the differences
in the surface morphology. A dramatic improvement in the
Ag rms surface roughness from ∼6 nm to ∼1 nm was
obtained for the first 0.5 nm of Ge deposited, after which
the rms roughness quickly saturated at ∼0.6 nm with
increasing Ge thickness.
The surface roughness averaged over a much larger scale
(1 cm × 1 cm) for each sample was measured by grazing
incidence X-ray reflectivity (GIXR) measurements, as shown
in Figure 3. The GIXR angular plots for the 15 nm Ag/1
nm Ge on SiO2/Si(100) sample and the 15 nm Ag on SiO2/
Si(100) sample exhibit significant differences. Persistent
oscillations in the angular dependence of the scattered X-ray
intensity, which result from the coherent scattering of the
X-rays from the Ag surface and Ag/substrate interface, of
the Ag/Ge/SiO2/Si(100) sample show that this film is
significantly more uniform, even at a centimeter scale, than
Nano Lett., Vol. 9, No. 1, 2009

Table 1. Summary of Surface Morphology Parameters from AFM Image Analyses
parameter

Ag/Ge/SiO2/Si (100)

Ag/SiO2/Si (100)

Ge/SiO2/Si (100)

rms roughness, Rrms
peak-to-valley
grain size
sheet resistance, R0

∼0.6-0.8 nm
∼6 nm
∼10-15 nm
20 Ω/0

∼6-8 nm
∼34 nm
∼80-100 nm
40 Ω/0

∼0.1 nm
∼0.6 nm
<5nm

that of the Ag/SiO2/Si(100) sample. The film thickness
variation can be determined by fitting the decay in the
oscillation amplitude (i.e., fast damping is caused by a rough
film). As the incidence angle increases, the oscillation
intensity decreases to the background noise level for both
samples. The two angular distributions were analyzed using
the software package Parrat32,18 and the fitting parameters
are shown in the legend of Figure 3.
The smoother Ag thin films also had a lower electrical
sheet resistance. Figure 4 shows current-voltage (I-V)
characteristics for rough Ag (10 nm) and smooth Ag (10
nm of Ag/2 nm of Ge) thin film resistors with length, L )
500 µm and width, W ) 100 µm (L/W ) 5). On the basis of
the measured resistance, R ) R0 (L/W), the extracted sheet
resistance (R0, in units of ohms/square, Ω/0) for the smooth
Ag film was R0,smooth-Ag ∼20Ω/0, a factor of 2 lower than
that of the rough Ag film with R0,rough-Ag ∼ 40 Ω/0. The
contribution of the 2 nm Ge layer to the sheet resistance
was negligible.19 The corresponding resistivity, assuming a
uniform cross section for both deposited films, is Fsmooth-Ag
∼20 µΩ·cm and Frough-Ag ∼40 µΩ·cm, which are ∼13× and
26×, respectively, greater than the bulk resistivity of typical
polycrystalline Ag, F0 ) 1.5 µΩ·cm.9,20 According to the
Fuch-Sondheimer-Mayadas scattering theory,21 the resistivity of a nonideal film can be expressed as F ) F0 + FGB
+ FSS + FSR, where the contributions of grain-boundary (GB),
surface scattering (SS), and surface roughness (SR) are added
to the bulk resistivity value. From the film structure analyses
(Table 1), the average grain width of the rough Ag film is
5-10 times larger than for the smooth film, and thus one
would expect that grain boundary scattering should contribute
much more to the measured resistivity of the smooth film
than to the rough film. However, this is apparently more than
compensated by the film nonuniformity and the surface
irregularity of the rougher film, since the film grown without
Ge has a significantly higher resistance.
Comparing the topology between Figure 1a and Figure
1b, without the layer of Ge, the deposited Ag formed distinct
polycrystalline granular clusters with irregular shapes and a
significant density of pinholes and voids (incomplete coalescence), which made the film electrically discontinuous.
This indicates that the initial stage of Ag growth on a SiO2/
Si (100) substrate began by nucleation of isolated Ag clusters,
after which the islands grew by accumulation of Ag atoms
via surface diffusion22 and coalescence into larger threedimensional clusters (Volmer-Weber growth mode).15,16
This resulted in a Ag film with a rough surface, characterized
by a large peak-to-valley height difference, grain size, and
sheet resistance.
Nano Lett., Vol. 9, No. 1, 2009

Although the Ge film deposition on the SiO2/Si(100)
substrate also occurred via Volmer-Weber growth mode,23
the density of Ge nuclei was much larger and the islands
were significantly smaller than those for Ag deposited
directly on the substrate, resulting in an effectively smooth
surface topology. This surface then acted as a much higher
energy substrate with an elevated density of heterogeneous
nucleation sites for the deposited silver atoms, which could
only diffuse a few tenths of a nanometer, and thus formed a
dense columnar continuous Ag film with slightly rounded
caps. This growth mode resulted in a Ag film with a smoother
surface, a higher grain boundary density,24 and lower
electrical sheet resistance.
This scenario is also supported by a kinetic argument: the
activation energy for Ag diffusion on a Ge surface has been
determined to be ∼0.45 eV25 and on a SiO2 surface is ∼0.32
eV.26 Therefore, having a Ge nucleation layer evaporated
on the substrate prior to the deposition of Ag reduces the
surface diffusion and mass transportation of Ag, which results
in a smooth surface topology by dense coalescence of smaller
3D columnar crystal growth.27-31 This diffusion limited
island growth mode is also consistent with Ag deposited on
crystalline Ge substrates32-35 where similar smooth surface
topology has also been observed.36
Our previous experience showed that Ag thin films
deposited onto various substrates exhibited the largest grain
sizes and surface inhomogeneities among the noble metals.
Here we demonstrate that even a very thin Ge layer on a
silicon- or oxide-coated substrate promotes the nucleation
of Ag and subsequent growth of dense and uniform films.
This approach may provide a significant improvement for
the fabrication of various nanoscale electronic and photonic
devices. The method does not require postprocessing steps
(e.g., annealing or polishing), can be easily integrated into
conventional device fabrication processes, and may be
implemented in several important areas of emerging nanoscale devices.
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